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(Re-)emerging bunyaviruses: the threat is real

The order Bunyavirales comprises a large and expanding group of RNA viruses widely distributed
across the globe'. The most recent report by the International Committee on Taxonomy of Viruses
(ICTV 2022 Release MSL #38) classified them into 14 families, 63 genera and 552 species? (Fig. 1).
The vast diversity of bunyaviruses is reflected in both their broad host range and variety of vectors.
Within the Bunyavirales we find plant-, animal- and human-infecting viruses that can be
transmitted by arthropods (e.g., mosquitoes, ticks, sand flies, midges, thrips, aphids) or rodents>*.
Recently, even fungi-infecting bunyaviruses have been discovered and started to be molecularly

characterized®.

In particular, members of the Arenaviridae, Hantaviridae, Nairoviridae Peribunyaviridae and
Phenuiviridae families are of major animal and public health concern for their known ability to
cause severe disease in (farm) animals and/or humans®. Additionally, members of the
Tospoviridaefamily and Tenuivirus genus (within the Phenuiviridae family) represent an important
hazard for agricultural crops®. Besides the high toll on plant, animal and public health, bunyavirus

outbreaks inevitably have a substantial negative socio-economic impact™.

Family Order Family Hosts Vectors
Cruliviridae Arenaviridae
Discoviridae
Hantaviridae
Fimoviridae
Leishbuviridae . Nairoviridae
Bunyavirales (] :
Mypoviridae Peribunyaviridae
Phasmaviridae i
. Phenuiviridae
Tulasviridae
Wupedeviridae Tospoviridae

Figure 1. International Committee on Taxonomy of Viruses (ICTV) classification (release MSL #38, year 2022)
of the order Bunyavirales. The order Bunyavirales is an expanding group of RNA viruses currently
comprising 14 families. The most prominent hosts and vectors of the viruses in families that threaten human,
animal and plant health are illustrated on the right side. Virus families less well studied are presented on
the left side.

Although bunyavirus outbreaks are generally confined to particular geographic regions, the fact
that competent vectors inhabit other latitudes highlights the risk of pathogen transmission to

previously unaffected territories. This risk is especially relevant for arthropod-borne viruses, since
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climate change, urbanization and international mobility are expanding the habitat of competent
vectors'®™"2. Noteworthy, very limited vaccines and therapeutics are readily available to counteract
the harmful effects of bunyavirus outbreaks. It then comes without surprise that in 2018 the World
Health Organization (WHO) included three bunyaviruses on its Blueprint list of prioritized
pathogens that require prompt research and development activities due to their potential to

cause epidemics associated with severe disease®.

Rift Valley fever virus

Rift Valley fever (RVF) was discovered in 1930 as a deadly viral disease in newborn lambs on a
farm near Lake Naivasha in the Rift Valley of Kenya'. The disease-causing agent was named
Rift Valley fever virus (RVFV), which turned out to be a mosquito-borne virus nowadays classified
as a member of the genus Phlebovirus in the family Phenuiviridae®. Following the first recorded
RVFV outbreak, multiple major outbreaks have been reported between 1950 and 2000 across
numerous African countries™. In 2000, two outbreaks were recorded in Yemen and Saudi Arabia,
marking the first reports of RVFV outside the African continent” . Since then, re-emergence of
RVFV outbreaks keep being reported in previously affected African territories™, along with reports

of RVFV emergence in naive territories like the French Island of Mayotte®®?' (Fig. 2).

Figure 2. RVFV geographical distribution map. The virus is endemic in the African continent, the Arabian
Peninsula and the Indian Ocean islands. The location where RVFV was discovered is pinned.
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RVFV has been described to primarily infect domestic livestock (sheep, cattle, goats, camels),
which act as amplifying hosts for the virus??24. Of these, young lambs and pregnant ewes are the
most susceptible hosts®®. After an incubation period of about 24-36 h, animals become sick and
present with high fever, loss of appetite, weakness, abdominal pain, diarrhea and a hemorrhagic
syndrome that often leads to death??®. Mortality in adult ruminant livestock ranges between
10-20%%’, whereas in newborn lambs this can be above 90%2>?%. RVFV outbreaks typically feature
sudden waves of abortion among pregnant animals, also called “abortion storms”, with acutely
infected pregnant ewes having nearly 100% chance of abortion®®. Wild animals such as buffaloes,
giraffes, rhinoceros, elephants, springboks and impalas can also become incidentally infected.

However, their role in maintaining RVFV circulation remains disputed®>%"%°,

Transmission of RVFV between animals occurs typically via the bite of infected mosquitoes and is
favored following periods of heavy rainfall in which mosquito populations explode®*'. More
than 50 mosquito species, the majority belonging to the genera Aedes, Anopheles, Culex and
Eretmapodites, have been found to be competent for RVFV transmission, as concluded from field
isolations or experimental laboratory studies®™®. Although humans can also become infected via
infected mosquito bites, most human infections occur through direct contact with infected animal
tissues and body fluids*** (Fig. 3).

¢ d

Figure 3. RVFV transmission cycle. Mosquitoes are vectors for transmitting RVFV. Following periods of heavy
rainfall, mosquito populations expand and transmit RVFV primarily to domestic livestock, which serve as
amplifying hosts. Humans can also become infected either by bites of infected mosquitoes or via direct
contact with contaminated animal products.




Introduction | 15

The natural course of the infection in humans is characterized by a self-limiting febrile illness with
headache, myalgia, arthralgia, nausea and abdominal pain™*"=°. Nonetheless, in a minority of
cases, RVFV infection may show complications and progress to severe manifestations including
hepatorenal failure, hemorrhagic fever, retinitis and encephalitis®®®***°, Overall, mortality in
humans has been estimated at around 0.5-2%, but it can drastically increase above 30% in
severe cases'®®. In both animals and humans, RVFV primarily targets the liver, rapidly inducing

37,38,41,42

multifocal lesions and severe necrosis . Placental transmission of RVFV in humans is

4345 which poses RVFV as a reasonable threat to pregnant women*.

considered plausible
It is difficult to determine an accurate estimate of morbidity and mortality in livestock and humans
caused by RVFV due to deficient documentation of epidemiological data during outbreaks.
However, it is known that some of the largest outbreaks have accounted for tens of thousands of
animal deaths and abortions, together with hundreds of human deaths from thousands of cases*’.
RVFV outbreaks also result in significant and wide-ranging socio-economic losses with influence
beyond the agricultural sector’®. The estimated losses during major outbreaks are in the order of

tens of millions of US dollars®>*®,

Safe and efficacious vaccines might contribute to prevent the devastating effects caused by RVFV
outbreaks. Nevertheless, to date, only a few veterinary RVFV vaccines with suboptimal safety or
efficacy are in use in some African countries, and no specific RVFV vaccine or therapeutic for
human use has been fully licensed®. Several joint efforts are pushing forward vaccine

development, but they are still in early phase clinical trials.

Schmallenberg virus

In 2011, a previously unidentified disease in dairy cattle was reported by farmers and veterinarians
in Germany and the Netherlands. Metagenomics combined with virus isolation from blood of
affected cows determined that the disease-causing agent was a previously unknown bunyavirus.
The virus was named Schmallenberg virus (SBV) after the town of Schmallenberg in North

Rhine-Westphalia, Germany, where the first positive samples were collected*°.

SBV is a member of the Simbu serogroup within the genus Orthobunyavirus in the family

Peribunyaviridae®. SBV is strictly a veterinary pathogen, primarily affecting domestic ruminants

)51

(cattle, sheep, goats)”', although SBV has also been detected in wild ruminants such as bison,

moose, alpacas, buffalos and deer®. The absence of SBV-neutralizing antibodies in potentially

exposed people implies that there is no evidence that humans are susceptible to SBV infection®*>*.
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However, other orthobunyaviruses within the Simbu serogroup like Oropouche virus®,

Iquitos virus®® and Shuni virus® have been associated with human disease.

The clinical picture observed in acutely infected adult cattle typically includes transient fever,
decreased milk production and diarrhea within a short viremia of 5-6 days>**®. Biting midges of
the Culicoides genus are the vectors responsible for the transmission of SBV from one animal to
another*®® (Fig. 4). Transplacental infection can also take place, frequently resulting in the birth
of calves, lambs and goat kids with severe congenital malformations. Pathologically, neonatal SBV
infection results in arthrogryposis, torticollis, scoliosis, kyphosis, brachygnathia inferior,

hydranencephaly, and hypoplasia of the brain, cerebellum and spinal cord®*®". Additionally,

infection during pregnancy can result in premature birth or stillbirth®.

Figure 4. SBV transmission cycle. Transmission of SBV between domestic ruminants occurs through bites of
infected midges.

The 2011 SBV outbreak marked the first recorded epidemic by a member of the Simbu serogroup
in Europe. Soon after its discovery in Germany and the Netherlands, SBV rapidly spread over
Belgium, France, Luxembourg, the United Kingdom, Italy, Spain, Denmark and Switzerland,
causing a large epidemic in Europe between 2011-2012%*. SBV kept spreading into naive territories,
with confirmed cases in at least 27 European countries by September 2013 (Fig. 5). Since then,

SBV has established endemic re-circulation every 2-3 years®.
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Besides the negative consequences on animal welfare and economic losses due to SBV infections®,
the sudden emergence of the virus had an important impact on the international trade of
susceptible animals and animal products®. Vaccination of livestock has proven as an efficacious
measure to reduce or even prevent circulation of other vector-transmitted viruses. Nonetheless,
although several inactivated SBV vaccines have reached the market, licensed SBV vaccines are not
being used routinely due to high seroprevalence, unpredictable re-emergence and vaccine

costs®.

Figure 5. SBV geographical distribution map. The virus emerged and re-circulates in the European
continent. The location where SBV was discovered is pinned.

Molecular biology of phlebo- and orthobunyaviruses

Mature phlebo- and orthobunyavirus particles (virions) generally are spherical or pleomorphic,
enveloped by a lipid membrane and approximately 80-120 nm in diameter. Transmembrane
glycoproteins protrude from the surface of the particles, resulting in characteristic virus-specific
surface architectures®”™"". For example, RVFV glycoproteins form cylindrical hollow structures that

676970 whereas SBV glycoproteins form

assemble into penta- and hexameric capsomeres
tripod-like spikes’®” (Fig. 6). It is worth clarifying that while the descriptions given here and in the
following paragraphs usually apply to most members of the genera Phlebovirus and

Orthobunyavirus, there might be exceptions.

Phlebo- and orthobunyaviruses have a single-stranded RNA genome of negative polarity divided

into three distinct segments, termed S, M and L, according to their length™*” (Fig. 6).
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The L segment codes for an RNA-dependent RNA-polymerase (RdRp or L protein) responsible
for viral genome transcription and replication’®”’. The M segment codes for a polyprotein
precursor that is co-translationally cleaved into two glycoproteins, Gn and Gc, and one
non-structural protein (NSm). As stated above, the glycoproteins Gn and Gc are displayed on the
surface of mature virus particles and are critical for virus entry, fusion with endosomal membranes
and virion assembly in the Golgi complex’®™. The S segment codes for a nucleocapsid (N) protein
and a non-structural (NSs) protein. The N protein encapsidates each viral genome segment
preventing them from cellular degradation. Within the virion, the encapsidated viral genome
segments associate with the RdRp to form so-called ribonucleoprotein (RNP) complexes. RNP
complexes adopt a panhandle structure as a result of complementary base-pairing between the
3" and 5' termini of conserved, genus-specific untranslated regions (UTRs) present on each

genome segment®%®',

Phleboviruses Orthobunyaviruses

3 S(1.7kb) 5 3S08kh)5
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5 3 5 3
-~
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Figure 6. Virion morphology and typical genome organization of members of the genera Phlebovirus and
Orthobunyavirus. 3D representations of spherical virus particles (80-120 nm in diameter) depicting the
distinct surface topologies imparted by the envelope glycoproteins. The genome of bunyaviruses is divided
into three unique segments termed S, M and L (depicted with black lines). Virus particles and sizes of
genome segments represented in this figure correspond to RVFV (left) and SBV (right), as prototype
phlebovirus and orthobunyavirus, respectively. Gray boxes represent the 3" and 5' untranslated regions.
Viral proteins encoded by each segment are indicated in the coloured boxes. Phleboviruses employ an
ambisense coding strategy to express the N and NSs proteins from the S segment, whereas
orthobunyaviruses express N and NSs from a S segment overlapping reading frame.
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Phleboviruses employ an ambisense coding strategy for the proteins encoded by the S segment,
in which the N protein is transcribed from the negative-sense genomic RNA, and the NSs protein
is transcribed from the positive-sense viral complementary RNA™. Orthobunyaviruses employ an
overlapping reading frame coding strategy in which the N and NSs proteins are transcribed from
the negative-sense genomic RNA using distinct AUG initiation codons™. In the M segment, NSm
is transcribed as part of the polyprotein precursor from the negative-sense genomic RNA in both
phlebo- and orthobunyaviruses, although the location of the NSm coding sequence differs

between the genera®?' (Fig. 6).

NSs is the main virulence factor of bunyaviruses and contributes to their pathogenesis. In phlebo-
and orthobunyaviruses, NSs is an interferon alpha/beta (IFN-a-B) antagonist that exerts its
pro-viral effects via multiple mechanisms®®. For example, RVFV NSs blocks IFN production by
suppressing host gene transcription®, which can be mediated by preventing the assembly of the
TFIIH transcription factor®”. Additionally, RVFV NSs prevents the antiviral activity of IFN through
specific degradation of the double-stranded RNA-dependent protein kinase (PKR)®%. The
degradation of PKR inhibits the phosphorylation of eukaryotic initiation factor (elF)2a, ultimately
promoting viral translation®®. On the other hand, SBV NSs antagonizes IFN by inhibiting host cell
protein synthesis®’. NSm has also been implicated with several accessory functions, even though
its effects may seem less drastic than those of NSs. NSm has been shown to suppress apoptosis®

93,94

and to facilitate mosquito infection in phleboviruses™>* while in orthobunyaviruses it was

demonstrated to act as an auxiliary protein in virion assembly.”.

The infectious cycle of bunyaviruses starts with entry into susceptible cells via receptor-mediated
endocytosis. Fusion of the viral glycoproteins with the endosomal membrane at slightly acidic
conditions releases the RNPs in the cytoplasm, where bunyavirus transcription and replication
take place®. First, the virion-associated RdRp catalyzes the primary transcription of the incoming
genomic negative-sense RNA. Viral mRNA synthesis is primed by 5" end sequences from host cell
mRNAs through a cap-snatching mechanism’’. As opposed to host cell mRNAs, bunyaviral
mRNAs are not polyadenylated. Viral transcription kicks-off the translation of viral proteins, after
which synthesis of RNA shifts from transcription to replication of a complementary positive-sense
RNA (anti-genome) that serves as a template for the synthesis of negative-sense genomic RNA.
Secondary transcription of viral mRNAs occurs simultaneous to viral genome replication’®”’.
Newly synthesized genomic RNA gets encapsidated by multiple N proteins and traffics to the

Golgi complex in the form of RNPs, where mature glycoproteins have been retained. Progeny

virion assembly requires that the viral glycoproteins bud from Golgi complex membranes, while
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incorporating the RNPs inside the newly formed virus particles. Lastly, the virions bud from Golgi

inside vesicles that traffic to the cell surface and release the virus particles by exocytosis’* (Fig. 7).

Bunyavirus
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Figure 7. The bunyavirus life cycle. The viral glycoproteins on the surface of virus particles attach to host
receptors (step 1). The virus enters the cell via receptor-mediated endocytosis (step 2). The viral
glycoproteins mediate the fusion of the virus particle with the endosomal membrane, releasing the viral
ribonucleoproteins (RNPs) in the cytoplasm (step 3). RNPs are transcribed by the virion-associated
RNA-dependent RNA polymerase (step 4). Viral mRNAs are translated into viral proteins, including the
synthesis of the viral glycoproteins by membrane-bound ribosomes (step 5). The viral genomic RNA (VRNA,
negative-sense) is replicated through a complementary anti-genome RNA (cRNA, positive-sense) that
serves as a template (step 6). Newly synthesized RNPs and viral glycoproteins traffic to the Golgi complex
(with the glycoproteins first trafficking through the endoplasmic reticulum [ER]) (step 7). Progeny virions
are assembled in the Golgi complex (step 8). Golgi-derived vesicles transport the progeny virions to the
cellular membrane and release the infectious virus (step 9).

Genome packaging
Incorporating the viral genome inside newly formed virus particles, a process known as genome

packaging, is a crucial step during progeny virion assembly to establish a productive infection
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cycle. This process can be troublesome for viruses with a segmented genome, since all genome
segments are essential and thus at least one copy of each segment should be incorporated inside
individual virus particles. Failing to incorporate one or more genome segments would render the
newly formed particle non-infectious, as the absence of part of the genome would hamper

production of progeny virions®.

The eight-segmented influenza A virus (family Orthomyxoviridae) and the eleven-segmented
rotavirus (family Sedoreoviridae) are examples of viruses that overcome the genome packaging
enigma by harnessing sequence-specific RNA-RNA or protein-RNA interactions that facilitate the
incorporation of a complete set of genome segments into the majority of new virions'%"%,
Employing such a specific and selective mechanism seems imperative, as otherwise, the large

number of segments would make it impossible to incorporate a complete genome just by chance.

Presuming that bunyaviruses might also need to employ a specific strategy to incorporate their
segmented genome, pioneering studies aimed to study how genome packaging could be
orchestrated in these viruses. The UTRs of bunyavirus genome segments have been shown to be
critical for genome packaging™'%. Additionally, it has been demonstrated that interactions
between the N protein and the cytoplasmic tails of the envelope glycoproteins mediate the

107-110

packaging of RNPs into virions . Furthermore, packaging of genomic RNA has been

associated with the efficient release of progeny virions'

. The possibility of specific intermolecular
interactions between the viral RNA segments has also been proposed based on packaging

assays'.

Although the findings thus far hinted towards a selective packaging mechanism, no direct
evidence for the formation of a supramolecular complex like the case for influenza A virus has
been shown™ ™. In fact, the ease by which the genome of RVFV could be manipulated to
generate recombinant two-segmented and four-segmented viruses (instead of the typical
three-segmented virus) or viruses with reconfigured genome segments, pointed to the notion of

a very flexible genome and a packaging process that can tolerate significant changes"®®.

Work by Wichgers Schreur and Kortekaas (2016) further challenged the previous conceptions and
presented a somewhat discrepant hypothesis. In their single-molecule fluorescence in situ
hybridization (smFISH) study, it was shown that RVFV S, M and L genome segments did not seem
to colocalize to bundle into three-segmented SML complexes prior to virion assembly™. This

observation suggested that RVFV does not employ a specific mechanism to incorporate a
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complete genome inside virus particles. This finding set the stage to continue investigating the
genome packaging process of bunyaviruses and answer the question of whether this process is

governed by a selective or non-selective mechanism.

Dissecting host responses during viral infection

Apart from comprehending how bunyaviruses sustain a life cycle alternating between their
mammalian hosts and vectors, understanding the processes by which bunyaviruses cause disease
is of utmost relevance. Previous studies focusing on characterizing the virus-host interplay were
extremely useful for generating a much-needed knowledge base. However, the ability to integrate
the various findings and establish relationships between the underlying molecular mechanisms
that lead to an observed phenotype was constrained by the research scope and tools available at
that moment. Some limitations of preceding studies included analyzing data derived only from
in vitro cell culture settings or focusing exclusively on a handful of interesting biological pathways
while missing to analyze global host responses. Although extremely valuable, it is known that
translating findings from the laboratory to real-life conditions usually is not straight-forward and
that many subtle but important observations can go unnoticed if they are not given proper

attention.

Nowadays, several high-throughput techniques have revolutionized the ways in which host
responses during infection can be studied. One example of such techniques is RNA-sequencing
(RNA-seq), a method in which the whole transcriptome of a host can be quantified and used to
examine gene expression profiles under specific circumstances on a genome-wide level®'% This
approach has the potential to uncover new gene networks that drive the development of viral

disease and therefore is now being used extensively for this purpose™®'2>,

Studies combining RNA-seq with clinical and histopathological observations from biologically
relevant systems (e.g., tissues of infected animals or circulating immune cells) can be used to infer
genotype-phenotype associations'?'?7. Furthermore, RNA-seq performed at single-cell resolution
allows exploring the heterogeneity in host cell responses within a cell population or tissue
section™'_ This is especially interesting when specific host gene expression patterns can be
explained by the infection status and/or viral load in a particular cell. Thus, obtaining detailed
overviews of the host's transcriptional response upon infection is a worthy strategy to expand our
knowledge on bunyavirus pathogenesis and to link experimental observations obtained by

complementary means.
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Thesis outline

Many medically-relevant bunyaviruses remain starkly understudied. A better comprehension of
the fundamental biology of bunyaviruses is critical and can eventually facilitate the development
of efficacious countermeasures. Here, RVFV and SBV were selected as prototypes of threatening
zoonotic and veterinary pathogens, respectively, that deserve our attention in view of what they
are currently causing, the risk of future epidemics/epizootics and the limited knowledge at hand.
Research in the field of bunyaviruses has made significant progress in the last decades, but a
constant and larger effort is still needed for greater preparedness. The overall aim of this thesis
was to shed light on the genome packaging process of bunyaviruses and its implications for their

life cycle, as well as unveiling molecular determinants underlying their pathogenesis.

In Chapter 2, state-of-the-art fluorescence microscopy was employed to examine the genome
packaging process of the three-segmented RVFV and SBV at single-molecule resolution. The
intracellular relative abundance of the viral genome segments was quantified in single cells and
correlated with the genomic composition of individual virions assembled by each of those cells.
Furthermore, the efficiency of genome packaging when the viruses replicated in mammalian cells
or in insect cells was compared, considering that RVFV and SBV life cycles alternate between

vertebrate and invertebrate hosts.

Studying genome packaging of bunyaviruses revealed a remarkably flexible and apparently
inefficient process that raised additional questions regarding the mechanisms of within-host
spread and between-host transmission. Intrigued by the puzzling role that particles with an
incomplete set of viral genome segments could play in the life cycle of bunyaviruses, in Chapter 3
it was investigated if the spread of RVFV could rely strictly on co-infection of particles with an
incomplete but complementing genome. Populations of RVFV exclusively containing incomplete
particles were generated using reverse genetics. Then, genome complementation was evaluated
in a series of /n vitroand in vivo (in mosquitoes) experiments. Moreover, the experimental findings
were complemented with mathematical models that helped to realize under which biological

circumstances this phenomenon could be relevant.

Understanding how RVFV causes disease in susceptible species under conditions that resemble a
natural infection is equally important to understanding the molecular aspects of the RVFV
replication cycle. Chapter 4 presents how high-throughput sequencing technology was harnessed
to study the whole transcriptomic profile in target organs (liver and spleen) of RVFV-infected

lambs during acute infection. This analysis allowed to describe tissue-specific host responses upon
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infection. In addition, the clinical presentation of the disease was linked to histological phenotypes

with signature gene expression features, thereby contributing to unravelling RVFV pathogenesis.

Chapter 5 brings together the recently gained expertise on RNA-sequencing technologies with
the intriguing role that incomplete particles might play during infection. Firstly, the host
transcriptome differences between thousands of individual RVFV-infected and uninfected cells
were explored. Conscious that an RVFV population consists of a mix of particles with different
genomic compositions, it was then explored at single-cell resolution how the host transcriptome
was influenced by the nature of the incoming infecting particle (i.e., complete or incomplete). By
analyzing the effects of incomplete bunyavirus particles with replication capacity but unable to

spread, this chapter fills in some knowledge gaps in the life cycle of bunyaviruses.

Finally, Chapter 6 discusses the main findings of this thesis and places them into a broader context,
highlighting differences, similarities and peculiarities of segmented viruses compared to
monopartite and multipartite viruses. Emphasis is given to the still unanswered fundamental

questions on the biology of bunyaviruses and to potential directions for future research.
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Abstract

Bunyaviruses have a genome that is divided over multiple segments. Genome segmentation
complicates the generation of progeny virus, since each newly formed virus particle should
preferably contain a full set of genome segments in order to disseminate efficiently within and
between hosts. Here, we combine immunofluorescence and fluorescence in situ hybridization
techniques to simultaneously visualize bunyavirus progeny virions and their genomic content at
single-molecule resolution in the context of singly infected cells. Using Rift Valley fever virus and
Schmallenberg virus as prototype tri-segmented bunyaviruses, we show that bunyavirus genome
packaging is influenced by the intracellular viral genome content of individual cells, which results
in greatly variable packaging efficiencies within a cell population. We further show that bunyavirus
genome packaging is more efficient in insect cells compared to mammalian cells and provide new

insights on the possibility that incomplete particles may contribute to bunyavirus spread as well.
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Introduction

Viruses from the genera Phlebovirus (family Phenuiviridae) and Orthobunyavirus (family
Peribunyaviridae), belonging to the order Bunyavirales, are globally distributed and transmitted
between vertebrate hosts by arthropods, such as mosquitoes, sandflies, ticks and midges™.
Several members of these genera cause severe disease in livestock and humans, threatening
animal and public health and economies®®. Yet, several fundamental aspects of the viral life cycles

remain poorly comprehended.

Phleboviruses and orthobunyaviruses have a tri-segmented genome of single-stranded RNA of
negative-sense polarity. The small (S), medium (M) and large (L) segments, named according to
their size, are encapsidated by multiple nucleocapsid (N) proteins to form viral ribonucleoprotein
(VRNP) complexes that associate with the RNA-dependent RNA polymerase (RdRp or L protein).
The N protein is encoded by the S segment, which also encodes a non-structural protein in
antigenomic-sense orientation in phleboviruses and in genomic-sense orientation in
orthobunyaviruses. The RdRp is encoded by the L segment, whereas the M segment encodes a
polyprotein precursor that is cleaved into a non-structural protein and two glycoproteins (Gn and
Gc) that protrude from the envelope of mature particles and facilitate entry into host cells®®,

Virions are enveloped, spherical particles of ~80-120 nm in diameter®™.

From a gene expression perspective, genome segmentation could theoretically facilitate control
of viral gene transcription and translation without requiring various c/s-acting elements as viruses
with non-segmented genomes require. Moreover, genome segmentation is generally considered
as an evolutionary advantage because it allows genetic reassortment events, which can potentially
result in increased viral fitness and transmissibility®. However, partitioning of the genome
complicates the genome packaging process of segmented viruses, since the packaging of at least
one copy of each segment into a particle is thought to be essential to generate infectious
progeny. Considering this, it could be expected that the packaging of segmented viral genomes
is a highly selective process. The existence of a selective packaging mechanism has already been
demonstrated for segmented RNA viruses of other families such as influenza virus and
rotavirus™ . Reverse genetics and electron microscopy studies on influenza virus showed that
the eight genome segments use packaging signals to assemble into a supramolecular complex
with a '7 +1' configuration™™. Fluorescence spectroscopy combined with pulsed interleaved
excitation revealed that rotavirus genome segments form protein-mediated sequence-specific
interactions®®. In both cases, RNA-RNA interactions play an important role in the packaging of

the complete genome inside newly formed particles.
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Early reports based on mini-genome systems showed that the 5’ and 3’ untranslated regions
(UTRs) of bunyavirus RNA segments are directly or indirectly involved in the genome packaging
process?'. Certain flexibility in the packaging process was demonstrated by the rescue of a
recombinant Bunyamwera virus (BUNV, genus Orthobunyavirus) with an L segment open reading
frame flanked by M-type UTRs??. Additional work with recombinant viruses revealed the flexibility
in the packaging of Rift Valley fever virus (RVFV, genus Phlebovirus) genome segments, as

23-25

evidenced by the creation of multiple two-segmented and four-segmented variants=™, as well

t*5. More recently, by using

as a variant with reconfigured coding orientation of the S segmen
single-molecule fluorescence /n situ hybridization (smFISH) we showed that S, M and L vRNPs of
RVFV do not co-localize in the cytoplasm during viral replication. Together with a codon shuffled
M segment variant that retained similar growth characteristics, no evidence was found for the
formation of a supramolecular RVFV vRNP complex, thereby suggesting that the packaging of
RVFV genome segments is not a tightly regulated process?’. Despite that the scarce evidence
available has provided valuable insights into the genome packaging of bunyaviruses, our
understanding of this process is still very limited. In particular, packaging of bunyaviruses has only
been studied with a few virus species, and few studies have compared genome packaging in
different hosts. Potential host differences in specific steps of the replication cycle may have
important implications for virus transmission between vertebrates and invertebrates. In addition,
the kinetics and efficiency of generating infectious particles have only been examined at a cell
population level and the potential biological role of incomplete particles (i.e., particles lacking one

or more genome segments) in within- and between-host transmission is currently unknown.

Here, we use RVFV and Schmallenberg virus (SBV, genus Orthobunyavirus) as prototypes of
different bunyavirus families to study genome packaging in mammalian and insect cells. We
describe a 5-channel FISH-immunofluorescence method that allows simultaneous visualization of
progeny virions and each viral genome segment at single-molecule resolution, directly showing
that only a small fraction of newly formed virus particles contains a full set of genome segments.
We further show at a single-cell level that the packaging efficiency is highly heterogeneous within
a cell population and provide direct evidence of the occasional incorporation of
antigenomic-sense segments into virus particles. Finally, we report major differences between
genome packaging efficiencies in mammalian and insect cells. Thus, the results of this study are
in line with our previous suggestion that genome packaging of bunyaviruses is driven by a

non-selective process and highlight host cell differences in bunyavirus life cycles.
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Results

Viral RNA:infectivity ratios differ in mammalian and insect hosts

To study viral replication and the generation of infectious virus progeny in mammalian and insect
cells, we infected Vero E6 (monkey), C6/36 (Aedes albopictus) and KC (Culicoides sonorensis) cells
with RVFV or SBV, quantified in time intracellular and extracellular viral genome segments by
RT-gPCR and determined the virus titer in the supernatant by endpoint titration (Fig. 1A). For both
RVFV and SBV, the absolute genome segment copy numbers of all three segments were higher
in lysates and supernatants of mammalian cells (Vero E6) compared to insect cells (C6/36 and KC)
in the logarithmic viral growth phase (Fig. 1B-E). Remarkably, the higher genome copies in
supernatants of Vero E6 cells did not always correspond proportionally with higher virus titers.
For example, RVFV genome copies obtained at 48 h post-infection in Vero E6 cells were more
than ten times higher than in C6/36 cells, whereas the virus titers in both host cell lines were equal
(Fig. TF). Another dissonance was observed with SBV at 24 h post-infection, where similar genome
copies in supernatants of Vero E6 and KC cells resulted in a titer of infectious virus more than ten
times higher in KC cells (Fig. 1G). After relating viral RNA copy numbers with virus titers of the
supernatants in time, here referred to as VRNA:infectivity ratios, it became clear that for the
generation of RVFV and SBV infectious units, fewer genome equivalents are needed in insect cells

(Fig. TH, 1), suggesting that bunyavirus genome packaging efficiencies differ between hosts.

In addition to the in vitro comparison between hosts, to gain insight into VRNA:infectivity ratios
in vivo, we analyzed plasma samples of lambs experimentally infected with RVFV within the scope
of another study® (Fig. 1J-L). Briefly, lambs were inoculated via intravenous route with RVFYV,
followed by daily collection of plasma samples. In these plasma samples, vVRNA:infectivity ratios
increased over time, with the lowest ratio observed at 2 days post-infection (Fig. IM), coinciding
with peak viremia and the onset of symptoms®, demonstrating that genome packaging

efficiencies within a host may differ in time.
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Figure 1. Viral RNA:infectivity ratios in mammalian and insect hosts. A Schematic representation of the
in vitro experimental setup. Mammalian (Vero E6) and insect (C6/36 and KC) cells were infected with RVFV
or SBV (MOI 0.01). Cell lysates and supernatants were collected at defined time points. Viral RNA was
quantified with genome segment-specific RT-qPCRs and virus titers were determined by endpoint
titration. B-E /n vitro replication kinetics of RVFV and SBV. Bars show means with SD. Dots represent
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biological replicates (n =3 samples). Bar of RVFV cell lysate M segment at 24 h post-infection shows mean
of two samples. F, G RVFV and SBV infectious titers in cell culture supernatants. Titers correspond to the
same supernatant samples analyzed in D, E. Graphs show means with SD of n= 3 biological replicates. The
dashed line indicates the limit of detection (10" TCIDso/mL). H, I RVFV and SBV vRNA:infectivity ratios
calculated as viral genome copies per infectious unit in cell culture supernatants. Bars show means with SD.
Dots represent individual ratios (n=3).J Schematic representation of the animal samples from another
study obtained for analysis. Lambs were experimentally infected via intravenous route with RVFV and
plasma samples were collected daily?. K /n vivo replication kinetics of RVFV. Graph shows means with SD
of plasma samples (n=3) analyzed by RT-gPCR. L RVFV infectious titers in plasma as determined with a
virus isolation assay?®. Graph shows means with SD of plasma samples (77 = 3). The dashed line indicates the
limit of detection (10™° TCIDso/mL). M RVFV /n vivo vRNA:infectivity ratios calculated as viral genome copies
per infectious unit in plasma. Bars show means with SD. Dots represent individual ratios (n=3). At early
(1 day) and late (5-6 days) times post-infection, genome copies and infectious titers of some samples were
below the limits of detection. In those cases, the reported values represent the mean of two samples or a
single sample. Statistical analysis of vRNA:infectivity ratios was performed using an unpaired two-tailed
Student's ttest with Welch's correction (not assuming equal variances). *p < 0.05; **p < 0.01; ns, not
significant (p > 0.05).

Visualization of newly formed progeny virions at single-particle resolution

To investigate the release kinetics of progeny virions from infected cells, we developed an
immunofluorescence assay using antibodies targeting the surface glycoproteins of RVFV (Gn) and
SBV (Gc). We infected Vero E6 cells, fixed the cells at defined time points and tracked the
appearance of virus particles over time (Fig. 2A). For both RVFV and SBV, detection of the
glycoproteins became evident around 5+ 1h post-infection. In the case of RVFV, the Gn
glycoprotein signal started to accumulate in a perinuclear region (Fig. 2B, first panel), consistent
with the Golgi apparatus being the site of virion assembly®®. No accumulation of Gc in perinuclear
regions was noticed in SBV-infected cells (Fig. 2C). Interestingly, around 7 + 1h post-infection with
RVFV, localized clusters of symmetric spots, most likely portraying groups of virus particles
trafficking simultaneously from the assembly site to the extracellular space in vesicles, were
detected (Fig. 2B, second panel). As the infection progressed, a higher number of virus particles
(hundreds to a few thousands) both inside and outside infected cells were detected (Fig. 2B-E and
Supplementary Movies 1, 2). Of note, within an infected cell population, several cells showed lower
glycoprotein levels and numbers of progeny virions despite being fixed at the same time point,
probably representing the intrinsic variability in infection kinetics between cells. A plot of
fluorescence intensities of individual spots shows a unimodal intensity distribution characteristic
of single particles (Fig. 2F). Likewise, a histogram of the area of the spots also shows a unimodal
distribution, denoting reproducible measurements of single spots within and between images

(Fig. 2G). Importantly, the single-particle detection of newly formed progeny virions not only
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allowed us to investigate the kinetics of virion release but also enabled us to determine the

genomic composition of individual progeny virions.
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Figure 2. Immunofluorescence detection of newly formed bunyavirus progeny virions at single-particle
resolution. A Schematic representation of the experimental setup. Vero E6 cells were infected with RVFV
(MOI 1) or SBV (MOI 0.33) and cells were fixed at defined time points. Progeny virions were detected by
immunofluorescence. Release kinetics of RVFV particles (green) (B) and SBV particles (magenta) (C). RVFV
virions were detected with antibody 4-D4“® targeting the Gn glycoprotein in combination with Alexa Fluor
488-conjugated secondary antibodies. SBV virions were detected with serum from an immunized
rabbit>® targeting the Gc glycoprotein in combination with FITC-conjugated secondary antibodies. Cell
nuclei (cyan) were visualized with DAPI. RVFV Gn accumulates in a perinuclear region, the site of virion
assembly. D, E Three-dimensional representations showing the spatial distribution of virions at the 9 £ 1h
time point created with Imaris using the Surfaces and Spots modes. F Magnification of a region of interest
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(indicated as a dashed box in the second panel of C) and fluorescence intensity plot of the indicated spots.
Dots represent data points and lines show Gaussian curves fitting the data. The unimodal distribution of
fluorescence intensities along the lines crossing the spots is characteristic of single particles. G Histogram
of the area of the spots detected in images of SBV-infected cells (7= 3 cells; more than 500 spots per
image). Dots represent data points and lines show Gaussian curves fitting the data. The unimodal
distribution denotes reproducible measurements of single spots within and between images. Images are
merged maximum intensity projections of two channels. Scale bars, 10 um (B-E), 2 um (F).

Genome composition of newly formed virus particles

To investigate the genome content of newly formed RVFV and SBV virions in infected cells, we
developed a 5-channel based combined RNA FISH-immunofluorescence method that allows the
simultaneous visualization of virus particles and each viral genome segment at single-molecule
resolution (Fig. 3A). Virions were detected as described in Fig. 2 and specific FISH probe sets were
designed to recognize the S, M and L viral RNAs (Supplementary Figs. 1, 2 and Supplementary
Data 1). The method enables the concomitant assessment of viral replication by quantification of
the VRNPs in the cytoplasm (Fig. 3D and Supplementary Fig. 3), as well as the determination of
the genome content of newly formed virus particles through co-localization analysis between the
virions and the vRNPs (Fig. 3B, C, E, F, Supplementary Figs. 3, 4 and Supplementary Movies 3, 4).
Importantly, our assay facilitates linking the genomic content of the virions with the cytoplasmic

VRNP content of the originative cell.

We used the assay to analyze individual RVFV- and SBV-infected cells fixed at 8 h post-infection,
a stage in the infection cycle at which release of mature virions is clearly evident
(Fig. 3B, C, E, F and Supplementary Figs. 3, 4) and virus genome replication has not proceeded
long enough to impede the quantification of vVRNPs in the cytoplasm due to an overcrowded
signal detection (Fig. 3D and Supplementary Fig. 3). Following analysis, most RVFV and SBV
particles were found to be empty, accounting on average for ~55% and 35% of total virions,
respectively. In addition, the fraction of particles containing one segment was between ~30-35%,
and the fraction containing two segments between about 10 and 20%. The fraction of particles
containing a complete genomic set was below 10% (Fig. 4C). Remarkably, we observed great
variability in packaging efficiencies within RVFV- and SBV-infected cell populations. Within both
cell populations, a subpopulation of cells showed a striking inefficient packaging process, in some
cases seemingly without generating a single infectious particle, whereas other cell subpopulations
generated two or more times higher percentages of particles containing a complete genomic set
than the average (Fig. 4C). Although the genome packaging process for both viruses is overall

inefficient, packaging of SBV genome segments does occur more efficiently than for RVFV.
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Figure 3. Single-molecule VRNA FISH-immunofluorescence of bunyavirus infected mammalian cells.
A Schematic representation of the experimental setup. Vero E6 cells were infected with RVFV
(MOI 0.50-0.75) or SBV (MOI 0.33) and cells were fixed at 8 h post-infection. The S segment (N gene; red),
M segment (polyprotein gene; blue) and L segment (RdRp gene; yellow) were hybridized using probe sets
labeled with CAL Fluor Red 610, Quasar 670 and Quasar 570, respectively. Progeny RVFV particles (green)
were detected with antibody 4-D4®targeting the Gn glycoprotein in combination with Alexa
Fluor 488-conjugated secondary antibodies. Progeny SBV particles (Supplementary Figs. 3B, 4) were
detected with serum from an immunized rabbit>® targeting the Gc glycoprotein in combination with
FITC-conjugated secondary antibodies. Cell nuclei (cyan) were visualized with DAPI. Individual spots, each
representing either a single vVRNP or a virus particle were detected, counted and assessed for co-localization
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in ImageJ with the plugin ComDet. B Visualization of vVRNPs and progeny virions of a RVFV-infected cell.
The dashed boxes highlight individual virus particles subjected to co-localization analysis for example
purposes. The number of RVFV genome segments in each highlighted particle is indicated.
C Three-dimensional representation showing the spatial distribution of VRNPs and virions of the image
displayed in B created with Imaris using the Surfaces and Spots modes. Accumulation of VRNPs and
co-localization to the same perinuclear region as Gn show active VRNP recruitment to the site of virion
assembly. Co-localization of VRNPs and virions is depicted by merged spheres. D, E RVFV-infected cells.
The dashed contours represent example regions of interest selected for the quantification of cytoplasmic
VRNPs (D) and determining the genome composition of extracellular virions through co-localization analysis
(E) (Supplementary Fig. 3A). Example regions of interest selected for the analysis of SBV-infected cells are
shown in Supplementary Fig. 3B. F Magnification of regions of interest indicated by dashed boxes in B. The
genome composition of each virion can be deduced from the spots detected on each individual channel.
Images are merged maximum intensity projections of four (D) or five (B, C, E, F) channels. Due to a higher
fluorescence intensity of the green channel compared to the other channels, spots co-localizing with the
glycoprotein may sometimes appear masked and not entirely evident in merged images. Scale bars, 10 um.

Intracellular vRNP content correlates with genome packaging efficiency

Seeking for an explanation to the high variability in genome packaging efficiency within cell
populations, we looked into the VRNP content in the cytoplasm of the individual cells.
Quantification of RVFV VvRNPs in infected mammalian cells not only exposed a highly
heterogenous cell-to-cell composition, but also an overall imbalanced content leaning towards
higher abundances of the S (42%) and L (34%) segments compared to the M segment (24%).
Quantification of SBV vRNPs in infected mammalian cells demonstrated that the overall vVRNP
content of the cytoplasm approached a theoretical balance, with abundances near the 33% for
all three genome segments. Although the cytoplasm of some SBV-infected cells deviated from
the average composition, the cell-to-cell heterogeneity in this population was less pronounced

(Fig. 4A, B).

Next, we evaluated whether an imbalanced cytoplasmic content could be associated with a
particular genome composition of the virions. The correlation analysis made evident that indeed,
if a specific genome segment is more abundant intracellularly, it will be incorporated into a virus
particle more often, and vice versa. A strong positive correlation (Pearson'’s coefficients of at least
0.5660 and p < 0.01) was found for all three genome segments of RVFV and SBV (Fig. 4D). The
association between the cytoplasmic content and the efficiency of incorporating genome
segments into virions was further assessed in a more integrative manner. Based on the
frequencies of all three genome segments in the cytoplasm of individual cells and the fractions of
empty, incomplete and complete particles, we generated a system to score the balance of the

intracellular contents as well as the efficiency of genome packaging, normalizing the scores using
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the extreme values present in our data set as reference (Fig. 4E). Surprisingly, our analysis revealed
that a considerable number of cells with balanced intracellular genome contents exhibited an
overall inefficient packaging. This indicates that, although the three different VRNPs will most likely
be incorporated into particles in similar numbers if their intracellular abundance is similar, the
three vRNPs are not necessarily co-packaged into the same particle. However, when we observed
relatively efficient packaging, the VRNP content in the cytoplasm was balanced, implying that a
balanced intracellular VRNP content is a pre-requisite for relatively efficient genome packaging.
Accordingly, it also became clear that an imbalanced cytoplasmic vVRNP content generally leads

to inefficient genome packaging (Fig. 4E, F).

Differences in genome packaging efficiencies between mammalian and insect cells
Based on the different vVRNA:infectivity ratios we found between mammalian and insect cells
(Fig. TH, I), we aimed to further evaluate potential host cell differences in genome packaging using
our VRNA FISH-immunofluorescence method on RVFV-infected insect cells. Although we
managed to visualize RVFV virions and vRNPs in insect cells (Supplementary Fig. 5), the image
acquisition and analysis process at single-molecule resolution proved to be very challenging due
to the elongated distribution in the zaxis of virion assembly sites. As an alternative, we applied
our method to immobilized virions from virus stocks produced in different host cells and
compared the genome composition of their virions (Fig. 5A-F). In general, virus stocks consist of
a heterogeneous population of empty virions and virions with one, two or three genome
segments (Fig. 5E). Interestingly, in mammalian cells (Vero E6) the S segment was packaged more
often than the M and L segments, whereas in insect cells (C6/36) we observed the opposite
(Fig. 5F). Consistent with the analysis of newly formed virions (Fig. 4C) and our own previous
report?’, about 50% of total RVFV particles produced on Vero E6 cells were empty. On the other
hand, empty particles of virus stocks produced on C6/36 cells accounted for a considerably lower
fraction (~30% of total virions), indicating that despite bunyavirus genome packaging seems to
be a largely stochastic process, the incorporation of genome segments into virions occurs more
efficiently in insect cells than in mammalian cells. In addition, in insect cells the three different
genome segments were incorporated into the same virion around three times more often than
in mammalian cells (~23% vs. ~7%) (Fig. 5E), generating a higher percentage of complete

particles and showing an overall more efficient genome packaging process.
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Figure 4. vVRNP composition of the cytoplasm of bunyavirus infected mammalian (Vero E6) cells and their
progeny virions at a single-cell level. RVFV- and SBV-infected cells were analyzed with a single-molecule
VRNA FISH-immunofluorescence method as described in Fig. 3. A Quantification of RVFV and SBV
S,Mand L vRNPs in the cytoplasm of infected cells. Data are expressed as the relative intracellular
abundance of each VRNP. The black lines represent the medians (n=25 cells) and the red dotted line
represents a theoretically balanced abundance of 33.33%. B Data shown in A presented per individual
cell. C Quantification of RVFV and SBV S, M and L vRNPs in progeny virions. Data are expressed as the
relative abundance of each of the eight different potential compositions of virions. Graphs B and C show
the composition results of single cells (7= 25 cells; more than 5000 RVFV virions and more than 4500 SBV
virions) and means. Cell numbers in B and C correspond. D Correlation analysis between the relative
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intracellular frequency of a specific genome segment and the relative frequency of that genome segment
being packaged. Pearson’s correlation coefficients (r) and pvalues are shown for each genome
segment. E Relationship between the intracellular content of vRNPs and the packaging efficiency of
individual cells. A generic system to score the intracellular balance and the packaging efficiency was created.
A frequency of 0.33 for each genome segment was considered as theoretically balanced. The balance score
was calculated as the summatory of the absolute deviations from the theoretical frequency, normalized
from 0 to 1, assigning the least balanced composition of the data set a score of 0. The packaging efficiency
score was calculated taking into account the frequency of empty, incomplete and complete virus particles,
normalized from 0 to 1, assigning the most efficient packaging value of the data set a score of 1. Scores are
color coded from light green (lowest) to dark green (highest). F Proposed model on the efficiency of
genome packaging based on the intracellular vRNP content. A balanced VRNP content in the cytoplasm
seems to be a pre-requisite for relatively efficient genome packaging.

Visualization of viral complementary RNAs incorporated into newly formed
progeny virions

Previous reports have found viral antigenomes, together with mRNA transcripts here referred to
as viral complementary RNAs (cRNAs), in supernatants of bunyavirus infected cells or in purified

263032 Here, we

virions preparations, as evidence for their incorporation into virus particles
designed FISH probe sets to specifically recognize the cRNAs of RVFV and directly visualized their
packaging using the vVRNA FISH-immunofluorescence method (Fig. 6A, Supplementary Fig. 6 and
Supplementary Data 1). Due to a maximum capacity to properly filter light wavelengths up to five
different channels, we assessed the packaging of one viral segment and the corresponding cRNA
in pairs. Indeed, all three RVFV cRNAs were occasionally incorporated into virions (Fig. 6B).
Interestingly, we again observed high cell-to-cell variability in packaging efficiency within the cell
populations. Furthermore, the ratios between the frequencies of incorporation of the viral
genomes and the respective cRNAs differed per segment, resulting in ratios of ~4:1, 9:1 and 14:1
for S/cS, M/cM and L/cL, respectively (Fig. 6C). Although the packaging of cRNAs occurs less
frequently than that of viral genome segments, the direct visualization of virions containing cRNAs

provides additional evidence of the absence of a selective mechanism that favors exclusively the

incorporation of viral genome segments.

Discussion

The molecular mechanisms involved in the production of infectious bunyavirus progeny are yet
to be discovered. Remarkably little is known about the principles that drive the genome packaging
process of the multi-segmented bunyavirus genome into virions. Here, we combined smFISH and

immunofluorescence assays to determine the genomic composition of RVFV and SBV virions at
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single-particle resolution by simultaneous detection of individual virus particles and vVRNPs
(Figs. 2, 3 and Supplementary Figs. 3, 4). Notably, we were able to link the intracellular abundance
of specific vVRNPs with the composition of progeny virions in individual infected cells and were

able to show striking differences between genome packaging efficiencies in mammalian and

insect cells.
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Figure 5. Genome segment composition of immobilized RVFV virions produced in mammalian and insect
cells. A Schematic representation of the experimental setup. RVFV virions produced in Vero E6 cells or
C6/36 cells were immobilized on coverglass by incubation for 5 h at 28 °C. The S segment (N gene; red), M
segment (NSmGn and Gc genes separately; blue) and L segment (RdRp gene; yellow) were hybridized using
probe sets labeled with CAL Fluor Red 610, Quasar 670 and Quasar 570, respectively. Progeny RVFV particles
(green) were detected with antibody 4-D48 targeting the Gn glycoprotein in combination with Alexa Fluor
488-conjugated secondary antibodies. Individual spots, each representing either a single vVRNP or a virus
particle were detected, counted and assessed for co-localization in Image) with the plugin ComDet.
Visualization of RVFV virions produced in Vero E6 cells (B) or C6/36 cells (C) (top rows). Merge images show
the overlay of the four individual channels. Colored circles (bottom rows) display the spots detected on
each channel and their co-localization in the merge image. Due to a higher fluorescence intensity of the
green channel compared to the other channels, spots co-localizing with the glycoprotein may sometimes
appear masked and not entirely evident in merged images. D Negative control sample using cell culture
media instead of a virus stock preparation. Scale bars, 5 um. E Relative abundance of the eight possible
genome compositions of the virions produced in Vero E6 cells (left) or C6/36 cells (right). F Abundance of
each genome segment incorporated into a virion relative to the total genome segment packaging events.

By analyzing individual infected cells and their progeny virions, we not only observed a high
cell-to-cell variability in packaging efficiency, which leads to a highly diverse composition of the
progeny virion population, but also learned that the relative intracellular abundance of the vRNPs
can influence, at least partially, overall genome packaging efficiencies (Fig. 4B, C). Our
observations, obtained from single-cell analysis, are consistent with previous reports on purified
virions of RVFV studied at a population level by Northern blotting, which suggested that the
relative abundance of each genome segment in virions roughly approximated their relative
abundances intracellularly®>3*. Likewise, we found that a low relative intracellular abundance of a
particular genome segment correlates with a low packaging frequency of that segment and vice
versa. Accordingly, when the overall intracellular vVRNP content was imbalanced (i.e., S:M:L ratio
moved away from the theoretical 1:1:1 ratio), virions produced from that cell rarely contained the
three genome segments and packaging was most likely very inefficient (Fig. 4D). On the other
hand, a balanced intracellular vRNP content appears to serve as an essential precondition for the
generation of complete particles, although it does not ensure in all cases an overall efficient
genome packaging (Fig.4E, F). It is worth noting that an imbalanced intracellular vRNP
composition can be the consequence of multiple factors, such as differential replication kinetics
between the genome segments or an initially imbalanced co-infection of the same cell by a

combination of complete and incomplete particles.
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Figure 6. Single-molecule RNA FISH-immunofluorescence on VRNA-cRNA pairs of RVFV-infected
mammalian cells. A Schematic representation of the replication and transcription of RVFV genome
segments. Here, we refer to viral genome replication intermediates (antigenomes) and mRNA transcripts
as cRNAs. RVFV S segment uses an ambisense coding strategy to generate mRNAs from both the
genomic-sense and antigenomic-sense RNAs. B Visualization of VRNPs, cRNAs and progeny virions of
RVFV-infected cells. Vero E6 cells were infected with RVFV (MOI 0.75-1.00) and cells were fixed at 8-10 h
post-infection. Samples were hybridized against paired targets (i.e., S-cS segments, M-cM segments and
L-cL segments). The S segment (N gene; red), M segment (polyprotein gene; blue) and L segment
(RdRp gene; yellow) were hybridized using probe sets labeled with CAL Fluor Red 610, Quasar 670 and
Quasar 570, respectively. The ¢S segment (N gene; yellow), cM segment (polyprotein gene; red) and cL
segment (RARp gene; blue) were hybridized using probe sets labeled with Quasar 570, CAL Fluor Red 610
and Quasar 670, respectively. Progeny RVFV particles (green) were detected with antibody 4-D4% targeting
the Gn glycoprotein in combination with Alexa Fluor 488-conjugated secondary antibodies. Cell nuclei
(cyan) were visualized with DAPI. Individual spots, each representing either a VRNP, a cRNA or a virus
particle were detected, counted and assessed for co-localization in ImageJ with the plugin ComDet. Main
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images are merged maximum intensity projections of four channels (individual channels shown on top).
Due to a higher fluorescence intensity of the green channel compared to the other channels, spots co-
localizing with the glycoprotein may sometimes appear masked and not entirely evident in merged images.
Scale bars, 10 pm. C Quantification of the S, M, L vRNPs and their corresponding cRNAs in RVFV progeny
virions. Genome compositions of the virions are expressed as their abundance relative to the amount of
virions in which at least one VRNP or cRNA was detected. Graphs show the composition results of virions
released by single cells (n =15 cells per combination; more than 3900 virions per combination) and means.
VRNA/cRNA ratios are indicated. ¢S complementary S segment, cM complementary M segment, cL
complementary L segment.

Contrary to other segmented RNA viruses like influenza virus and rotavirus, in which specific

RNA-RNA interactions facilitate co-packaging of all the different viral genome segments?*3>%,

a
growing body of evidence supports the notion that bunyavirus genome packaging is rather
flexible and non-selective?'. Here, we show that less than 10% of RVFV and SBV progeny virions
produced in mammalian cells contain the three genome segments, meaning that only a minor
fraction of produced virus particles are infectious on their own (Fig. 4C). These results are in line

with our previous report?’

, which suggested that bunyavirus genome packaging occurs without a
specific mechanism that guarantees a consistent incorporation of all three genome segments into
the same particle. In addition, we showed that the incorporation of S, M and L cRNAs into virions
does occur, but not frequently. Importantly, packaging of cRNAs occurs disregarding whether the
corresponding VRNA segment has or not an ambisense coding strategy (Fig. 6B, C). Although we
observed similar non-selective features regarding genome packaging of tri-segmented
bunyaviruses that belong to two different families, the low particle-to-PFU ratios previously
reported for BUNV?and Crimean-Congo Hemorrhagic fever virus® (family Nairoviridae,
genus Orthonairovirus) imply that other bunyavirus species may have evolved towards a more

efficient packaging process, but this remains to be studied.

Phleboviruses and orthobunyaviruses sustain a life cycle characterized by alternating productive
infections between vertebrates and arthropod vectors®, underscoring the importance of studying
the virus biology in both hosts. In an experimental infection study in goats, the source of the virus
was found to cause differences in the course of infection. Insect cell-derived RVFV appeared to
be more infectious than mammalian cell-derived RVFV based on faster peak viremia, infection of
peripheral blood mononuclear cells, induction of fever and cytokine levels®. From our /n vitro
virus replication experiments, we noticed that insect cells required fewer genome equivalents per
infectious unit compared to mammalian cells (Fig. 1H, I). Furthermore, we found that in RVFV

progeny derived from insect cells, the relative amount of particles containing a full set of genome
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segments were about three times more compared to mature RVFV virions produced in
mammalian cells (Fig. 5E). These observations strongly suggest that genome packaging occurs
more efficiently in insect cells, which possibly contributes to maintain high viral loads during
replication in the arthropod vector to enable efficient transmission to vertebrates. The reasons
behind the more efficient genome packaging in insect cells are yet unknown, but could be related
to the evolutionary origin of the viruses, which has been suggested to be of arthropod-specific

ancestors™®.

In addition to host differences, the fact that the vRNA:infectivity ratio in plasma samples from
experimentally infected lambs increased over time indicates that genome packaging efficiency
may vary within a single host over the course of infection (Fig. 1IM). To better evaluate changes in
packaging efficiency over time, analysis of the VRNP content of virions present in plasma would
be very informative. However, immobilizing virions from the plasma matrix has proven to be
technically very challenging. Alternatively, single-cell analysis of VRNP packaging efficiencies at
time points later than those evaluated in the present study could provide relevant information.
Unfortunately, at a later stage of infection, such analysis is hampered by the increased intracellular
VRNP density, which results in accumulated signal throughout the cytoplasm leading to loss of

single-molecule resolution.

Interestingly, the bunyavirus genome packaging process investigated here gives rise to a large
fraction of incomplete virus particles lacking one or two genome segments (Figs. 4C, 5E). Recently,
a study with an influenza virus strictly dependent on genome complementation by co-infection
demonstrated that incomplete influenza virus particles contributed to localized within-host
spread®’. This raises the intriguing question of whether co-infection by complementing
incomplete particles may compensate for the inefficiency observed in bunyavirus genome
packaging. In this hypothetical scenario, where complete particles are dispensable for a
productive infection, bunyaviruses may resemble the life cycle of multipartite viruses, which
establish a productive infection by independent transmission of a complementary ensemble of

particles each containing a single genome segment*#*,

Besides the potential role that incomplete particles may play in dissemination of bunyaviruses,
additional strategies that would increase the flexibility also seem plausible as ways to overcome
the bottleneck of an overall inefficient genome packaging process. Incorporating more than three
genome segments per particle increases the probability of packaging at least one copy of

S,Mand L segments. Cryo-electron microscopy analyses of RVFV particles**** suggest that
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additional genome segments would fit within the intra-virion space. Another potential strategy
involves the transmission of a large number of virions in structures known as collective infectious
units, which result in a locally increased multiplicity of infection (MOI)*. It should also be noted,
that a flexible packaging process may actually be best suited for the changing environments faced
by the virus during its life cycle between vertebrates and arthropods. Finally, flexible packaging
capabilities in terms of non-selectivity towards specific RNA sequences also facilitate the
occurrence of reassortment events with related viruses, which increases genetic diversity and

favors virus evolution.

In summary, here we studied genome replication and packaging of prototype bunyaviruses in
mammalian and insect cells, both at a single-particle and single-cell level, as well as at a virion
population and cell population level. Taken together, the evidence presented in this report further
demonstrates that packaging of bunyavirus genome segments is a flexible, non-selective process

and that genome packaging is more efficient in insect cells compared to mammalian cells.

Methods

Cell lines

Vero E6 cells (ATCC CRL-1586) were maintained in minimum essential medium (MEM) supplemented with
5% fetal bovine serum (FBS), 1% antibiotic/antimycotic, 1% MEM non-essential amino acids (MEM NEAA)
and 2 mM L-glutamine at 37 °C and 5% CO,. C6/36 cells (ATCC CRL-1660) were maintained in L-15 medium
(Leibovitz) (Sigma-Aldrich) supplemented with 10% FBS, 1% antibiotic/antimycotic, 1% MEM NEAA and 2%
tryptose phosphate broth at 28°C. KC cells were maintained in Schneider's Drosophila medium
supplemented with 10% FBS and 1% antibiotic/antimycotic at 28 °C. Cell culture media and supplements

were purchased from Gibco, unless specified otherwise.

Viruses
Virus stocks of RVFV strain Clone 13%¢ were obtained after infection of Vero E6 or C6/36 cells at a MOI of

0.005. Virus stocks of SBV isolate NL-F6*7 were obtained after infection of Vero E6 cells at a MOI of 0.01.

Genome segment-specific quantitative RT-PCR

Mammalian cells (Vero E6) or insect cells (C6/36 for RVFV and KC for SBV) were seeded in 6-well cell culture
plates at 2 x 10° cells/well or 6 x 10° cells/well, respectively, and allowed to attach for 2-4 h. Cells were
subsequently infected at a MOI of 0.01 and after incubation for 3.5h, the inoculum was removed and

substituted with fresh medium. At defined time points (varied per experiment), samples from the culture
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supernatant and cells were collected. In addition to the /in vitro experiments, plasma samples were obtained
from another study (lambs #158, #160 and #162) in which lambs were experimentally infected via

intravenous route with a 10° tissue culture infectious dose (TCID)so dose of RVFV strain 35/74%.

From 1-2 mL of cell lysate, 200 pL of culture supernatant or 200 pL of plasma, total nucleic acid extractions
were performed with the NucliSENS easyMAG system (bioMérieux) according to the manufacturer’s
instructions. Subsequently, viral cDNA was synthesized with the SuperScript IV First-Strand Synthesis System
for RT-PCR (Invitrogen) using a combination of S, M and L segment-specific primers (Supplementary
Table 1), according to the manufacturer’s instructions. After the reverse transcription reaction, quantitative
PCR amplifications were performed with the Power SYBR Green PCR Master Mix using 5 pL of 20- or
200-fold diluted cDNA preparations in a total volume of 25 pL, in combination with a 7500 Fast Real-Time
PCR System (Applied Biosystems). Fragments from each segment were amplified using specific primers
(Supplementary Table 2) under the following conditions: an initial denaturation step at 95 °C for 10 min;
40 cycles of denaturation at 95 °C for 15 s, annealing at 59 °C for 30 s and extension at 72 °C for 36 s; and a
single cycle of denaturation at 95 °C for 15 s, annealing at 60 °C for 1min, denaturation at 95 °C for 15 s and
annealing at 60 °C for 15s. Data were acquired and analyzed with the 7500 Fast System software version
1.5.1. (Applied Biosystems). Genome copies of each viral segment were finally calculated by intrapolation of
the respective standard curve prepared with tenfold serial dilutions of the viral segment cloned in pUC57

plasmids starting at 0.1ng/pL.

Virus titration

Infectious virus titers of samples from the /n vitro replication experiments were determined with an
immunoperoxidase monolayer assay. Vero E6 cells (2 x 104 cells/well) were incubated with tenfold serial
dilutions (starting at 1:10) of cell culture supernatants for 72 h at 37 °C and 5% CO,. After incubation, cells
were fixed with 4% paraformaldehyde for 15 min, washed with PBS supplemented with 0.5% Tween 80
(PBST), and permeabilized with 1% Triton X-100 in PBS for 5min. Next, samples were blocked with
100 pL/well of 5% horse serum in PBS and subsequently incubated in sequential steps with 100 pL/well of
primary and secondary antibodies. Hybridoma 4-D4* supernatant (1:40 dilution) and serum from an
experimentally infected sheep (1:1000 dilution), were used as primary antibodies against RVFV and SBV,
respectively. As secondary antibodies, HRP-conjugated rabbit polyclonal anti-mouse immunoglobulins
(1:500 dilution, Dako) and HRP-conjugated rabbit polyclonal anti-sheep IgG (1:500 dilution, ab6747 Abcam)
were used. Incubations with the blocking solution, primary and secondary antibodies were each for 1h at
37°C. Plates were washed with PBST between the addition of primary and secondary antibodies. For
staining, 100 pL/well of a 0.2 mg/mL amino ethyl carbazole solution in 500 mM acetate buffer pH 5.0, 88 mM
H.O, was added as substrate. Samples were analyzed in triplicate and the titer calculated as the
median tissue culture infectious dose (TCIDso/mL) using the Spearman-Karber method. Virus titers of

plasma samples were determined with a virus isolation assay as reported?.
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Single-molecule RNA FISH-immunofluorescence

Experiments were performed with slight modifications to the Stellaris protocol for simultaneous
FISH-immunofluorescence in adherent cells (Biosearch Technologies)**->". Vero E6 cells (1.5 x 10* cells/well)
or C6/36 cells (4.5 x 10* cells/well) were seeded on CultureWell 16 removable chambered coverglass (Grace
Bio-Labs). Following overnight incubation at 37 °C and 5% CO; (Vero E6) or 28 °C (C6/36), cells were
infected with RVFV or SBV at MOlIs of 0.33-1.00. One hour post-infection, the medium was refreshed.
At defined time points (varied per experiment), cells were fixed and permeabilized with a 3:1 mixture of
methanol (Merck)—glacial acetic acid (Merck) for 10 min. Cells were subsequently washed twice with PBS
and once with pre-hybridization buffer (10% deionized formamide [Millipore] in 2x concentrated SSC
[Gibco]) for 5min. Cells were then incubated for 12-16 h at 37 °C with 100 uL/well of virus-specific FISH
probe sets (Supplementary Data 1) and primary antibodies in hybridization buffer (10% deionized
formamide, 10% dextran sulfate [Sigma-Aldrich], 2mM vanadyl ribonucleoside complexes [VRC,
Sigma-Aldrich] in 2x SSC). Custom probe sets were designed using the RNA FISH Probe Designer tool
(https://www.biosearchtech.com/support/tools/design-software/stellaris-probe-designer) and purchased
from Biosearch Technologies (Petaluma, California and Risskov, Denmark). FISH probes were added at a
final concentration of 250 nM for RVFV and 125 nM for SBV. Hybridoma 4-D44¢ supernatant (1:160 dilution)
and serum from an immunized rabbit>? (1:4000 dilution), were used as primary antibodies against RVFV and
SBV, respectively. Following hybridization and incubation with primary antibodies, cells were extensively
washed at 37°C (twice with pre-hybridization buffer for 30 min and twice with 2x SSC for 15 min).
Subsequently, cells were incubated with 100 uL/well of secondary antibodies for 1h at 37°C. A goat
polyclonal anti-mouse IgG labeled with Alexa Fluor 488 (1:1000 dilution, A-11001 Invitrogen) or a goat
polyclonal anti-rabbit IgG labeled with FITC (1:400 dilution, sc-2012 Santa Cruz Biotechnology) were used
as secondary antibodies. Next, cells were washed twice with 2x SSC, and nuclei were stained by incubation
with 100 pL/well of Tug/mL DAPIin 2x SSC for 5 min. Finally, cells were washed with 2x SSC and submerged
in VectaShield antifade mounting medium H-1000 (Vector Laboratories). For analysis of virus stocks,
100 pL/well of virus stocks diluted 1:3 were added on CultureWell 16 removable chambered coverglass and
virions were allowed to attach to the surface for 5h at 28 °C. From the fixation step onwards, the same
procedure as described for adherent cells was followed. The specificity of the FISH probes and antibodies
was confirmed with single-color controls (Supplementary Figs. 1, 2, 6). Mock-infected samples and samples

without primary antibodies were used as negative controls.

Image acquisition and analysis

Z-stacked images of infected cells and immobilized virions, with a fixed interval of 0.28-0.31pm between
slices, were acquired with an inverted widefield fluorescence microscope Axio Observer 7 (ZEISS, Germany)
using appropriate filters and a 1.3 NA 100x EC Plan-NEOFLUAR oil objective in combination with an AxioCam
MRm CCD camera. Exposure times were defined empirically and differed depending on the cell line, probe
sets and fluorescent dyes. Raw images were deconvolved in standard mode using Huygens Professional

version 19.10 (Scientific Volume Imaging B.V., The Netherlands). If required, raw images were Z-aligned in
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ZEN 2.6 Pro (ZEISS, Germany) before deconvolution. For analysis, 3D data were converted to maximum
intensity projections using Z-project within ImageJ®. Detection, quantification and co-localization analyses
of individual spots, each representing a single virion, VRNP or cRNA, were performed in Image) in
combination with the plugin ComDet version 0.5.0 (https://github.com/ekatrukha/ComDet). Spot detection
thresholds for each channel were set empirically by individual examination of images. The threshold to
define co-localized spots was set to a maximum distance of 3—4 pixels between the centers of the spots.
Intracellular genome composition analysis considered a region of the cytoplasm representative of the
overall composition, not including the Golgi apparatus where signal is generally overcrowded due to vVRNP
accumulation (Fig. 3D and Supplementary Fig. 3). Genome composition analysis of progeny virions only
considered virus particles in selected regions of interest located distant from the nucleus of the infected
cell (Fig. 3E and Supplementary Fig. 3). For visualization purposes, image brightness and contrast were
manually adjusted in Imagel). Finally, Imaris 9.5 software (Bitplane, Switzerland) was utilized to create

optimal 3D representations of the data using the Surface and Spots modes.

Statistics and reproducibility

Prism 8 (GraphPad Software) was used to generate graphs and perform statistical analysis. Sample size
varied per experiment and is indicated in each figure legend. Mean vRNA:infectivity ratios were compared
using an unpaired two-tailed Student’s #test with Welch's correction (not assuming equal variances). The
correlation between the intracellular vVRNP relative frequency and packaged vRNP relative frequency was

calculated with the Pearson'’s correlation coefficient (r). p values > 0.05 were considered not significant.

Ethics statement

The animal experiment within the scope of another study?® from which plasma samples were obtained for
analysis was conducted in accordance with European regulations (EU directive 2010/63/EU) and the Dutch
Law on Animal Experiments (Wod, ID number BWBR0003081). Permissions were granted by the Dutch
Central Authority for Scientific Procedures on Animals (Permit Number: AVD4010020185564). Specific

procedures were approved by the Animal Ethics Committees of Wageningen Research.

Reporting summary
Further information on research design is available in the Nature Research Reporting Summary linked to

this article.

Data availability

The authors declare that the data supporting the findings of this study are available within the paper and
its supplementary information files. Source data underlying Figs. 1B-I, 1K-M, 2F, 2G, 4A-E, 5E, 5F, 6C are
provided in the Supplementary Data 2 file. Any remaining data are available from the corresponding author

upon reasonable request.
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Supplementary information

a Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Merge
(DAPI) (AF 488) (CALFR 610) (Quasar 670) (Quasar 570)

b Channel 1 Channel 2 Channel 3 Channel 4 Channel 5
(AF 488) (CALFR 610) (Quasar670) (Quasar 570)

Supplementary Figure 1. Specificity of RVFV FISH probe sets and antibodies. A, B Vero E6 cells were
mock-infected (A) or infected with RVFV (MOI 0.75) (B) and cells were fixed at 8 h post-infection. The
S segment (N gene; red), M segment (polyprotein gene; blue) and L segment (RdRp gene; yellow) were
hybridized using probe sets labelled with CAL Fluor Red 610, Quasar 670 and Quasar 570, respectively.
Progeny RVFV particles (green) were detected with antibody 4-D4“ targeting the Gn glycoprotein in
combination with Alexa Fluor 488-conjugated secondary antibodies. Cell nuclei (cyan) were visualized with
DAPI. Mock-infected cells (A) were treated simultaneously with the three probe sets and antibodies. RVFV
infected cells (B) were treated with either one probe set or antibodies at a time as single-color controls (first
four rows) or simultaneously with the three probe sets and antibodies (last row). Scale bars, 10 um.
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a Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Merge
(DAPI) (FITC) (CALFR 610) (Quasar 670) (Quasar 570)

b Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Merge
(DAPI) (FITC) (CALFR 610) (Quasar 670) (Quasar 570)

Supplementary Figure 2. Specificity of SBV FISH probe sets and antibodies. A, B Vero E6 cells were
mock-infected (A) or infected with SBV (MOI 0.33) (B) and cells were fixed at 8 h post-infection. The
S segment (N gene; red), M segment (polyprotein gene; blue) and L segment (RdRp gene; yellow) were
hybridized using probe sets labelled with CAL Fluor Red 610, Quasar 670 and Quasar 570, respectively.
Progeny SBV particles (magenta) were detected with serum from an immunized rabbit> targeting the
Gc glycoprotein in combination with FITC-conjugated secondary antibodies. Cell nuclei (cyan) were
visualized with DAPI. Mock-infected cells (A) were treated simultaneously with the three probe sets and
antibodies. SBV infected cells (B) were treated with either one probe set or antibodies at a time as
single-color controls (first four rows) or simultaneously with the three probe sets and antibodies (last row).
Scale bars, 10 um.
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a RVFV

b SBV

Supplementary Figure 3. Representative regions of interest for the analysis of bunyavirus infected
mammalian cells and their progeny virions using single-molecule VRNA FISH-immunofluorescence.
A, B Vero E6 cells were infected with RVFV (MOI 0.50-0.75) (a) or SBV (MOI 0.33) (b) and cells were fixed at
8 h post-infection. The S segment (N gene; red), M segment (polyprotein gene; blue) and L segment
(RdRp gene; yellow) were hybridized using probe sets labelled with CAL Fluor Red 610, Quasar 670 and
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Quasar 570, respectively. Progeny RVFV particles (green) were detected with antibody 4-D44® targeting the
Gn glycoprotein in combination with Alexa Fluor 488-conjugated secondary antibodies. Progeny SBV
particles (magenta) were detected with serum from an immunized rabbit targeting the Gc glycoprotein in
combination with FITC-conjugated secondary antibodies. Cell nuclei (cyan) were visualized with DAPI. The
orange dashed contours depict representative regions of interest selected for quantification of cytoplasmic
VRNPs. The green (A) and magenta (B) dashed contours depict representative regions of interest selected
for determining the genome composition of RVFV and SBV extracellular virions, respectively, through
co-localization analysis. Middle rows of A and B show magnifications of smaller regions of interest within
the dashed contours (indicated in top rows as white dashed boxes and labelled as A1-4 and B1-4). Bottom
rows of A and B show individual channels of the magnified regions of interest. Main images are merged
maximum intensity projections of five channels. Due to a higher fluorescence intensity of the green and
magenta channels compared to the other channels, spots co-localizing with the glycoprotein may
sometimes appear masked and not entirely evident in merged images. Scale bars, 10 um (top rows) and
1 um (middle rows).
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Supplementary Figure 4. Single-molecule VRNA FISH-immunofluorescence of SBV infected mammalian
cells. Vero E6 cells were infected with SBV (MOI 0.33) and cells were fixed at 8 h post-infection. The
S segment (N gene; red), M segment (polyprotein gene; blue) and L segment (RdRp gene; yellow) were
hybridized using probe sets labelled with CAL Fluor Red 610, Quasar 670 and Quasar 570, respectively.
Progeny SBV particles were detected with serum from an immunized rabbit> targeting the Gc glycoprotein
in combination with FITC-conjugated secondary antibodies. Cell nuclei (cyan) were visualized with DAPI.
The three-dimensional representation showing the spatial distribution of vRNPs and virions was created
with Imaris using the Surfaces and Spots modes. Accumulation of VRNPs in a perinuclear region shows
active VRNP recruitment to the site of virion assembly. Co-localization of vVRNPs and virions is depicted by
merged spheres. Scale bars, 10 ym.



70 | Chapter2

Supplementary Figure 5. Single-molecule VRNA FISH-immunofluorescence of a RVFV infected insect cell.
C6/36 cells were infected with RVFV (MOI 0.75) and cells were fixed at 32 h post-infection. The S segment
(N gene; red), M segment (polyprotein gene; blue) and L segment (RdRp gene; yellow) were hybridized

using probe sets labelled with CAL Fluor Red 610, Quasar 670 and Quasar 570, respectively. Progeny RVFV
particles (green) were detected with antibody 4-D4* targeting the Gn glycoprotein in combination with
Alexa Fluor 488-conjugated secondary antibodies. Cell nuclei (cyan) were visualized with DAPI. The main
image merges maximum intensity projections of five channels (shown on the left). Due to a higher
fluorescence intensity of the green channel compared to the other channels, spots co-localizing with the
glycoprotein may sometimes appear masked and not entirely evident in merged images. Scale bars, 10 pm.
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a Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Merge
(DAPI)

(AF 488)  (CALFR610) (Quasar670) (Quasar 570)

b Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Merge

(DAPI) (AF 488)  (CALFR 610)

(Quasar 670) (Quasar 570)

Supplementary Figure 6. Specificity of RVFV complementary RNAs (cRNAs) FISH probe sets and antibodies.
A, B Vero E6 cells were mock-infected (A) or infected with RVFV (MOI 0.75) (B) and cells were fixed at 8 h
post-infection. The S segment cRNA (N gene; yellow), M segment cRNA (polyprotein gene; red) and
L segment cRNA (RdRp gene; blue) were hybridized using probe sets labelled with Quasar 570, CAL Fluor
Red 610, Quasar 670, respectively. Progeny RVFV particles (green) were detected with antibody 4-D44
targeting the Gn glycoprotein in combination with Alexa Fluor 488-conjugated secondary antibodies. Cell
nuclei (cyan) were visualized with DAPI. Mock-infected cells (A) were treated simultaneously with the three
probe sets and antibodies. RVFV infected cells (B) were treated with either one probe set or antibodies at
a time as single-color controls (first four rows) or simultaneously with the three probe sets and antibodies
(last row). Scale bars, 10 ym.
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Supplementary Table 1. Primers for cDNA synthesis of viral genome segments.

Target Name Sequence

RVFV-Clone 13-S and RVFV-35/74-S JR860-For ACAAAGCTCCCTAGAGATACA
RVFV-Clone 13-M and RVFV-35/74-M JR861-For GACACAAAGACGGTGCATTA
RVFV-Clone 13-L and RVFV-35/74-L JR890-For GACACAAAGGCGCCCAATC
SBV-NL-F6-S JR875-For GTGAACTCCACTATTAACTACAGA
SBV-NL-F6-M JR891-For GAGTAGTGAACTACCACAATCAA
SBV-NL-F6-L JR892-For GTAGTGTACCCCTAATTACAATCAC

Supplementary Table 2. Primers for RT-qPCR amplifications of viral genome fragments.

Target Name Sequence

JR907-For ~ TCCAGTTTGCTGCTCAA
RVFV-Clone 13-S and RVFV-35/74-S

JR908-Rev  CTGCTTTAAGAGTTCGATAACC

JR909-For  GCTGATGGCTTGAACAAC
RVFV-Clone 13-M and RVFV-35/74-M

JR910-Rev  GTCTCTCACACCGAACTATC

JROM-For  TCGATAGATGTGGAAGATATGG
RVFV-Clone 13-L and RVFV-35/74-L

JR912-Rev  CGTCATTCATCATGGGAAAC

JR878-For  CGGGTATGTGGCATTTATTG
SBV-NL-F6-S

JR879-Rev  GACCATCTTGGCCTTCTT

JR882-For  CGACGTGGATTGAAGATAATG
SBV-NL-F6-M

JR883-Rev  GAGGCTCTGTGAATTGTTAAG

JR886-For  CCCTGGATTGATGAGGATAC
SBV-NL-F6-L

JR887-Rev  GACTCATGGAATGTCAGTTTAG

Additional supplementary information files can be accessed online at:

https://doi.org/10.1038/s42003-021-01821-y

Supplementary Movie 1

Supplementary Movie 2

Supplementary Movie 3

Supplementary Movie 4

Supplementary Data 1

Supplementary Data 2
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Abstract

Bunyaviruses lack a specific mechanism to ensure the incorporation of a complete set of genome
segments into each virion, explaining the generation of incomplete virus particles lacking one or
more genome segments. Such incomplete virus particles, which may represent the majority of
particles produced, are generally considered to interfere with virus infection and spread. Using
the three-segmented arthropod-borne Rift Valley fever virus as a model bunyavirus, we here show
that two distinct incomplete virus particle populations unable to spread autonomously are able
to efficiently complement each other in both mammalian and insect cells following co-infection.
We further show that complementing incomplete virus particles can co-infect mosquitoes,
resulting in the reconstitution of infectious virus that is able to disseminate to the mosquito
salivary glands. Computational models of infection dynamics predict that incomplete virus
particles can positively impact virus spread over a wide range of conditions, with the strongest
effect at intermediate multiplicities of infection. Our findings suggest that incomplete particles
may play a significant role in within-host spread and between-host transmission, reminiscent of

the infection cycle of multipartite viruses.
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Introduction

Segmented and multipartite viruses have genomes divided over multiple segments. The classical
paradigm in virology states that segmented viruses package all their genome segments into a
single virus particle, whereas multipartite viruses package each genome segment into a distinct
virus particle’. To ensure a productive infection, it is generally accepted that multipartite viruses
(mainly found to infect plants and fungi) rely on co-infection of the same cell with a set of
complementing particles, each particle containing a different genome segment". Alternatively,
complementation can occur at the tissue level, as proposed in a recent study with the
plant-infecting faba bean necrotic stunt virus (FBNSV, family Nanoviridae). FBNSV was shown to
complement its missing genome segments by exporting and distributing the viral mRNAs and
proteins across interconnected neighboring cells®. By contrast, it has been thought that
segmented viruses (mainly found to infect animals) solely rely on individual cells as units of viral
replication and thus have to carry at least one copy of each genome segment within a single virus

particle to ensure the delivery of a complete genome*®.

Under the traditional view on segmented viruses, it seems reasonable to expect a selective
genome packaging strategy that facilitates the generation of progeny virus particles containing a
complete set of genome segments. Influenza A virus (IAV, family Orthomyxoviridae) is the prime
example of a segmented virus employing a highly selective genome packaging mechanism, in
which intersegment interactions facilitate the assembly of its eight-segmented genome into a
supramolecular complex that is incorporated inside new virus particles®™". Despite employing a
highly selective genome packaging mechanism, it has been shown that a fraction of IAV particles

13,14

fails to express all its viral genes upon infection™", either because of defective genome

packaging®, within-cell segment loss during trafficking'®, or erroneous gene transcription.

Challenging the classical paradigm, it has been demonstrated that genome segment
complementation by co-infection of individual cells can lead to a productive infection''®™. To
what extent these compensatory mechanisms play a role in IAV infection kinetics is not yet fully
clear. Whether similar mechanisms are used by other segmented viruses that do not use a
selective genome packaging strategy is also unknown. Remarkably, in the absence of a selective
packaging process, an even higher proportion of particles containing an incomplete set of

genome segments is produced. Guaico Culex virus (GCXV, clade Jingmenvirus related to

)1,20 1,22

family Flaviviridae)*<® and members of the order Bunyavirale. are examples of viruses that
seem not to employ an orchestrated genome packaging process, leaving a gap in our

understanding of their replication cycles.




78 | Chapter3

Bunyaviruses are enveloped, negative- or ambi-sense, single-stranded RNA viruses with a
genome divided over two to six segments. These viruses are transmitted by arthropods or rodents
and can infect a wide variety of hosts, including mammals, birds, reptiles, and plants®. Recently,
using a combined single-molecule fluorescence /n  situ  hybridization  (smFISH)-
immunofluorescence approach, we showed that the genome packaging processes of two
members of the Bunyavirales, Rift Valley fever virus (RVFV, family Phenuiviridae,
genus Phlebovirus)y  and  Schmallenberg  virus  (SBV,  family  Peribunyaviridae,
genus Orthobunyavirus), are not tightly controlled. Such non-selective packaging mechanism
results in mixed virus progeny populations that consist of a minor fraction (below 25%) of
complete particles (i.e., containing a complete set of all three genome segments: S, M, and L) and
a large fraction (above 75%) of empty and incomplete particles (i.e., lacking one or more genome

segments)>"?2.

Despite the apparently inefficient genome packaging of RVFV and SBV, at least /n vitro, these
viruses can spread efficiently within and between their mammalian and arthropod hosts. RVFV
and SBV can possibly compensate the theoretical fitness cost of employing a non-selective
packaging strategy by benefits to viral replication or spread through yet unknown mechanisms.
Due to the fact that bunyaviruses only generate a small fraction of complete particles, we
hypothesize that similarly as demonstrated for IAV, bunyavirus particles with an incomplete set of
genome segments may contribute to efficient virus spread by genetic complementation after

co-infecting the same cell.

In this study, we used RVFV variants encoding fluorescent reporter proteins to investigate cell
susceptibility to simultaneous infection by more than one virus particle. We then assessed whether
within-host genome complementation could occur in mammalian and insect cells by generating
different two-segmented incomplete virus particle populations that depend entirely on
co-infection for the production of progeny virions. We further investigated whether particles with
an incomplete set of genome segments can complement each other /n vivoin the mosquito
vector. Lastly, we mathematically modeled diverse infection scenarios to estimate under what
conditions incomplete particles substantially contribute to virus spread. The results of our study
point toward a significant role of incomplete particles in the bunyavirus life cycle, showing that
incomplete virus particles can co-infect individual cells, resulting in the reconstitution of complete

virus that contributes to within-host spread and potentially between-host transmission.
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Results

Efficient co-infection of three- and two-segmented RVFV reporter viruses in both
mammalian and insect cells

In vertebrates, genetic complementation of virus particles with a distinct genome composition
strictly relies on their ability to co-infect the same cell. To assess if mammalian and insect cells are
susceptible to RVFV co-infection, we generated two recombinant three-segmented RVFV variants
encoding either eGFP or mCherry2 in place of the NSs gene, using a T7 polymerase-based reverse
genetics system (Fig. 1A). Cells infected with the individual reporter viruses showed abundant
expression of the respective fluorescent protein (Fig. 1B), providing a suitable strategy to track
virus infection and identify co-infected cells through the detection of co-localized fluorescent
signals. Moreover, RVFV-eGFP and RVFV-mCherry2 replicated with almost identical growth
kinetics, reaching high titers already 24 h post-infection and peaking at 48 h post-infection
(Fig. 1C). Upon simultaneous inoculation with RVFV-eGFP and RVFV-mCherry2, both BSR-T7/5
(hamster) and C6/36 (mosquito) cells were found to be susceptible to co-infection, as clearly
evidenced by the co-localization of green and red fluorescent signal in a fraction of the cell

population (Fig. 1D, E).

Simultaneous infections with RVFV-eGFP and RVFV-mCherry?2 allowed us to qualitatively confirm
cell susceptibility to co-infection (Fig. 1E). However, the fast spread of three-segmented RVFV
impeded us from assessing accurately how often these co-infection events are actually taking
place, since co-infections can occur over multiple infection cycles. To overcome this, we again
used the T7 polymerase-based reverse genetics system to generate two non-spreading
incomplete RVFV particle populations lacking the M segment and encoding a fluorescent protein
(FP), either eGFP or mCherry2, in the S segment in place of the NSs gene (iRVFV-SL-FP) (Fig. 2A).

The non-spreading nature of iRVFV-SL particles allowed us to assess the extent of co-infection
after a single cycle of infection (without the generation of virus progeny). The generation of
iRVFV-SL-eGFP has been previously reported by our group (initially termed RRPs)?*, but the
generation of iRVFV-SL-mCherry2 is first reported as part of this work. Both particle populations
are produced following complementation with an expression plasmid encoding the structural
glycoproteins (Gn and Gc) normally encoded by the M segment. Despite the absence of the
M segment, the S and L genome segments encoding for the nucleocapsid (N) protein and the
RNA-dependent RNA polymerase (RdRp or L protein), respectively, are sufficient to support the

replication and transcription of the S and L segments upon infection of naive cells. Importantly,
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because the M segment encoding for the Gn and Gc glycoproteins is absent in these naive cells,
infection with iRVFV-SL particles does not lead to assembly and release of progeny virus. Direct
fluorescence microscopy combined with an immunofluorescence assay to detect Gn clearly
showed that cells infected with iRVFV-SL-eGFP or iRVFV-SL-mCherry2 have abundant expression
of the respective FP but no expression of Gn (Fig. 2B). Furthermore, passaging the supernatant of
cells infected with iRVFV-SL-FP to naive cells did not result in the expression of eGFP, mCherry2,
or Gn, confirming that these particles are incomplete and not able to spread due to the lack of

the M genome segment (Fig. 2C).
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Figure 1. Co-infection of mammalian and insect cells with recombinant three-segmented RVFV reporter
viruses. A Schematic representation of the T7 polymerase-based reverse genetics system. Fluorescently
marked variants of RVFV were generated by simultaneous transfection of BSR-T7/5 cells with the
transcription plasmids pUC57_S, pUC57_M, and pUC57_L encoding the RVFV-35/74 S, M and L genome
segments, respectively, in antigenomic-sense orientation. The pUC57_S plasmid additionally encoded for
either eGFP or mCherry2 in place of the NSs gene. B Direct fluorescence detection of BSR-T7/5 cells infected
with either RVFV-eGFP (green) or RVFV-mCherry2 (red) (MOI 0.5) at 24 h post-infection. C Growth kinetics
of RVFV-eGFP and RVFV-mCherry2 after infection of BSR-T7/5 cells at an MOI of 0.01. Virus titers were
determined with an end-point dilution assay (fluorescence microscopy readout). Dots represent means of
biological replicates (1 = 3) at each time point, and the shaded area represents the standard deviation. The
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dashed line indicates the limit of detection (10" TCIDso/mL). Source data are provided in Supplementary
Data 1. D Schematic representation of the simultaneous infection of mammalian (BSR-T7/5) or insect
(C6/36) cells with RVFV-eGFP and RVFV-mCherry?2. E Direct fluorescence detection of BSR-T7/5 and C6/36
cells co-infected with RVFV-eGFP and RVFV-mCherry2 (MOI 0.5 for each virus) at 24 h (BSR-T7/5) or 72 h
(C6/36) post-infection. Inset images are magnifications of a region of interest (indicated as a dashed box).
Co-infected cells co-express eGFP (green) and mCherry2 (red) and thus appear yellow. Scale bars, 200 pm
(inset images 100 um). lllustrations in Fig. 1A, D were created with BioRender.com.

To quantify to what extent cells can be co-infected with the two different non-spreading
fluorescent virus variants, we simultaneously infected BSR-T7/5 cells with iRVFV-SL-eGFP and
iRVFV-SL-mCherry2 at increasing multiplicities of infection (MOIs, ranging from 0.1 to 2.5)
(Fig. 2D). Through direct detection of co-localized eGFP and mCherry2 expression, we confirmed
that these particles also could co-infect BSR-T7/5 cells (Fig. 2E). Next, using flow cytometry, we
quantified the fraction of non-infected cells, singly-infected cells, and co-infected cells (Fig. 2F).
Mock-infected cells and cells infected with only one population of incomplete particles were the
basis to gate the flow cytometry data. A clear double (eGFP and mCherry2)-positive cell

population was identified after co-infection with both populations of incomplete particles.

Interestingly, at each MOI tested, the percentage of infected and co-infected cells closely
resembled that of a mathematical model of infection (model C), which assumes that genome
segments are randomly packaged into virus particles and that host cell susceptibility is
heterogeneous among the cell population (Fig. 2G and Supplementary File 1). Model selection
based on the Akaike information criterion (AIC) indicated that model C is much better supported
than two simpler models of infection (models A and B; Supplementary Table 1). Hence, model C
was chosen for visualization here. The population of co-infected cells rose sharply with increasing
MOI, showing a typical dose-response sigmoidal curve, suggesting no apparent mechanism
leading to the exclusion of multiple particles entering the same cell in the present experimental
setup. A reasonably good fit of the different models to the data suggests that co-infection is
unrestricted upon simultaneous exposure to virus particles, as none of the models includes

mechanisms of exclusion.
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Figure 2. Quantitative assessment of mammalian cells co-infected with non-spreading two-segmented
RVFV reporter viruses. A Schematic representation of the reverse genetics system used to create
two-segmented RVFV reporter viruses. Incomplete RVFV-SL particles were generated by co-transfection of
BSR-T7/5 cells with the transcription plasmids pUC57_S, encoding either eGFP or mCherry2 in place of the
NSs gene, pUC57_L, and the protein expression plasmid pCAGGS_NSmGnGc. B Immunofluorescence assay
for detection of BSR-T7/5 cells infected with iRVFV-SL-eGFP or iRVFV-SL-mCherry2 (MOI 0.5) at 24 h
post-infection. C Supernatants from cells primarily infected with the incomplete RVFV particles in B were
passaged onto naive BSR-T7/5 cells. Cells were examined at 24 h post-infection for expression of eGFP
(green) and mCherry?2 (red) by fluorescence microscopy. Expression of the Gn glycoprotein (green or red,
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depending on the virus) was detected with rabbit polyclonal anti-Gn serum in combination with
FITC-conjugated (green) or Alexa Fluor 568—-conjugated (red) secondary antibodies. Cell nuclei (cyan) were
visualized with DAPI. Scale bars, 50 um. D Schematic representation of the simultaneous infection of
mammalian (BSR-T7/5) cells with non-spreading iRVFV-SL-eGFP and iRVFV-SL-mCherry2 particles.
Co-infections were done at increasing MOI (ranging from 0.1 to 2.5 for each virus). After 48 h, cells were
examined by fluorescence microscopy and fixed for flow cytometry analysis. E Direct fluorescence detection
of BSR-T7/5 cells co-infected (MOI of 0.5 for each virus) with the two-segmented incomplete particle
populations. The inset image is a magnification of a region of interest (indicated as a dashed box).
Co-infected cells co-express eGFP (green) and mCherry2 (red) and thus appear yellow. Scale bars, 200 pm
(inset images 100 pum). F Cells expressing eGFP, mCherry2, or both were quantified by flow cytometry.
Mock-infected cells and cells infected exclusively with only one population of incomplete particles (MOI 0.5)
were used as controls. G Relationship between the fraction of infected (left) and co-infected (right) cells as
a function of the MOI. Dots represent experimental data points. Dashed lines represent the predictions of
a model based on the assumptions that genome segments are randomly packaged into virus particles and
that host susceptibility is heterogeneous. The code required to reproduce the model predictions is provided
as Supplementary File 1. Source data are provided in Supplementary Data 1. lllustrations in Fig. 2A, D were
created with BioRender.com.

Successful generation of incomplete RVFV particles lacking the S genome segment
To study the potential role of incomplete particles in the bunyavirus life cycle, we needed at least
two distinct populations of RVFV particles having incomplete but complementing genomes.
Besides generating iRVFV-SL-FP particles, we also generated incomplete RVFV particles lacking
the S segment (iRVFV-ML) by following a similar T7 polymerase-based reverse genetics strategy
(Fig. 3A). Complete M and L genome segments were encoded in antigenomic-sense orientation
by transcription plasmids, and the N protein was provided by an expression plasmid. Due to the
absence of the S segment in the rescued particles and, consequently, the unavailability of
N protein, infections with iRVFV-ML particles did not result in any appreciable viral genome
replication. Accordingly, neither N nor Gn was detected in an immunofluorescence assay of cells
infected with iRVFV-ML (Fig. 3B).

Due to the non-replicating nature of RVFV particles lacking the S genome segment, the infectious
titer of iIRVFV-ML stocks could not be determined with a conventional virus titration assay.
Therefore, we confirmed the genomic composition of rescued iRVFV-ML particles by quantifying
the S, M, and L genome segments via quantitative reverse transcription PCR (RT-qPCR) (Fig. 3C).
In both batches of rescued iRVFV-ML particles, high copy numbers of only the M and L genome
segments were detected, whereas the S segment was not detected. Similarly, in samples

containing iRVFV-SL-eGFP particles, only the S and L genome segments were present at high
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copy numbers, and the M segment was not detected. All three genome segments (S, M, and L)

were detected in samples containing the three-segmented RVFV-eGFP used as control.
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Figure 3.Generation of incomplete RVFV particles lacking the S genome segment. A Schematic
representation of the reverse genetics system used to create incomplete RVFV-ML particles. iRVFV-ML
particles were generated by co-transfection of BSR-T7/5 cells with the transcription plasmids pUC57_M,
pUC57_L, and the protein expression plasmid pCAGGS_N. B Immunofluorescence assay for detection of
BSR-T7/5 cells exposed to iRVFV-ML (MOI 0.5) at 24 h post-infection. Expression of the N protein (green)
was detected with a mouse anti-N monoclonal hybridoma in combination with Alexa Fluor Plus
488-conjugated secondary antibodies. Expression of the Gn glycoprotein (red) was detected with rabbit
polyclonal anti-Gn serum in combination with Alexa Fluor 568—conjugated secondary antibodies. Cell nuclei
(cyan) were visualized with DAPI. Scale bars, 50 um. C Segment-specific RT-gPCR quantification of the
genomic composition of two batches of rescued iRVFV-ML particles. Stock preparations of RVFV-eGFP and
iRVFV-SL-eGFP were included as reference for comparison. Bars show means with SD. Dots represent
replicates (n = 3 samples). Source data are provided in Supplementary Data 1. lllustration in Fig. 3A was
created with BioRender.com.
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Co-infection with complementing incomplete RVFV particles results in efficient
virus replication and spread among mammalian and insect cells

Having generated two distinct populations of two-segmented RVFV particles with an incomplete
but complementing genome, we next investigated whether exposing cells to a mixture of these
two populations would result in genome complementation (SL + ML = SML) and subsequent
reconstitution of three-segmented (SML) infectious virus (Fig. 4A). Rescue of infectious virus
following incubation of cells exclusively with virus populations with an incomplete set of genome
segments would strongly suggest a role for incomplete particles in virus replication and spread.
To this end, BSR-T7/5 and C6/36 cells were simultaneously inoculated with iRVFV-SL-eGFP and
iRVFV-ML at different MOlIs (ranging from 0.001 to 0.25 for each virus). As shown previously
in Figs. 2B, 3B, incubating cells with only iRVFV-SL-eGFP or iRVFV-ML particles did not result in
productive infections. Inoculation with iRVFV-SL-eGFP particles resulted in the expression of eGFP
in single cells without spreading to neighboring cells, and inoculation with iRVFV-ML particles did

not result in the production of viral proteins (Fig. 4B, C).

Remarkably, upon simultaneous inoculation with iRVFV-SL-eGFP and iRVFV-ML, abundant
expression of eGFP but also of Gn was observed within the same cells, suggesting that particles
from both populations can co-infect individual cells and together provide a complete set of
genome segments encoding all the viral proteins. The co-expression of eGFP and Gn was
accompanied by the detection of clusters of infected neighboring cells and a rapid increase in the
percentage of infected cells over time, as was also observed after infection with the
three-segmented RVFV-eGFP strain (Fig. 4B, C and Supplementary Fig. 1). This result strongly
suggests that co-infection with complementing incomplete particles allows the reconstitution of
a three-segmented virus. Notably, complementation by incomplete particles was efficient in both
BSR-T7/5 and C6/36 «cells even at low MOIs (201 and =0.01, respectively)
(Fig. 4D and Supplementary Fig. 1). Next, to confirm whether cells simultaneously exposed to the
two different populations of incomplete particles produce infectious progeny able to spread
efficiently /n vitro, we passaged the supernatants of both BSR-T7/5 and C6/36 cells to naive cells.
The results showed that early after infection (24 hpi), a high proportion of the cell population
abundantly co-expressed eGFP and Gn, with clusters of positive cells rapidly expanding,

suggesting that infectious virus was rescued (Fig. 4E).
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Figure 4. Co-infection with complementing incomplete RVFV particles results in efficient virus replication
and spread among mammalian and insect cells. A Schematic representation of the individual or
simultaneous exposure of mammalian (BSR-T7/5) and insect (C6/36) cells to non-spreading iRVFV-SL-eGFP
and iRVFV-ML particles. If individual susceptible cells become co-infected by the two different incomplete
particles, genome complementation could eventually allow virus replication and production of infectious
progeny. B, C BSR-T7/5 cells (B) and C6/36 cells (C) were mock-infected, infected exclusively with one
population of incomplete particles (MOI 0.1), or simultaneously infected with iRVFV-SL-eGFP and iRVFV-ML
(MOI 0.1 for each virus). Cells infected with a three-segmented RVFV-eGFP (MOI 0.2) were used as a positive
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control. In all cases, infected cells were analyzed at 24 h (BSR-T7/5 cells) or 72 h (C6/36 cells) post-infection
by following the expression of eGFP (green) via direct fluorescence microscopy and the expression of Gn
(red) via an immunofluorescence assay in BSR-T7/5 cells or an immunoperoxidase monolayer assay in
C6/36 cells. For detection of Gn in C6/36 cells, the immunoperoxidase monolayer assay was chosen because
the fluorescent signal got drastically reduced upon fixation of the cells. Expression of Gn was detected with
rabbit polyclonal anti-Gn serum in combination with Alexa Fluor 568—-conjugated secondary antibodies
(immunofluorescence assay) or with HRP-conjugated secondary antibodies (immunoperoxidase monolayer
assay). Cell nuclei (cyan) were visualized with DAPI. Scale bars, 200 um. D Infections were also carried out
at different MOlIs (ranging from 0.001 to 0.25 for each virus, Supplementary Fig. 1) in triplicate. Green
squares represent successful genome complementation leading to virus replication and spread. White
squares represent absence of genome complementation. Source data are provided in Supplementary
Data 1. E Supernatants from BSR-T7/5 and C6/36 co-infected cells or cells infected with RVFV-eGFP were
passaged onto naive BSR-T7/5 cells. Cells were examined at 24 h post-infection combining direct
fluorescence microscopy and immunofluorescence as described for panels in B. Scale bars, 200 pm.
llustration in Fig. 4A was created with BioRender.com.

Besides tracking the course of infection at the cell population level, we also analyzed the
intracellular genome content of individual infected BSR-T7/5 cells using a combined
smFISH-immunofluorescence method® (Fig. 5A). As expected, in cells exposed exclusively to
iRVFV-SL-eGFP, we detected abundant copies of the S and L genome segments, while the
M segment and the Gn glycoprotein were absent. No expression of eGFP or Gn was detected in
cells exclusively exposed to iRVFV-ML particles, as the S genome segment is missing in this
population, and thus no genome replication or transcription could take place. Contrary to cells
exposed to only one population of incomplete particles, cells simultaneously exposed to both
iRVFV-SL-eGFP and iRVFV-ML particles showed abundant copies of each of the three genome
segments, similar to cells infected with the three-segmented RVFV-Clone 13 (Fig. 5B).

Finally, we used our smFISH-immunofluorescence method to obtain additional insights into the
intravirion composition of the incomplete particle populations and the progeny virions released
upon co-infection with these incomplete particles (Fig. 5A). Importantly, the M genome segment
was not present in iRVFV-SL-eGFP particles, and the S genome segment was not present in
iRVFV-ML particles, confirming the absence of the respective segment in each of the incomplete
particle populations. Notably, just as in stocks of the three-segmented positive control
RVFV-Clone 13, a fraction of the virions produced by co-infected cells was shown to contain the
complete set of S, M, and L genome segments, ultimately confirming the reconstitution of

infectious three-segmented virus upon co-infection with incomplete particles (Fig. 5C).
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Figure 5. Visualization of viral genome segments in RVFV-infected cells and in immobilized RVFV virions
from virus stocks and co-infection supernatants. A Schematic representation of the single-molecule viral
RNA FISH-immunofluorescence method used to visualize the intracellular viral ribonucleoprotein (VRNP)
composition of infected cells and the intravirion genomic composition of virus stocks and culture
supernatants (illustration based on??). B BSR-T7/5 cells were mock infected, infected exclusively with one
population of incomplete particles (MOI 1), or simultaneously infected with iRVFV-SL-eGFP and iRVFV-ML
(MOI 1 for each virus), and fixed at 16 h post-infection. Cells infected with a three-segmented RVFV-Clone
13 (MOI 1) were used as positive control. C RVFV virions from incomplete particle stocks and supernatants
of co-infected BSR-T7/5 and C6/36 cells were immobilized on coverglass by incubation for 5 h at 28°C. The
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S segment (N gene, red), M segment (polyprotein gene, blue), and L segment (RdRp gene, yellow) were
hybridized using probe sets labeled with CAL Fluor Red 610, Quasar 670, and Quasar 570, respectively.
RVFV particles (green) were detected with antibody 4-D4*' targeting the Gn glycoprotein in combination
with Alexa Fluor 488-conjugated secondary antibodies. Cell nuclei (cyan) were visualized with DAPI. Merge
images show the overlay of five (for cells) or four (for virions) individual channels. Individual spots, each
representing either a single VRNP or a virus particle, were detected and assessed for co-localization in
Image) with the plugin ComDet. Colored circles display the spots detected in each channel and their
co-localization in the merge image. Scale bars, 10 um (B), 5 pm (C). lllustration in Fig. 5A was created
with BioRender.com.

Co-infection with complementing incomplete RVFV particles supports in vivo virus
spread in mosquitoes

Having confirmed the ability of incomplete RVFV particles to generate a productive infection
in vitro upon co-infection, we hypothesized that incomplete bunyavirus particles could also play
arole in between-host virus transmission. To investigate this, groups of Aedes aegypti mosquitoes
were fed with bovine blood meals spiked with diverse virus populations. Mosquitoes were
exposed to a mock blood meal (group #1), a blood meal spiked with a single incomplete virus
particle population (group #2 to iRVFV-SL-eGFP and group #3 to iRVFV-ML), a blood meal spiked
with three-segmented RVFV-mCherry2 (group #4) or a blood meal spiked with a mixture of
incomplete particles (iRVFV-SL-eGFP and iRVFV-ML, group #5). After incubation for 12 to 15 d
post-feeding at 28°C, mosquitoes were analyzed for virus replication in their bodies and
dissemination to the saliva (Fig. 6A). To this end, body homogenates and saliva samples were
tested by virus isolation on BSR-T7/5 cells, using the expression of virus-encoded eGFP or

mCherry2 (depending on the virus) as a readout.

All the mosquitoes fed on a mock blood meal (group #1, n = 15) or a blood meal spiked with only
one population of incomplete virus particles (group #2, n= 25; and group #3, n= 20) were
virus-negative in their bodies and saliva (Fig. 6B). No virus spread was observed in these groups,
as iIRVFV-SL-eGFP and iRVFV-ML both lack one genome segment, either the M or the S segment.
In group #4, 33 out of 52 (63%) mosquitoes fed on a blood meal spiked with three-segmented
RVFV-mCherry2 were virus-positive in their bodies, confirming the high vector competence of
the mosquitoes for RVFV. Eleven of these 33 mosquitoes were also virus-positive in their saliva,
implying that RVFV-mCherry2 had replicated in the mosquito midgut, disseminated throughout
the body, reached the salivary glands, and was excreted in saliva. Strikingly, 24 out of 62 (39%)
mosquitoes in group #5, which were fed on a blood meal spiked with a mixture of iRVFV-SL-eGFP

and iRVFV-ML particles, were found to have virus-infected bodies. Of those 24, three mosquitoes
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were virus-positive in their saliva (Fig. 6B, C). These results show that genome complementation
via co-infection with two populations of RVFV exclusively comprising incomplete particles can
also occur /n vivo, supporting virus spread in mosquitoes and presumably contributing to virus

transmission between hosts.
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Figure 6. RVFV incomplete particles complement upon co-infection and allow virus replication and spread
in mosquitoes. A Schematic representation of the experimental design. Five groups of Aedes
aegypti mosquitoes (n = 15-62 per group) were fed a blood meal spiked with different RVFV preparations
and housed at 28°C. After 12-15 d, mosquitoes were sedated with CO and body and saliva samples were
collected. RVFV infection of mosquito bodies and transmission to mosquito saliva were assessed via virus
isolation with a fluorescence microscopy readout. B RVFV infectious titers in mosquito bodies. Dots
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represent individual mosquitoes and are color-coded gray for negative bodies, light red (group #4) or light
green (group #5) for positive bodies, and solid red (group #4) or solid green (group #5) for both body and
saliva virus-positive mosquitoes. The dashed line indicates the limit of detection (10" TCIDso/mL). The
incidence (in absolute numbers and percentages) of RVFV infection (bodies) and transmission (saliva) is
indicated at the bottom for each group. Data corresponding to mosquitoes from groups #4 and #5 derive
from two independent experiments. Source data are provided in Supplementary Data 1. C Representative
fluorescence microscopy images of BSR-T7/5 cells inoculated with virus-positive body and virus-positive
saliva samples from groups #4 (RVFV-mCherry2) and #5 (iRVFV: SL-eGFP + ML) at 48 h post-infection.
Merge images show the overlay of two individual channels (eGFP and mCherry2). Scale bars, 200 pm.
lllustration in Fig. 6A was created with BioRender.com.

Predicting the contribution of incomplete particles to virus spread

We showed that experimental co-infection with complementing two-segmented incomplete
particles results in the rescue of spreading three-segmented virus both in vitroand in vivo.
However, incomplete particles naturally co-exist within a mixed population of empty, incomplete,
and complete particles. To know the relevance of incomplete virus particles for infection
dynamics, it is important to measure to what extent incomplete particles actually contribute to
virus spread. Ideally, this question should be addressed by comparing the performance of a
natural virus population to a population in which infection by incomplete particles is blocked.
Alternatively, this could be studied with experiments in which only complete virus particles are
generated. As such experiments are technically not possible at present, we used a simulation
model to compare RVFV infection dynamics in three different scenarios: (i) non-selective genome
packaging without productive co-infection by incomplete virus particles; (i) non-selective
genome packaging with productive co-infection by incomplete virus particles; and (iii) selective

genome packaging (Fig. 7A and Supplementary File 2).

In both the first and second scenarios, there is non-selective packaging, and the distribution of
genome segments over virus particles approximately follows the empirical distribution. In the first
scenario, the model assumes that the infection is driven exclusively by complete three-segmented
particles, which only account for a small fraction of the particle population. By contrast, the second
scenario allows the infection to progress by both complete particles and co-infecting incomplete
particles, provided all segments are present in a single cell. Lastly, in the third scenario, it is
assumed that all the particles are complete due to selective packaging, which serves as a reference
point. Since there are differences in genome packaging efficiencies between mammalian and
insect hosts?, and, therefore, the exact ratio between empty, incomplete, and complete particles
differs considerably depending on the host, we performed simulations with RVFV populations

representative of those found in mammalian and insect hosts.
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Figure 7. Predicting the contribution of incomplete particles to within-host virus spread. A Predicted RVFV
infection dynamics in mammalian and insect cells in three different scenarios: selective genome packaging,
non-selective genome packaging without co-infection by incomplete particles, and non-selective genome
packaging with co-infection and productive complementation by incomplete particles. The low number of
cells in the model is representative of localized virus spread. Solid lines represent the mean of n = 1,000
simulations per scenario, and the light-colored dashed lines represent 20 individual simulations.
pckg.: packaging. B Contribution of incomplete particles to virus spread in mammalian and insect cells as a
function of the MOI in a model representative of non-selective genome packaging allowing co-infection
by incomplete particles. Lines represent the mean of 7 = 500-10* simulated cells, with a larger number of
cells for the low MOI conditions where overall infection frequencies are low. C Contribution of incomplete
particles to virus spread as a function of the MOI for starting inoculums with different frequencies of
complete particles. Lines are color-coded in a gradient of dark yellow to dark red based on an increasing
fraction of complete particles (ranging from 0.01 to 0.27) within the virus population. The code required to
reproduce the plots of this figure is provided as Supplementary File 2.

Model parameters were defined to represent the conditions of localized virus spread
(i.e, mean-field simulations in a small number of cells, for instance, 100), and the model predicts
how the number of infected cells changes over time. In the first scenario, the number of infections
increases the slowest, being limited by the small number of complete virus particles. In the second
scenario, when the model considers that incomplete particles can generate a productive infection
through complementation, the number of infected cells increases more rapidly, highlighting the
contribution of incomplete particles to virus spread. However, the number of infected cells does
not increase as quickly as in the third scenario in which all virus particles are complete, suggesting
there is still a cost to non-selective packaging (Fig. 7A and Supplementary File 2). Importantly, the

model is sensitive to the host in which the virus is replicating, suggesting that the contribution of
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incomplete particles to virus spread is greater in mammalian cells than in insect cells due to the

smaller fraction of complete particles in mammalian-derived virus.

When we considered how model parameter values affect the predictions, we found that the main
trends noted here were also found over different conditions; there is often an advantage for the
virus that allows complementation through co-infection over the non-complementing one, while
the virus with selective genome packaging outperforms both viruses with non-selective
packaging. Under some conditions, the performance of the virus with non-selective packaging
but that allows genome complementation resembles that of a virus that employs selective
packaging (Supplementary Text 1, Supplementary Figs. 2, 3 and Supplementary File 3). Overall,
these results suggest that incomplete virus particles can contribute to the spread of RVFV over a
broad range of conditions but that non-selective packaging is generally costly and leads to

inferior performance compared to a virus with selective packaging.

In both cases shown in Fig. 7A, the viruses employing non-selective packaging with or without
complementation appear to perform the same initially. Later in the infection process, the
complementing virus outperforms the non-complementing virus. As the MOI will increase over
rounds of infection, these simulation results suggest an important role of the MOI in determining
the relevance of incomplete particles to virus spread. We therefore explored the relationship
between MOI and the contribution of incomplete particles more systematically. We calculated the
fraction of infected cells comprising a complete set of genome segments as a result of
co-infection with incomplete particles only, over a range of MOls (Fig. 7B and Supplementary
File 2).

The simulations show that the MOI has a pronounced effect on the contribution of incomplete
particles to virus spread, with a limited contribution at extreme MOlIs. At low MOIs, there is a low
probability of particles co-infecting the same cell, and, consequently, complementation events
are rare, whereas at high MOls, in most cells, infection will be initiated by at least one complete
particle, and complementation of incomplete particles is not required for virus spread. Notably,
at intermediate MOls, infection initiated by complementing incomplete particles is more common
and plays an important role in virus spread (Fig. 7B and Supplementary File 2). Here again, the
contribution of incomplete particles is estimated to be higher in the mammalian host than in the
insect host, because insect-derived virus preparations contain a larger fraction of complete

particles®.
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To gauge how general these model results are, we considered the relationship between MOI and
the contribution of incomplete virus particles over a broad range of randomly selected genome
segments frequencies for a three-segmented virus. Interestingly, the larger contribution of
incomplete particles at intermediate MOIs appears to be a general feature over different virus
particle compositions (Fig. 7C and Supplementary File 2). In line with what we observed for the
mammalian- and insect-derived virus, this contribution becomes less relevant when the fraction

of complete particles becomes larger.

Discussion

Mammalian-infecting viruses with an incomplete genome are unable to spread autonomously
and have principally been considered as a source of interference in the course of an infection®.
Segmented viruses with a non-selective genome packaging strategy are prone to generate large

fractions of empty and incomplete particles®"*?

, which in theory could detriment the fitness of the
virus population as a whole. We hypothesized, however, that incomplete bunyavirus particles may
contribute to virus spread by complementing their genomes inside cells co-infected with multiple
particles, resembling the strategy that multipartite viruses use to replicate in plants and fungi.
Using the three-segmented RVFV as a prototype bunyavirus with a non-selective genome
packaging mechanism, we show here that incomplete bunyavirus particles can genetically
complement upon co-infection and potentially contribute to within-host spread and
between-host transmission. We cannot deduce from our experimental results how important
genome complementation between incomplete particles is for virus spread. However, our
modeling results suggest that complementation can have a significant effect on virus spread over

a broad range of conditions, particularly when the distribution of genome segments over virus

particles is similar to that observed in mammalian cells.

By creating fluorescently labeled RVFV variants, we were able to visualize infection of single cells
by more than one virus particle and to show that mammalian and insect cells are prone to
co-infection as a function of the MOI. Notably, the fractions of experimentally infected and
co-infected cells coincided with model predictions, suggesting that the probability of
(co-)infection does not depend on factors other than the intrinsic heterogeneous susceptibility
within a host cell population. In our experiments, we exposed cells to two different RVFV variants
simultaneously, as this represents a common scenario during a localized infection, in which
non-infected cells are exposed to the burst of virus particles released by a neighboring infected

cell. Nevertheless, it should be noted that susceptibility to co-infection may differ when cells are
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exposed to the viruses at different time points due to innate immune responses and/or
superinfection exclusion mechanisms, as has already been shown for other arthropod-borne
viruses?®?. The frequency of co-infection events upon delayed exposure to a second virus is thus
likely lower compared to simultaneous exposure. Additionally, it would be interesting to compare
host cell responses following infection by a three-segmented virus, a two-segmented virus

capable of replicating its genome, and a two-segmented virus unable to replicate its genome.

By generating two different incomplete virus particle populations entirely dependent on
co-infection (iRVFV-SL-eGFP and iRVFV-ML), we showed at the cell population and single-cell
levels that within-host genome complementation occurs readily in mammalian and insect cells,
resulting in infectious progeny able to spread similarly as progeny resulting from infection with a
virion containing all three genome segments. Importantly, by examining the genome composition
of individual virions, we confirmed that cells simultaneously exposed to complementing
incomplete particle populations can produce complete virus particles containing all three genome
segments. As expected, the contribution of genome complementation to virus spread was found
to depend on the MOI. Specifically, at both low and very high MOQls, the contribution to virus
spread by incomplete particles was predicted to be negligible. The former is explained by the low
probability of co-infection and the latter by the high probability of infection by a complete
particle. Experimentally, we confirmed that at very low MOls (<0.01 for BSR-T7/5 cells and <0.001
for C6/36 cells), the chance of a co-infection event is rather low and consequently the probability
of a productive infection is reduced (Fig. 4D and Supplementary Fig. 1). These results are in line
with the mathematical models that predicted the contribution of incomplete particles to be
highest at intermediate MOls. It is worth noting that co-infection experiments were initially carried
out in immune-deficient cell lines (BSR-T7/5 cells are interferon-deficient and C6/36 cells lack
RNAi response), but having confirmed successful genome complementation /in vitro, we

proceeded to test our hypothesis /n vivo in mosquitoes.

A previous report on the eight-segmented IAV showed that a virus entirely dependent on
co-infection replicated efficiently in guinea pigs but was less infectious than the wild-type virus
and was not able to transmit between animals™. Here, we show that /n vivo bunyavirus genome
complementation can occur in the mosquito vector. It should be noted that after a mosquito
ingests an infectious blood meal, the resulting MOI is probably very low, which reduces the
probability of multiple particles entering the same cell. To resemble the low probability of
co-infection of midgut cells to that of a natural situation, we used virus titers in the blood meals

that were comparable to virus titers observed in viremic lambs (approximately 107 TCIDso/mL)*.
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Despite the presumably low MO, a fraction of the mosquitoes given a blood meal spiked with
virus particles exclusively containing incomplete sets of genomes were found to be infected (both
in bodies and saliva). Infected mosquito bodies can only be explained by complementing particles
co-infecting the same midgut cell followed by the generation of a mixed virus progeny including
three-segmented virus. Most likely, these co-infections occur in a small number of midgut
epithelial cells that are highly susceptible to the virus, as reported previously for other

arthropod-borne viruses®3#,

Furthermore, the rescue of infectious virus from mosquito saliva indicates that the virus progeny
was able to disseminate from the midgut cells to the hemocoel, generally considered a major
bottleneck for virus dissemination in mosquitoes®, and from the hemocoel to the salivary glands.
Due to the absence of complete particles in the starting inoculum of the iRVFV-SL-eGFP and
iRVFV-ML mixture, it was expected that the infectivity of this mixture was lower than the infectivity
of the three-segmented RVFV-mCherry2. Although with lower efficiency, the fact that we rescued
infectious virus from the saliva of mosquitoes fed with the mixture of incomplete particles
suggests that incomplete particles may play a role in between-host virus transmission.
Interestingly, we observed a positive correlation between the infectious virus titer in the body and
the presence of infectious virus in saliva, with virus-positive saliva samples corresponding to
mosquitoes with a high virus titer in their bodies. An in vivo experiment evaluating if it is possible
to rescue infectious virus after exposing a mammalian host exclusively to a mixture of incomplete
bunyavirus particles, either applied at the same skin site mimicking a mosquito bite or at distinct

sites, would be valuable, but it remains subject of future research.

Several mechanisms have been proposed that may compensate for the fitness cost resulting from
inefficient bunyavirus genome packaging. For instance, the incorporation of more than three
genome segments per particle, which increases the likelihood of incorporating a complete set of
segments®. Alternatively, groups of virions could be transmitted together in structures known as
collective infectious units, jointly delivering multiple virions to target cells and drastically
increasing the local MOIP*®, The latter, together with our finding that incomplete bunyavirus
particles can genetically complement within co-infected cells, has important biological
implications particularly for within-host virus spread, where following a primary infection of a
target organ, neighboring cells become a local environment exposed to intermediate and high
MOIs. In this study, we focused on co-infections by incomplete particles of the same virus.

However, co-infections by incomplete particles of different but genetically related viruses could
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give rise to reassortment events, adding to the potential roles of incomplete particles in the

infection cycle and evolution of bunyaviruses.

Our data on localized virus spread driven by incomplete bunyavirus particles align with
observations on IAV collectively delivering a complete genome upon simultaneous infection of
individual cells with multiple virions™. Despite this similarity, a fundamental difference exists
between the selective genome packaging process employed by IAV, which is facilitated by the
formation of a supramolecular complex®, and the non-selective process employed by RVFVZ,
As complete particles are scarce in populations of viruses that employ a non-selective packaging
mechanism like RVFV, at least in theory, the dependence on genomic complementation by
incomplete particles is likely much greater for bunyaviruses. Due to the large fraction of
incomplete particles generated during bunyavirus infection and their potential to support virus
spread, we hypothesize that the life cycle of bunyaviruses resembles to a certain degree that of
multipartite viruses, which rely on co-infection with complementing particles to deliver a complete
set of genome segments. Interestingly, a recent study with the octapartite FBNSV showed that
the theoretical fitness cost of a multipartite genome can be reduced, at least partially, through
non-concomitant acquisition of complementary sets of genome segments during between-host
transmission*?. Whether bunyaviruses can also reconstitute a complete genome through

non-concomitant transmission awaits further investigation.

Altogether, the results of this study show that upon co-infection, incomplete bunyavirus particles
can initially drive efficient progeny virus generation and spread, even in the absence of
three-segmented RVFV infectious particles in the inoculum. In the context of natural infection
with a mixed bunyavirus particle population, we propose that incomplete particles, instead of
interfering, can support virus infection and spread, facilitating the dual life cycle of bunyaviruses
in mammalian and insect hosts. At the tissue and organ levels, primary infected cells release a
burst of complete and incomplete particles, generating a local intermediate to high MOI that can
facilitate genome complementation within cells infected with complementing incomplete
particles. Under these conditions, incomplete particles can directly contribute to localized
secondary within-host virus spread (Fig. 8A). To facilitate between-host transmission, incomplete
particles present in the blood of a mammalian host could be taken up by the mosquito and
subsequently co-infect cells of the mosquito midgut. The reconstituted infectious virus could
disseminate to the salivary glands, where the virus can then be transmitted back to a mammalian
host via a mosquito bite (Fig. 8B). We hypothesize that the contribution of incomplete particles

to virus infection and spread, predicted to be particularly important at intermediate MOls
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(Fig. 8C), partially compensates for the fitness cost of inefficient genome packaging. In conclusion,
the present work stands out an important role of incomplete particles in the infection cycle of

bunyaviruses, revealing parallels in the life cycles of segmented and multipartite viruses.
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Figure 8. Schematic representation of the proposed model describing the contribution of incomplete virus
particles to within-host spread and between-host transmission. A Localized within-host virus spread.
(1) Most likely, a complete three-segmented particle derived from an infected mosquito vector starts a
primary infection in a target organ (e.g., liver). (2) Due to a non-selective genome packaging mechanism,
bunyavirus-infected cells give rise to a virus progeny population comprising a mixture of complete,
incomplete, and empty virus particles. Although non-infectious on their own, incomplete particles with a
complementing genome can co-infect the same cell and generate infectious progeny, contributing to
localized secondary virus spread. (3) At the organ and tissue levels, the intermediate to high local MOI can
greatly facilitate the occurrence of this phenomenon. B Between-host virus transmission. (1) The life cycle
of bunyaviruses involves replication in both mammalian and insect hosts. For transmission, mosquitoes
ingest an infectious blood meal from an infected animal. (2) Either through a complete three-segmented
particle (2A) or through co-infection by complementing incomplete particles (2B), the virus infects a small
group of highly susceptible cells of the mosquito midgut and (3) generates infectious progeny. (4) The virus
disseminates from the midgut into the hemocoel and (5) reaches the salivary glands, where the virus also
replicates. (6) To complete the cycle, the virus is excreted in the mosquito saliva and can be transmitted to
a mammalian host through a mosquito bite (illustration inspired on®). Although perhaps at a lower
frequency than in a localized environment, co-infection with incomplete particles can contribute to
between-host virus transmission. Viruses transmitted as collective infectious units can facilitate the
co-infection of a single cell by multiple particles. C Conceptual illustration of the relationship between the
MOI and infections caused entirely by incomplete virus particles. At low MOIs (<1), infections caused by
co-infection with incomplete particles are rare because, on average, less than a single virus particle will
enter each cell. This situation is likely to represent the conditions of between-host transmission and early
infection stages in a new host, where our data show that although incomplete particles have reduced
infection potential, infection is still possible. At intermediate MOls (1-10), infection via co-infecting
incomplete particles becomes more common, as on average more virus particles enter each cell. This
situation is likely to be representative of later infection stages within a host, when cells are exposed to larger
numbers of virus particles. At high MOls (>10), infection caused only by incomplete virus particles becomes
rare, as most cells will also be infected by a complete virus particle. In this regime, incomplete particles can
still contribute genetically to infection, but complementation between virus particles is no longer needed
to establish infection. This latter situation may not be representative of conditions found in natural infections
but can be generated in cell culture. lllustrations in Fig. 8A, B were created with BioRender.com.

Materials and methods

Cell lines

BSR-T7/5 cells (Golden hamster kidney, CVCL_RW96) stably expressing bacteriophage T7 RNA polymerase*!
were maintained in Glasgow minimum essential medium (G-MEM) supplemented with 5% fetal bovine
serum (FBS), 1% antibiotic/antimycotic, 1% MEM non-essential amino acids (MEM NEAA), and 4% tryptose
phosphate broth at 37°C and 5% CO,. For stable maintenance of the cell line, the medium was

supplemented with 1 mg/mL Geneticin (G-418 sulfate) every other passage. Vero E6 cells (African green
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monkey kidney, ATCC CRL-1586) were maintained in MEM supplemented with 5% FBS,
1% antibiotic/antimycotic, 1% MEM NEAA, and 2 mM L-glutamine at 37°C and 5% CO.. C6/36 cells
(Aedes albopictus |larva, ATCC CRL-1660) were maintained in L-15 medium (Leibovitz) (Sigma-Aldrich)
supplemented with 10% FBS, 1% antibiotic/antimycotic, 1% MEM NEAA, and 2% tryptose phosphate broth

at 28°C. Cell culture media and supplements were purchased from Gibco, unless specified otherwise.

Viruses

Virus stocks of RVFV strain Clone 13% were obtained following infection of Vero E6 cells at an MOI of 0.005.
Recombinant fluorescently marked variants of RVFV strain 35/74 (accession numbers JF784386-88)%,
expressing either eGFP (RVFV-eGFP) or mCherry2 (RVFV-mCherry2), were generated by a pUC57
transcription plasmid-based reverse genetics system?*. Briefly, BSR-T7/5 cells were seeded in 6-well cell
culture plates at 1.5 to 2.0 x 10° cells/well (2 mL volume) and incubated for 18 to 24 h to generate a
sub-confluent monolayer. Cells were subsequently co-transfected with the plasmids pUC57_S-FP (where
FP corresponds to either eGFP or mCherry?2 in place of the NSs gene), pUC57_M and pUC57_L, encoding
the RVFV-35/74 S, M, and L genome segments, respectively, in antigenomic-sense orientation.
Transfections were performed using 7ransiT-LT1 transfection reagent (Mirus), with slight modifications to
the manufacturer’s instructions: 3 to 5 h prior to transfection, the seeding supplemented G-MEM was
removed and substituted by 1 mL of Opti-MEM | Reduced-Serum medium. For transfection, 2,500 ng total
plasmid/well (equal amounts per plasmid) with a 1:4 plasmid to transfection reagent ratio were used. At
3to 5 h post-transfection, 1 mL of supplemented G-MEM was added. At 3 d post-transfection, culture
supernatants were harvested and clarified by low-speed centrifugation. High-titer virus stocks of

RVFV-eGFP and RVFV-mCherry2 were obtained following infection of BSR-T7/5 cells at an MOI of 0.001.

Generation of incomplete virus particles

Incomplete RVFV particles lacking either the S segment (iRVFV-ML) or the M segment (iRVFV-SL-FP) were
generated by reverse genetics®*. For the production of iRVFV-ML, BSR-T7/5 cells were co-transfected with
pUC57_M, pUC57_L, and the protein expression plasmid pCAGGS_N (encoding for a codon-optimized
RVFV-35/74 nucleocapsid protein). For the production of iRVFV-SL-FP, BSR-T7/5 cells were co-transfected
with pUC57_S-FP (where FP corresponds to eGFP or mCherry?2 in place of the NSs gene), pUC57_L, and the
protein expression plasmid pCAGGS_NSmGnGc (encoding for the RVFV-35/74 polyprotein). Transfections
were performed using 7ransiT-LT1 transfection reagent (Mirus), following the protocol described for the

generation of recombinant fluorescently marked RVFV-35/74 variants.

To obtain a high-titer stock of iRVFV-ML particles, the rescued supernatant from the transfection was
concentrated by ultracentrifugation at 28,000 rpm, 4°C for 2 h (SW 32 Ti swinging-bucket rotor, Optima
LE-80K Beckman Coulter) using a 25% w/v sucrose cushion. Furthermore, to obtain higher titers of
iRVFV-SL-FP particles, cells initially transfected with the three plasmids were repeatedly transfected two

additional times with the protein expression plasmid pCAGGS_NSmGNGg, resulting in a polyclonal cell line
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replicating the S and L viral genome segments. New stocks of iRVFV-SL-FP particles were generated by a
final transfection of the polyclonal cell line with pCAGGS_NSmGnGc. The latter transfections were
performed using jetPEl transfection reagent (Polyplus) with a 1:3 plasmid to transfection reagent ratio. At

1d post-transfection, culture supernatants were harvested and clarified by low-speed centrifugation.

Virus titration

Infectious titers of rescued virus and virus stocks were determined in an end-point dilution assay in
combination with either an immunoperoxidase monolayer assay (IPMA, as described below) or direct
microscopy detection of FP expression. BSR-T7/5 (3 x 104 cells/well) or C6/36 (6 x 10 cells/well) monolayers
were incubated with 10-fold serial dilutions (starting at 1:10) of the samples for 72 h at 37°C and
5% CO; (BSR-T7/5) or 28°C (C6/36). Samples were analyzed in triplicate or quadruplicate, and the titer was

calculated as the median tissue culture infectious dose (TCIDso/mL) using the Spearman—Kérber method.

Growth curves of fluorescent virus variants

BSR-T7/5 monolayers (3 x 10° cells/T75 flask) were infected with RVFV-eGFP or RVFV-mCherry2 at an
MOI of 0.01. At 2 h post-infection, the inoculum was removed, cells were washed with PBS, and fresh
medium was added. Cell culture supernatants were harvested at 0, 2, 12, 24, 48, and 72 h post-infection
and were clarified by centrifugation at 2,500 rcf for 10 min. Virus titers of the clarified supernatants were
determined with an end-point dilution assay (fluorescence microscopy readout) as described above.

Growth curve determinations were performed with three biological replicates per time point.

Genome segment-specific quantitative RT-PCR

As a conventional end-point dilution assay is not suited for determining the titer of non-replicating particles,
we estimated the titer of iRVFV-ML stocks through genome segment-specific quantification via RT-qPCR,
followed by a comparison with the genome copies of iRVFV-SL-eGFP and three-segmented RVFV-eGFP
preparations with known infectious titer determined with the end-point dilution assay. Total RNA
extractions of 80 pL of virus stocks lyzed with 240 ulL of TRIzol LS Reagent (Invitrogen) were performed in
triplicate with the Direct-zol RNA MiniPrep kit (Zymo Research), largely according to the manufacturer’s
instructions, except for a more thorough in-column DNase | treatment. Namely, lyzed preparations were
treated with 60 units of DNase | for 30 min. The extended DNase | treatment ensured the complete removal
of residual plasmid DNA from the transfection. Total RNA was eventually eluted in 25 pL of
DNase/RNase-free water (Zymo Research). Subsequently, viral cDNA was synthesized with the SuperScript
IV First-Strand Synthesis System for RT-PCR (Invitrogen) using 100 units of SuperScript IV reverse
transcriptase and a combination of S, M, and L segment-specific primers (Supplementary Table 2). After
the reverse transcription reaction, quantitative PCR amplifications were performed with the Power SYBR
Green PCR Master Mix using 5 pL of 50-, 250-, or 500-fold diluted cDNA preparations in a total volume of
25 pL, in combination with a 7500 Fast Real-Time PCR System (Applied Biosystems). Fragments from the

three viral genome segments were amplified using specific primers (Supplementary Table 3) under the
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following conditions: an initial denaturation step at 95°C for 10 min; 40 cycles of denaturation at 95°C for
15 s, annealing at 59°C for 30 s, and extension at 72°C for 36 s; and a single cycle of denaturation at 95°C
for 15 s, annealing at 60°C for 1 min, denaturation at 95°C for 15 s, and annealing at 60°C for 15 s. Per sample,
an additional reaction intended to detect residual plasmid DNA was carried out using primers designed to
amplify a fragment of the ampicillin resistance gene (ampR) (Supplementary Table 3) present in pUC57 and
pCAGGS plasmids used for generating the different RVFV variants. Data were acquired and analyzed with
the 7500 Fast System software version 1.4. (Applied Biosystems). Genome copies of each viral segment were
calculated by intrapolation of the respective standard curve prepared with 10-fold serial dilutions of the

viral segment cloned in pUC57 plasmids starting at 0.1 ng/uL.

Flow cytometry

BSR-T7/5 cells were simultaneously co-infected with iRVFV-SL-eGFP and iRVFV-SL-mCherry?2 at increasing
MOIs (ranging from 0.1 to 2.5 for each virus). At 48 h post-infection, cells were trypsinized, spun down at
200 rcf for 5 min, fixed with 4% paraformaldehyde for 15 min, washed twice with PBS, and resuspended in
sample buffer (PBS supplemented with 1% bovine serum albumin and 0.01% sodium azide). Mock-infected
cells and cells infected exclusively with iRVFV-SL-eGFP or iRVFV-SL-mCherry2 at an MOI of 0.5 were used
as negative and singly-infected controls, respectively. Flow cytometry was performed using a BD FACS Aria
Il (BD Biosciences) equipped with a standard laser and filter configuration. Cell subpopulations were
categorized and quantified based on the expression of eGFP, mCherry2, both or none. Per sample, 50,000
events were recorded. Data were analyzed with FlowJo version 10.7.1. The gating strategy applied involved
discriminating cells from debris, followed by selection of single cells and assessment of FP expression

(Supplementary Fig. 4).

Co-infections with incomplete virus particles

BSR-T7/5 (5 x 10* cells/well) or C6/36 (1 x 10° cells/well) monolayers seeded in 24-well cell culture plates
were simultaneously co-infected with iRVFV-SL-eGFP and iRVFV-ML particles at increasing MOls (ranging
from 0.001 to 0.25 for each virus). At 2 h post-infection, the inoculum was removed, cells were washed with
PBS, and fresh medium was added. At defined time points post-infection (varied per cell line and ranged
from 24 h to 72 h), cells were examined for expression of eGFP via direct fluorescence microscopy.
Expression of Gn in BSR-T7/5 and C6/36 infected cells was examined via an IPMA or an immunofluorescence
assay (as described below). The expression of eGFP was followed over the course of the infection as an
indicator of viral spread. Co-infections at the different MOIs were performed with three biological replicates.
Cells infected exclusively with either iRVFV-SL-eGFP or iRVFV-ML particles were used as singly-infected
controls, whereas cells infected with a three-segmented RVFV-eGFP (MOls ranging from 0.002 to 0.5) were

used as positive control for virus spread. Mock-infected samples were used as negative control.
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Immunostainings

BSR-T7/5 and C6/36 cells infected with different RVFV variants were subjected to an IPMA or an
immunofluorescence assay to detect the expression of the viral proteins Gn and N. At defined time points
post-infection (varied per experiment), cells were fixed with 4% paraformaldehyde for 15 min, washed with
PBS supplemented with 0.5% Tween 80 (PBST), and permeabilized with 1% Triton X-100 in PBS for 5 min.
Next, samples were blocked with 5% horse serum in PBS and subsequently incubated in sequential steps
with primary and secondary antibodies diluted in blocking solution (Supplementary Table 4). Gn was
detected with a polyclonal serum from a Gn-immunized rabbit (1:500 dilution, Thermo Fisher) as primary
antibody. For the IPMA, HRP-conjugated goat polyclonal anti-rabbit immunoglobulin (1:500 dilution,
P0448 Dako) was used as secondary antibody. For the immunofluorescence assay, goat polyclonal
anti-rabbit IgG labeled with FITC (1:250 dilution, sc-2012 Santa Cruz Biotechnology) or donkey polyclonal
anti-rabbit 1gG labeled with Alexa Fluor 568 (1:500 dilution, A10042 Invitrogen) were used as secondary
antibodies. N was detected with a monoclonal mouse hybridoma (1:100 dilution, FID11 CISA-INIA) as
primary antibody and a goat polyclonal anti-mouse 1gG labeled with Alexa Fluor Plus 488 (1:500 dilution,
A32723 Invitrogen) as secondary antibody. Sample incubations with the blocking solution, primary and
secondary antibodies were each for 1 h at 37°C. Plates were washed with PBST after permeabilization,
between the addition of primary and secondary antibodies, and prior to staining. In the IPMA, a 0.2-mg/mL
amino ethyl carbazole solution in 500 mM acetate buffer (pH 5.0), 88 mM H,O, was added as substrate.
In the immunofluorescence assay, cell nuclei were stained by incubation with 1 ug/mL DAPI in PBS for 5 min.
Mock-infected samples and samples without the addition of primary antibodies were used as negative

controls.

Single-molecule RNA FISH-immunofluorescence

Experiments were performed with slight modifications to the Stellaris protocol for simultaneous
FISH-immunofluorescence in adherent cells (Biosearch Technologies)*6. BSR-T7/5 monolayers
(1.5 x 10* cells/well) were seeded on CultureWell 16 removable chambered coverglass (Grace Bio-Labs) and
allowed to attach for at least 2 h at 37°C and 5% CO,. Cells were infected with the different RVFV variants
at an MOI of 1. At 2 h post-infection, the inoculum was removed and the medium was refreshed. At
16 h post-infection, cells were fixed and permeabilized with a 3:1 mixture of methanol (Klinipath)-glacial
acetic acid (Merck) for 10 min. Cells were subsequently washed twice with PBS and once with
prehybridization buffer (10% deionized formamide [Millipore] in 2x concentrated SSC [Gibco]) for 5 min.
Cells were then incubated for 4 to 16 h at 37°C with 100 uL/well of virus-specific FISH probe sets
(Supplementary Table 5) and primary antibodies in hybridization buffer (10% deionized formamide,
10% dextran sulfate [Sigma-Aldrich], 2 mM vanadyl ribonucleoside complexes [VRC, Sigma-Aldrich] in
2x SSC). FISH probes were added at a final concentration of 250 nM. Gn was detected with hybridoma
4-D4* supernatant (1:160 dilution) as primary antibody (Supplementary Table 4). Following hybridization
and incubation with primary antibodies, cells were extensively washed at 37°C (twice with prehybridization

buffer for 30 min and twice with 2x SSC for 15 min). Subsequently, cells were incubated with 100 pL/well of
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secondary antibody for 1 h at 37°C. A goat polyclonal anti-mouse IgG labeled with Alexa Fluor 488
(1:1,000 dilution, A-11001 Invitrogen) was used as secondary antibody (Supplementary Table 4). Next, cells
were washed twice with 2x SSC, and nuclei were stained by incubation with 100 uL/well of 1 pg/mL DAPI in
2x SSC for 5 min. Finally, cells were washed with 2x SSC and submerged in VectaShield antifade mounting
medium H-1000 (Vector Laboratories). For analysis of virus stocks, undiluted or 1:3 diluted virus stocks were
added on CultureWell 16 removable chambered coverglass and virions were allowed to attach to the surface
for 5 h at 28°C. The same procedure as described for adherent cells was followed from the fixation step
onward. The specificity of the FISH probes and antibodies was reported previously?>. Mock-infected

samples and samples without primary antibodies were used as negative controls.

Image acquisition and analysis

Light microscopy images were acquired with a Leica Model DMi1 inverted microscope and 10x HI PLAN |
or 20x HI PLAN | objectives. Fluorescence microscopy images were acquired with an inverted widefield
fluorescence microscope Axio Observer 7 (ZEISS, Germany) using appropriate filters and a
10x EC Plan-NEOFLUAR objective or a 1.3 NA 100x EC Plan-NEOFLUAR oil objective in combination with
an AxioCam MRm CCD camera. Exposure times were defined empirically and differed depending on the
probe sets and fluorescent dyes. For the FISH-immunofluorescence assay, Z-stacked images of infected
cells and immobilized virions were acquired with a fixed interval of 0.28 to 0.31 um between slices. Raw
images were deconvolved in standard mode using Huygens Professional version 21.04 (Scientific Volume
Imaging B.V., the Netherlands). If required, raw images were Z-aligned in ZEN 2.6 Pro (ZEISS, Germany)
before deconvolution. For analysis, 3D data were converted to maximum intensity projections using
Z-project within ImageJ*®. Detection, quantification and co-localization analyses of individual spots, each
representing a single virion or VRNP, were performed in ImageJ in combination with the plugin ComDet
version 0.5.0 (https://github.com/ekatrukha/ComDet). Spot detection thresholds for each channel were set
empirically by individual examination of images. The threshold to define co-localized spots was set to a
maximum distance of 3 to 4 pixels between the centers of the spots. For visualization purposes, image

brightness and contrast were manually adjusted in ImageJ.

Mosquito experiment

Adult Aedes aegypti (Rockefeller strain) mosquitoes were reared in 30 x 30 x 30 cm cubic cages at 27 + 1°C
and a 12:12 h light:dark cycle, at the Laboratory of Entomology, Wageningen University & Research. Five
groups of mosquitoes, housed independently in small cardboard buckets, were allowed to feed through a
Parafilm M membrane for at least 1.5 h on 37°C-heated virus-spiked blood meals using a Hemotek PS5
membrane feeding system (Hemotek, United Kingdom). Virus-spiked blood meals were prepared by mixing
virus stocks with bovine blood washed twice with DPBS in a 2:1 ratio (Table 1). Virus-blood mixtures were
back-titrated as described above. After feeding, mosquitoes were anesthetized using a semi-permeable
CO; pad. Engorged female mosquitoes were selected, placed into new cardboard buckets, and maintained

at 28°C. Throughout the duration of the experiment, mosquitoes were provided with a cotton pad soaked
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in a 6% sucrose solution ad /ibitum, except for the day before feeding and the day before forced salivation,
in which mosquitoes were provided only with water ad /ibitum. To evaluate whether feeding on a blood
meal spiked with a mixture of incomplete virus populations can result in virus infection and transmission by
mosquitoes, body and saliva samples were collected and tested by virus isolation. Briefly, 12 to 15 d after
the blood meal, mosquitoes were anesthetized using a semi-permeable CO; pad, wings and legs were
removed with forceps, and mosquitoes were forced to salivate by inserting their proboscis inside a 20 pL
filter tip pre-filled with 7 pL of a 1:1 FBS-50% sucrose mixture for at least 1 h. After salivation, mosquito
bodies were collected and stored at —80°C until further processing. Data corresponding to mosquitoes
from groups #1, #2, and #3 derive from a single biological experiment. Data corresponding to mosquitoes

from groups #4 and #5 derive from two independent experiments.

Table 1. Description and mean titers of the virus stocks used for blood meals in the mosquito experiment.

Group Virus stock Blood-virus mixture titer (logip TCIDso/mL)
Group #1 Mock ---

Group #2 iRVFV-SL-eGFP 8.1

Group #3 iRVFV-ML Not determined*

Group #4 RVFV-mCherry2 8.1

Group #5 iRVFV-SL-eGFP + iRVFV-ML 7.0

* Virus stock prior to mixing with blood had an initial titer of 107! TCIDso/mL.

Virus isolation

Saliva samples were directly added onto 3 x 10* BSR-T7/5 cells/well previously seeded in 96-well plates
(groups #1, #2, and #3) or used to prepare four serial 10-fold dilutions, starting at 1:10 (groups #4 and #5).
In the latter case, 50 pL of each dilution were added onto 3 x 10* BSR-T7/5 cells/well previously seeded in
96-well plates. Mosquito bodies were suspended in 100 uL of complete G-MEM supplemented with an extra
1% antibiotic/antimycotic, homogenized using a pellet pestle and handheld pellet pestle motor (Daigger
Scientific, USA), and clarified by centrifugation at maximum speed. The supernatants were diluted with
additional 200 pL of supplemented G-MEM and used to prepare eight serial dilutions (5-fold the first
dilution and 10-fold the remaining dilutions). Of each dilution, 50 pL were added onto
3 x 10* BSR-T7/5 cells/well previously seeded in 96-well plates. For both saliva and body samples, the
expression of the respective FP in plaques of infected cells was monitored by fluorescence microscopy

24 to 72 h post-infection and used as the readout method.

Modeling the fraction of infected and co-infected cells

To model the relationship between MOI and the fraction of (co-)infected cells, we considered predictions
of three models. Here we describe the models briefly. A complete description of the models and the code
are provided as Supplementary File 1. All three models use the MOI as utilized in the experiment (A) and
the relative inoculum frequency fof the two variants, denoted with G for iRVFV-SL-eGFP and C for
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iRVFV-SL-mCherry2, to predict four frequencies: the fraction of uninfected cells, P(G N €); the two fractions
of cells infected by one virus variant, P(G N €) and P(G N C); the fraction of co-infected cells, P(G N C).
The sum of these four fractions is one, as they represent all possible infection outcomes in this setup. Note
that for simplicity, we only plotted the total fraction of infected cells (i.e, 1 — P(G N C)) and co-infected
cells P(GNC) in the main figure (Fig. 2G). As there were no indications to the contrary, we assumed
fe = fc = 0.5 for all models.

Model A predicts the four fractions based on the MOI following a previously described model based on the
Poisson distribution*®. This model has no free parameters to fit and assumes each virus particle has a

complete set of genome segments. The four fractions are:

P(GNC) = e = et 4c,

P(GNC)= e *6(1—e%0),

P(GNC) = (1—e6)e e,
P(GNC)=(1-e*6)(1-e %),

where 1; = fgAdand A; = f:A.

Models B and C are both more complex and were not solved analytically, but model predictions were
determined by an iterative approach (with 10° iterations of cellular infection performed for all model
estimates). Model B introduces non-selective packaging of genome segments. For both virus variants, the
number of infecting virus particles per cell (Acor A was drawn from a Poisson distribution with
mean Ag or Ac (using the rpois function in R). However, here 1; = ¥f;A and A¢c = Yf.A, where the free
parameter ¢ is the probability of infection per administered MOI unit. We introduced this parameter
because incomplete particles cannot infect on their own, potentially giving rise to a discrepancy between
the administered and actual MOI. Next, we drew the number of copies of genome segment S for each virus
variant present in that cell (85, or 85) from a binomial distribution with a probability of success set to 0.5
and a number of trials 3As or 3A¢ (using the rbinom function in R). To justify these values for the binomial
distribution, consider that (i) in the absence of quantitative information on the distribution of genome
segments over virus particles for this particular experiment, we assume both segments (S and L) are present
at equal frequencies in both virus populations (Gand () and (i) that up to three genome segments can be
loaded into a virus particle. The number of L genome segments present in a cell can then be determined

by subtraction:

0,6 =3M; — s and 6, = 3Ac — Osc.

Based on the complete distribution of genome segments that has infected the cell, we can now determine

the fate of the cell. P(G N C): At least one genome segment (S, L, or both) is not present. P(G N C): Both
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genome segments are present, but all copies of the S segment are from the Gvariant. P(G N €): Both
genome segments are present, but all copies of the S segment are from the Cvariant. P(G N C): Both
genome segments are present, and S segments from the Gand Cvariants are present, i.e., both fluorescent

markers are present. To fit this model to data, the free parameter ¢ needs to be estimated.

Model C is identical to model B, except that it adds heterogeneous susceptibility of host cells to RVFV.
These differences in susceptibility are likely to arise for many reasons, for instance, differences in the cell
growth phase. Heterogeneous susceptibility is introduced by allowing the probability of infection to follow
a beta distribution over cells. The beta distribution is a versatile probability distribution that has been
previously used for this purpose®. For this model, A; = {W¥fzA and Ac = {PfcA, where T is a stochastic
variable that follows a beta distribution over cells, with shape parameters a and 8 (using the rbeta function
in R to draw a new value for each iteration). To fit this model to data, the free parameters ¢, a, and 8 need

to be estimated.

To estimate model parameters for models B and C, we minimized the negative log likelihood (NLL) using a
stochastic hill climbing algorithm, with 100 independent runs initiated from randomly selected starting
points in a larger parameter space. The NLL was determined from the multinomial likelihood of the four
cell fractions for each dose using the dmuiftinom function in R, and then summing NLLs over all MOl values

used in the experiment. Model selection was performed using the AIC.

Modeling virus spread and the relationship between MOI and co-infection

We generated a simple simulation model of viral spread to consider the impact of non-selective packaging
and infection by incomplete virus particles on within-host dynamics. Here we provide a brief summary.
A complete description of the model and the code are provided as Supplementary File 2. We modeled the
number of infected cells over a total of gma viral generations, in a fixed number of k cells. Each cell
produces ¢ virus particles and the probability that a virus particle will infect a cell in the next round of
replication is p. Virus particles are assumed to remain infectious for a short period of time and therefore
can only infect cells in the subsequent round of infection. At generation go, we assumed that only a single
cell is infected. In the next round of infection, the mean number of infecting virus particles per cell (i.e., the
MOI) will be Ag+1 = @piy/ng where /is the number of infected cells and nis the number of uninfected cells.
The MOI follows a Poisson distribution over cells, with a random value being drawn for each of the n, cells

(using the rpois function in R).

Next, the genome segment content of each infecting virus particle must be determined. For a non-selective
random packager, there are eight genome segment contents possible {RNA1, RNA2, RNA3}: {0,0,0}, {1,0,0},
{0,1,0}, {0,0,1}, {1,1,0}, {1,0,1}, {0,1,1}, and {1,1,1}, with O indicating a segment is absent and 1 indicating it is
present in one or more copies. The frequency of these eight types was set to values approximating the

empirical distribution to model a virus with non-selective packaging that allows co-infection (for instance,
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{0.5, 0.09, 0.09, 0.09, 0.06, 0.06, 0.06, 0.05} for mammalian cells). The sampfe function, set to sampling with
replacement, was then used to determine the identity of each infecting virus particle, with the probabilities
for each outcome weighted by the frequency of the virus particle type. Once the genome segment content
of all virus particles infecting a cell is known, we can determine whether the cell will become productively

infected and transition from nto / which only occurs when three segment types are present.

To consider a virus employing non-selective packaging without co-infection using this model, we wanted
to block the contribution of all incomplete virus particles to spread. We then simply reset the frequency of
the eight virus particle types to {0.95, 0, 0, 0, 0, 0, 0, 0.05}, in effect making all incomplete virus particles
empty and inert particles. To consider a virus employing a selective genome packaging strategy, we made
all virus particles to have a complete set of genome segments. However, this raises a complication: making
all virus particles complete could require a greater total number of genome segments than used in the
viruses with non-selective packaging (i.e., if only one copy of each segment is present, then the incomplete
particles will require appreciably fewer genome segments to assemble). To make the comparison fair, we
therefore determined the minimal total number of genome segments present for the viruses with
non-selective packaging and used this number to cap the production of virus particles for the virus with
selective packaging (i.e., the same number of genome segments is allocated only to complete particles).
For example, in the case of the virus employing selective packaging in mammalian cells, the frequency of
virus particle types became {0.74, 0, 0, 0, 0, 0, 0, 0.26}. We then ran the model and plotted the frequency of
infected cells over time to determine performance. Note that we also considered the effect of free
parameter values, as described in Supplementary Text 1, Supplementary Figs. 2, 3 and Supplementary
File 3.

To consider the relationship between MOI and the fraction of cells infected only by incomplete particles,
we first considered the trends for the simulations in a fixed number of cells described above. However, if
we fix the mean MOI, we can consider model predictions systematically over a wide range of MOI values.
To test the generality of the observations obtained, we randomly drew values for the frequency of each
segment type from a uniform distribution using the runiffunction. Then, we normalized these values by the
sum of all drawn values and considered model predictions (Supplementary File 2). To generate reproducible
predictions and to limit the computational resources needed, the number of iterations (i.e., inoculated cells

simulated) was dependent on the MOI (A): A<1, n = 10% 1<A<10, n= 5 x 10% A>10, n = 500.

Data analysis and visualization
All model predictions were performed and plotted in R Statistical Software®' version 4.2.1. Prism 9 (GraphPad
Software) was used to generate graphs of all the remaining results. Sample size varied per experiment and

is indicated in each figure legend.
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Supplementary Figure 1. Co-infection of mammalian and insect cells with complementing incomplete RVFV
particles. A, B Mammalian (BSR-T7/5) (A) and insect (C6/36) (B) cells were simultaneously infected with
non-spreading iRVFV-SL-eGFP and iRVFV-ML particles at increasing MOlIs (ranging from 0.001 to 0.25 for
each virus). Co-infection with the two populations of incomplete RVFV particles supports genome
complementation, allows virus replication, production of infectious progeny, and virus spread. Infected cells
were analyzed at 24-48 h (BSR-T7/5 cells) or 48-72 h (C6/36 cells) post-infection by following the
expression of eGFP (green) via direct fluorescence microscopy examination and the expression of Gn (red)
via an immunofluorescence assay in BSR-T7/5 cells or an immunoperoxidase monolayer assay in
C6/36 cells. Expression of Gn was detected with rabbit polyclonal anti-Gn serum in combination with Alexa
Fluor 568-conjugated secondary antibodies (immunofluorescence assay) or with HRP-conjugated
secondary antibodies (immunoperoxidase monolayer assay). Cell nuclei (cyan) were visualized with DAPI.
Of note, with the sole intention of depicting the outcome progression at increasing MOIs, images
corresponding to co-infections (MOI of 0.1) at 24 h (BSR-T/5) and 72 h (C6/36) post-infection were
purposely selected to be the exact same images as shown in Fig. 4B, C. Scale bars, 200 um.
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Supplementary Figure 2. Effects of model parameter values on predicted infection dynamics in mammalian
cells. Predicted RVFV infection dynamics in mammalian cells for three different scenarios: selective genome
packaging (finely dotted blue lines), non-selective genome packaging without co-infection by incomplete
particles (coarsely dotted green lines), and non-selective genome packaging with co-infection and
productive complementation by incomplete particles (solid magenta lines). The darker lines (each color
corresponding to a different scenario) represent the mean values based on 1,000 simulations. The faint
dotted lines (each color corresponding to a different scenario) represent trajectories for 20 individual
simulations. In all panels, time is on the x axis and the number of infected cells is on the y axis. Note that
the axes are scaled differently over panels. Values for the total number of cells (k) and virus particle
production (¢) were varied over panels, as indicated by the values at the top and right of the figure,
respectively. Infection dynamics are clearly affected by parameter values, but under many conditions, the
virus employing non-selective packaging but that allows co-infection has an advantage over the virus
employing non-selective packaging without co-infection. The code required to reproduce the plots of this
figure is provided as Supplementary File 3.
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Supplementary Figure 3. Effects of model parameter values on predicted infection dynamics in insect cells.
Predicted RVFV infection dynamics in insect cells for three different scenarios: selective genome packaging
(finely dotted blue lines), non-selective genome packaging without co-infection by incomplete particles
(coarsely dotted green lines), and non-selective genome packaging with co-infection and productive
complementation by incomplete particles (solid magenta lines). The darker lines (each color corresponding
to a different scenario) represent the mean values based on 1,000 simulations. The faint dotted lines (each
color corresponding to a different scenario) represent trajectories for 20 individual simulations. In all panels,
time is on the x axis and the number of infected cells is on the y axis. Note that the axes are scaled differently
over panels. Values for the total number of cells (k) and virus particle production () were varied over
panels, as indicated by the values at the top and right of the figure, respectively. Infection dynamics are
clearly affected by parameter values, but the virus employing non-selective packaging with co-infection
generally has a similar performance to the virus employing non-selective packaging without co-infection.
The code required to reproduce the plots of this figure is provided as Supplementary File 3.
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Supplementary Figure 4. Flow cytometry gating strategy. lllustrative example of the gating strategy
employed for the analysis of flow cytometry data. BSR-T7/5 cells were mock-infected, singly-infected, or
co-infected with non-spreading iRVFV-SL-eGFP and/or iRVFV-SL-mCherry2 particles. The cell population
of interest was first discriminated from debris. Then, a gate was applied to select single cell events from
doublets. Finally, we quantified the fraction of non-infected, singly-infected, or co-infected cells by
determining the expression of eGFP, mCherry2, or both. The plots depicted here correspond to the
co-infected sample (MOI of 0.5 for each virus population), as shown in Fig. 2F.
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Supplementary Table 1. Model parameter estimates and model selection results for the co-infection assays.

Model® Model parameter estimates® NLL® AIC AAIC AW

A - 10,954.69 21,909.38 16,984.37 0.000
B p =003 8,891.86 17,785.72 12,860.71 0.000
C p =095 a=0136=083 2,459.51 4,925.01 - 1.000

NLL: negative log likehood. AIC: Akaike information criterion. AAIC: delta AIC, the difference between this model and the best

supported model in AIC. AW: Akaike weight, the likelihood that this model is the best-supported model within the set of models
considered. 2 For a full description of the models, see the Materials and methods section and Supplementary File 1. ° Note that model A
has no free parameters that need to be estimated. © For a clarification of all terms used here, see this review (Johnson JB, Omland KS.
Model selection in ecology and evolution. Trendss in Ecology & Evolution 2004, 19, 101-108. https://doi.org/10.1016/.tree.2003.10.013).

Supplementary Table 2. Primers for cDNA synthesis of viral

genome segments.

Target Name Sequence

RVFV-Clone 13-S and RVFV-35/74-S JR860-For ACAAAGCTCCCTAGAGATACA
RVFV-Clone 13-M and RVFV-35/74-M JR861-For GACACAAAGACGGTGCATTA
RVFV-Clone 13-L and RVFV-35/74-L JR890-For GACACAAAGGCGCCCAATC

Supplementary Table 3. Primers for RT-gPCR amplifications

of viral genome fragments and ampR.

Target Name Sequence

JR907-For TCCAGTTTGCTGCTCAA
RVFV-Clone 13-S and RVFV-35/74-S

JR908-Rev CTGCTTTAAGAGTTCGATAACC

JR909-For GCTGATGGCTTGAACAAC
RVFV-Clone 13-M and RVFV-35/74-M

JR910-Rev GTCTCTCACACCGAACTATC

JRI1-For TCGATAGATGTGGAAGATATGG
RVFV-Clone 13-L and RVFV-35/74-L

JR912-Rev CGTCATTCATCATGGGAAAC

JRI71-For GCAGTGTTATCACTCATGG

ampR
» JR972-Rev

CACTATTCTCAGAATGACTTGG




120 | Chapter3

Supplementary Table 4. Antibodies used in immunostaining assays.

Assay Target Antibody Dilution Source/reference

IPMA, IF (12v) RVFV Gn Rabbit polyclonal serum 1:500 Thermo Fisher

IPMA (2°7) Rabbit IgG Goat polyclonal anti-rabbit IgG HRP-conjugated 1:500 P0448 Dako

IF (237) Rabbit IgG Goat polyclonal anti-rabbit IgG-FITC 1:250 sc-2012 Santa Cruz Biotechnology
IF (277) Rabbit IgG Donkey polyclonal anti-rabbit IgG-Alexa Fluor 568 1:500 A10042 Invitrogen

IF (13v) RVFV N Monoclonal mouse hybridoma 1100 F1D11 CISA-INIA

IF (22v) Mouse IgG Goat polyclonal anti-mouse IgG-Alexa Fluor Plus 488 1:500 A32723 Invitrogen

FISH-IF (12%) RVFV Gn Hybridoma 4-D4 supernatant 1:160 Ref. 47

FISH-IF (227) Mouse IgG Goat polyclonal anti-mouse IgG-Alexa Fluor 488 1:1000 A-11001 Invitrogen

IPMA: immunoperoxidase monolayer assay, IF: immunofluorescence, FISH-IF: fluorescence /in situ hybridization-immunofluorescence.

Supplementary Text 1. Sensitivity analysis of the infection model parameters.

We generated an infection model to predict the infection kinetics of RVFV under three different scenarios
and for two distributions of genome segments over virus particles (see Fig. 7A, Materials and methods, and
Supplementary File 3). However, the models used have free parameters, so it is relevant to consider how
parameter values affect model predictions. The infection model we have generated is relatively simple and
has only three free parameters: the total number of cells (x), virus particle production () and the probability
that a virus particle will infect a cell (p). As argued in the results section, we expect that parameter values
will affect the prediction because the total number of cells available will determine how the multiplicity of
infection (MOI) changes over time, i.e. all other things equal, the MOI will increase more rapidly in a small
population of cells. It therefore makes sense to consider systematically how « affects model predictions. We
also expect that both ¢ and p will affect the model prediction, as they will determine how efficiently infection
spreads between cells. However, the product gp determines the mean of the Poisson distribution describing
the MO, so it suffices to consider only one of these two parameters in this analysis, and we have chosen
¢. Note that the model has two additional parameters: the total rounds of viral replication (gma) and the
number of infected cells in generation zero (i). Parameter gmax will not affect the prediction, provided that
sufficient generations are given for all cells to become infected, and /»= 1, so that we can explore infection
dynamics over the largest range in the frequency of infected cells and MOI values. In sum, to get an
indication of how sensitive model predictions are to the chosen model parameters, we only need to
consider parameters k and ¢.

We settled on values of k = 100 and ¢ = 1000 a priorias reasonable values for these two parameters. Here,
we therefore considered model predictions for all combinations of values of these parameters over two
orders of magnitude to gauge how these model parameter values affect infection dynamics: k = {10, 30,
100, 300, 1000} and ¢ = {100, 300, 1000, 3000, 104. In particular, we are interested in how quickly the number
of infected cells increases in a virus employing non-selective genome packaging but that allows co-infection
compared to a virus employing non-selective packaging without co-infection.

First, we considered the predictions for mammalian cells (Supplementary Fig. 2). Here we found that the
virus employing non-selective packaging with co-infection outperformed the virus employing non-selective
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packaging without co-infection under most conditions. This effect was not seen when virus particle
production was very low (¢ = 100, both viruses with non-selective packaging perform very poorly) or very
high (@ =10% both viruses perform so well that differences become negligible). For some conditions
(e.g., k =10, ¢ = 300), the performance of the virus employing non-selective packaging with co-infection is
much better than the virus employing non-selective packaging without co-infection. In some cases
(e.g., k =10, @ = 1000), the performance of the virus employing non-selective packaging with co-infection
is much closer to that of the virus employing selective packaging than to the virus employing non-selective
packaging without co-infection. These results therefore clearly demonstrate that, for mammalian cells, the
virus employing non-selective packaging with co-infection is predicted to have an advantage in spread
over the virus employing non-selective packaging without co-infection under many conditions.

Second, we considered the predictions for insect cells (Supplementary Fig. 3), which differ only from the
mammalian cell scenario in the distribution of genome segments over virus particles assumed. Recall that
the model did not predict a large difference for the parameters values chosen (Fig. 7A). Here we found a
similar pattern, as performance was the same or only marginally better for the virus that benefits from
co-infection under most conditions. The advantage of the co-infecting virus over the non-co-infecting virus
was greatest at low number of cells (x < 30) and low virus particle production (¢ < 300). Overall, these
results suggest that the distribution of genome segments over virus particles may have a larger effect on
whether co-infection contributes to enhanced spread than the exact conditions (k and ¢ values) under
which the virus is replicating.

Additional supplementary information files can be accessed online at:
https://doi.org/10.1371/journal.pbio.3001870

Supplementary Table 5. Oligonucleotide sequences of RNA FISH probe sets.

Supplementary File 1. Modeling the fraction of infected and co-infected cells.

Supplementary File 2. Modeling virus spread and the relationship between MOI and co-infection.

Supplementary File 3. Modeling virus spread: simple sensitivity analysis.

Supplementary Data 1. Source data underlying Figs. 1C, 2G, 3C, 4D, 6B.
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Abstract

Rift Valley fever virus (RVFV) (family Phenuiviridae) can cause severe disease, and outbreaks of
this mosquito-borne pathogen pose a significant threat to public and animal health. Yet many
molecular aspects of RVFV pathogenesis remain incompletely understood. Natural RVFV
infections are acute, characterized by a rapid onset of peak viremia during the first days
post-infection, followed by a rapid decline. Although /n vitro studies identified a major role of
interferon (IFN) responses in counteracting the infection, a comprehensive overview of the specific
host factors that play a role in RVFV pathogenesis in vivois still lacking. Here, the host
in vivo transcriptional profiles in the liver and spleen tissues of lambs exposed to RVFV are studied
using RNA sequencing (RNA-seq) technology. We validate that IFN-mediated pathways are
robustly activated in response to infection. We also link the observed hepatocellular necrosis with
severely compromised organ function, which is reflected as a marked downregulation of multiple
metabolic enzymes essential for homeostasis. Furthermore, we associate the elevated basal
expression of LRP7in the liver with RVFV tissue tropism. Collectively, the results of this study
deepen the knowledge of the /n vivo host response during RVFV infection and reveal new insights

into the gene regulation networks underlying pathogenesis in a natural host.

Importance

Rift Valley fever virus (RVFV) is a mosquito-transmitted pathogen capable of causing severe
disease in animals and humans. Outbreaks of RVFV pose a significant threat to public health and
can result in substantial economic losses. Little is known about the molecular basis of RVFV
pathogenesis in vivo, particularly in its natural hosts. We employed RNA-seq technology to
investigate genome-wide host responses in the liver and spleen of lambs during acute RVFV
infection. We show that RVFV infection drastically decreases the expression of metabolic enzymes,
which impairs normal liver function. Moreover, we highlight that basal expression levels of the
host factor LRPTmay be a determinant of RVFV tissue tropism. This study links the typical
pathological phenotype induced by RVFV infection with tissue-specific gene expression profiles,

thereby improving our understanding of RVFV pathogenesis.
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Introduction

Rift Valley fever virus (RVFV) (family Phenuiviridae) is a single-stranded, three-segmented,
negative-sense RNA virus transmitted by mosquitoes™. RVFV mainly affects ruminants such as
sheep, goats, and cattle but can also affect camelids and humans*®. Infected animals generally
present with fever, anorexia, diarrhea, and overall weakness. Epizootic outbreaks are commonly
characterized by abortion storms in sheep flocks and high mortality rates among newborns"’. In
humans, the clinical presentation of the disease is characterized by symptoms such as fever,
headache, nausea, vomiting, abdominal pain, and diarrhea. In a minority of cases, the infection
may progress to severe disease leading to hepato-renal failure, encephalitis, retinitis, and/or

hemorrhagic manifestations®™.

In both animals and humans, the liver is the primary site of RVFV replication. Histopathological
examinations of infected liver tissues revealed that diseased animals exhibit multifocal lesions and

12

necrotic hepatitis™'>. The spleen is also commonly targeted during RVFV infection, with

microscopic examination revealing various degrees of necrosis. Apart from the liver and the

spleen, RVFV can occasionally be found in the kidneys, lungs, skin, brain, and placenta™"?™".

RVFV is endemic to most countries on the African Continent and the Arabian Peninsula.
Nevertheless, as competent mosquito vectors already inhabit other geographical regions and are
still expanding their territory, facilitated by climate change and international trade and transport,
itis likely that the virus will be capable of invading previously unaffected areas™ ™. RVFV outbreaks
represent a significant threat to public health and can result in substantial economic losses*?%*',
yet many key aspects of RVFV infection cycle and the molecular mechanisms underlying its

pathogenesis are poorly comprehended.

High viremia peaking at 2 to 3 days post-infection followed by an abrupt decline from 4 to 5 days
post-infection onward is a signature feature of acute RVFV infections in ruminants®. Generally,
infected animals either succumb or fully recover during these days. Previous studies investigating
RVFV virulence factors and pathogenesis revealed the predominant role of the non-structural
protein NSs as an innate immune response antagonist. NSs acts primarily through the blockage

23-25

of type I interferon (IFN) (IFN-a/B) production by inhibiting host cell transcription and by

inducing the degradation of the double-stranded RNA-dependent protein kinase (PKR)?672%.

Recently, RNA sequencing (RNA-seq) technologies have enabled the transcriptome-wide analysis

of host responses during virus infections. RNA-seq studies benefit from an exhaustive approach
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to investigate the expression of the whole transcriptome using high-throughput sequencing
instead of focusing on a short list of predicted genes of interest?>*. This broad analysis allows the
detection of novel host factors playing an important role in the infection cycle that have escaped

the radar of single-pathway-oriented investigations.

Two previous RVFV-mammalian host RNA-seq studies have been carried out with samples
derived from infected cell cultures. The first study investigated the cellular response upon
infection with the attenuated MP-12 strain and the virulent ZH548 strain in human small airway
epithelial cells. In that study, the top pathways altered in response to infection with both RVFV
strains included the regulation of the antiviral response, mitochondrial dysfunction, the DNA
damage response, and integrin-linked kinase (ILK) signaling®'. The second study investigated the
response induced by MP-12 in HEK293 human embryonic kidney cells. The activation of innate
immune signaling pathways and the upregulation of pro-inflammatory cytokines were observed,
as were alterations in pathways associated with fatty acid metabolism and extracellular matrix

receptor signaling®.

Although these in vitro studies confirmed that IFN-mediated responses are crucial for fighting
RVFV infection, our understanding of the tissue-specific host factors that play a role in
in vivo pathogenesis is still very limited. To date, only one /n vivotranscriptomic study on a
RVFV-infected mammalian (surrogate) host has been performed. Investigation of the immune
response in the brain of mice intranasally infected with RVFV revealed a protective response
mediated by the mitochondrial antiviral-signaling protein (MAVS)®. A better understanding of
the virus-host interface, especially in a natural RVFV host, would benefit the development of more

effective outbreak control strategies.

In this work, we used RNA-seq technology to study /n vivo the host transcriptional profiles in the
liver and spleen tissues of lambs during RVFV peak viremia. We compared the gene expression
profiles of infected lambs at 2 and 4 days post-infection with those of uninfected lambs and
performed a genome-wide pathway analysis to identify biological processes that are affected
during an acute infection. We revealed gene expression signatures underlying the observed
histopathology phenotype, in addition to confirming the transcriptional responses to RVFV
previously identified by /n vitro experiments. Thus, this study improves our understanding of
the /n vivohost response to RVFV infection and uncovers new molecular features of RVFV

pathogenesis.
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Results

Selection of RVFV-infected ovine tissue samples for transcriptome analysis

Since sheep are the primary natural hosts of RVFV, and the liver and spleen are the two main
target organs of the virus, we selected liver and spleen samples from lambs with moderate to
high levels of viral RNA for host transcriptome analysis. For comparison, we selected samples from
uninfected lambs. All the tissue samples were obtained from an experiment with Texel-Swifter
lambs that were exposed to RVFV either via intravenous injection or via bites from infected
mosquitoes® (Fig. 1A; see also Materials and Methods for additional details). Samples from
group 1 belonged to lambs that were exposed to a low number of infected mosquitoes. These
lambs did not develop any signs of disease, nor did they show detectable levels of infectious virus
or viral RNA in the blood or the target organs (Fig. 1B, C). Group 1was thus considered the control
group. Samples from group 2 and group 3 belonged to lambs necropsied on days
2 and 4 post-infection, respectively, that presented with high levels of viral RNA (ranging between
107 and 10" copies/mL on average) and infectious virus (ranging between 10* and 10" median
tissue culture infectious doses [TCIDso]/mL on average) in the blood and the target organs
(Fig. 1B, C). Noteworthy, the RNA copy numbers and infectious titers were slightly higher in the
liver samples than in the spleen samples, without appreciable differences between lambs of

groups 2 and 3.

Histological examination confirmed the infection status

Upon histological examination of tissue sections of the liver, acute necrosis of hepatocytes and
an influx of neutrophils were observed in lambs from groups 2 and 3, clear indicators of acute
hepatitis. In contrast, no histological alterations were observed in the liver tissues of the control
lambs (group 1) (Fig. 1D). In line with the histological observations, immunohistochemistry
detection of RVFV antigen revealed foci of infected cells in the livers of lambs from groups
2 and 3. The majority of the infected cells corresponded to necrotic hepatocytes, and a minority
corresponded to endothelial cells. No virus-specific staining was observed in samples from

group 1 (Fig. 1E).

RVFV infection status determines characteristic gene expression profiles

To determine the genome-wide gene expression profile in response to RVFV infection in the liver
and spleen, total RNA from frozen tissue samples preserved in RNA/aterwas isolated and
subjected to poly(A)-enriched RNA-seqg-based host transcriptome analysis. The integrity of the
isolated RNA was confirmed by assessment of the RNA quality number (RQN) or the RNA integrity




128 | Chapter4

number (RIN)*, with RQN or RIN values >6 being found for the majority of the samples (see
Supplementary Table 1). At least 20 million high-quality reads (average Phred score >30) per
sample were obtained and mapped (ranging from 61.1% to 82.4% alignment) to the sheep
(Ovis aries) NCBI reference genome (Supplementary Fig. 1A-C). A summary of the next-generation
sequencing run and general statistics are provided in Supplementary Table 2. Initially, a total of
26,200 genes were detected across the different samples, of which 18,005 genes were retained
for analysis after applying a filter to keep only genes with counts of 3 or higher in at least 2 of the
samples. Of the input genes retained for the analysis, 83.8% were annotated in the reference

genome (Supplementary Fig. 1D).
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Figure 1. Selection of biologically relevant RVFV-infected samples. A Schematic representation of the
selected animal samples. Liver and spleen samples of lambs exposed to RVFV strain 35/74 were selected
from another study®*. Group 1 consists of uninfected (non-responsive) lambs necropsied at 8 days
post-exposure. Group 2 and group 3 consist of infected lambs necropsied at 2 and 4 days post-infection
(dpi), respectively (n = 4 samples per group). B, C Viral RNA copy numbers and infectious titers in the blood
(B) and target organs (C). Viral RNA was quantified by M-segment-specific RT-qPCR, and infectious titers
were determined by an endpoint dilution virus isolation assay**. In panel B, graphs show the means with
standard deviations (SD) at each time point. In panel C, dots represent individual replicates, and the
horizontal lines represent the means. Dashed lines indicate the limits of detection (50 RNA copies/mL for
RT-gPCR and 35.5 median tissue culture infectious doses [TCIDso]/mL for the virus isolation assay).
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D Hematoxylin and eosin (H&E) staining of liver tissue sections. Group 1 shows no histological alterations
in the liver, while groups 2 and 3 show acute hepatitis with necrosis of hepatocytes and an influx of
polymorphonuclear cells. Bars, 20 pm. (E) Immunohistochemical detection of RVFV antigen in liver tissue.
RVFV Gn glycoprotein (brown) was detected with antibody 4-D4%" in combination with HRP-conjugated
secondary antibodies. Bars, 200 ym. Inf., infected.

Separation mostly between liver and spleen samples was observed by both heat maps of the
Euclidean distances and principal component analysis when all the samples were analyzed
together (Supplementary Fig. 2A, B). As expected, this separation indicates that the gene
expression profiles depend first on the host tissue rather than the infection status. We next
performed similar analyses of each tissue separately. Heat maps of the Euclidean distances
between samples revealed groupings into three distinct clusters (Fig. 2A). This clustering was also
evident in the principal component analysis, where PC1 and PC2 represented 75% and 10% of the
variance in the liver samples and 49% and 30% of the variance in the spleen samples, respectively
(Fig. 2B). Notably, each cluster corresponded to either the uninfected lambs (group 1), the lambs
at 2 days post-infection (group 2), or the lambs at 4 days post-infection (group 3), indicating that

the infection status of the lamb determines a characteristic gene expression profile in each tissue.
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Figure 2. RVFV infection status determines characteristic gene expression profiles. A Heat maps of the
Euclidean distances between liver (left) and spleen (right) tissue samples. Based on the calculated distance,
each cell is color-coded in shades of a sequential gradient ranging from dark blue (close distance, implying
similarity) to light green (far distance, implying dissimilarity). B Principal component analyses of liver (left)
and spleen (right) tissue samples. Within each tissue type, samples cluster into three distinct well-defined
clusters corresponding to a particular infection status. Abbreviations: Inf., infected; dpi, days post-infection.

RVFV infection induces extensive changes in liver and spleen gene expression

To examine how the infection status influenced the host liver and spleen responses upon RVFV
infection, we performed pairwise differential gene expression analysis between the samples of
each tissue type. Genes with an absolute log, fold change of 1 and an adjusted pvalue <0.05
were considered significantly differentially expressed. In all of the paired comparisons, tens to
hundreds of genes were differentially expressed (down- or upregulated), confirming that RVFV
infection induced significant changes in the host liver and spleen transcriptomes (Fig. 3A, B). Lists
of all of the differentially expressed genes with their corresponding log. fold changes and

adjusted p values are provided in Supplementary Table 3.

RVFV infection leads to immune response activation and decreased tissue-specific
function

Within each tissue type, a fraction of differentially expressed genes were common to infected
samples (groups 2 and 3) compared to uninfected samples (group 1), as depicted by the genes
belonging to the intersection (overlap) of the corresponding gene lists (Fig. 3Cand
Supplementary Table 4). This commonality between the infected groups indicates that some
genes remain either down- or upregulated during the peak phase (day 2) and the start of virus
clearance (day 4) of an acute infection. Interestingly, when comparing samples between tissue
types but at the same time points, there was a substantial intersection of genes upregulated in
both the liver and the spleen. This intersection of upregulated genes in both tissues is mainly due
to genes involved in the host's immune response against viral infection. On the contrary, the
intersection of downregulated genes between both tissue types was minor, suggesting that

downregulated gene expression changes are tissue specific (Fig. 3D and Supplementary Table 4).

A selection of the top 50 most variably expressed genes in the liver and spleen not only separated
the different groups of samples based on infection status but also showed divergent patterns of
expression in specific subsets of genes (Supplementary Fig. 3). In both liver and spleen tissues,
the largest differences were observed between the uninfected (group 1) and the 2 days

post-infection (group 2) samples. Remarkably, some of the most variably expressed genes
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showing the largest divergences in expression patterns belonged to a set of 21 genes that were
upregulated in the liver and spleen across all the infected samples (2 and 4 days post-infection)
(Fig. 4A-C). Most of these genes, including /SG75, ISG20, IFIT3, IFI6, USP18, XAFT, BST-2A, BST-2B,
CCLZ, DRAMT, FOLR3, IL18BP, and LGALS3BPF, are involved in the immune response of the host

against viral infection, mainly via IFN-mediated signaling pathways. The remaining genes are

involved in, among others, nucleosome assembly, apoptosis, and collagen biosynthesis.
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Figure 3. RVFV-induced changes in liver and spleen gene expression. A, B Volcano plots of differential gene
expression analysis in liver (A) and spleen (B) tissues. Uninfected (group 1) and infected (groups 2 and 3)
samples were compared pairwise. Dots represent individual genes. Genes with an absolute logs fold change
of 1 and a Wald test pvalue (adjusted by the Benjamini-Hochberg method) <0.05 were considered
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significantly differentially expressed (DE). The vertical and horizontal dashed lines indicate the loga fold
changes and adjusted p value thresholds, respectively. The numbers of significantly downregulated (blue)
and upregulated (red) genes are indicated at the top corners of each plot. C, D Euler diagrams representing
the numbers of shared (intersection) and unique downregulated (blue) and upregulated (red) genes
between infected groups 2 and 3 (compared to control group 1). Comparisons of time points for the same
tissue type (C) and comparisons of tissues at the same time point (D) are shown. Abbreviation: dpi, days
post-infection.

As initially noticed in the Euler diagram (Fig. 3D), the majority of the downregulated genes in
RVFV-infected samples compared to uninfected samples are not common between the liver and
spleen. The biological processes in which these genes are involved depend on the specific
functions of these organs (Fig. 5A-C). The majority of the genes downregulated in the liver upon
RVFV infection code for transporters (ABCA70, AQP8, RHBG, and genes encoding proteins of
the SLC solute carrier family) and hepatic enzymes. These hepatic enzymes are involved in diverse
metabolic processes, including the metabolism of lipids (ALDHTAT, CYP2ET, FADST, NOTUM, and
SCD), steroid hormones (CYP7AT CYPS8BT, DHCR7, HSD17B2, and TM7SF2), amino acids (CSAD,
GAMT, GCAT, and GLYAT), vitamins (FMOT7 and PDXP), carbohydrates (PFKB7 and TKFC), and
xenobiotics (AOXT, CYPIAZ, and GSTAY) (Fig. 5A). Genes downregulated in the spleen after RVFV
infection were mostly those encoding structural proteins (ACTG2, MYOM], TNXB, and TCHH),
enzymes (ATP2AT ALDHILZ, and ULK2), and proteins with ligand binding activity
(HMCNZ, LGALST2, and PAMRY) (Fig. 5B). In both the liver and spleen tissues, the downregulation
trend of the underexpressed genes was maintained during both phases of the infection

(2 and 4 days post-infection).

Host immune responses and metabolic pathways are markedly influenced by RVFV
infection

Besides inspecting the profiles of individual differentially expressed genes, we also performed a
functional analysis of gene sets of interest based on the Gene Ontology (GO) database.
Over-representation analysis (ORA) determines if known biological processes or molecular
functions are significantly over-represented in a particular list of differentially expressed genes®,
while gene set enrichment analysis (GSEA) determines if an a priori-defined set of genes shows
significantly coordinated differences (i.e., detection of small but consistent changes in the same

direction)®”.
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Figure 4. Commonly upregulated genes in the liver and spleen during peak RVFV infection. A, B Heat maps
of a set of 21 genes commonly upregulated after RVFV infection in liver (A) and spleen (B) tissues. Samples

were clustered based on their infection status, as indicated on top of the heat maps. Genes were clustered

into categories based on their molecular function or biological process, as indicated at the left of the heat

maps. To represent the magnitude of the log, fold change of each gene compared to the mean gene

expression level, cells are color-coded in shades of a gradient ranging from dark blue (low) to dark red

(high). C Expression profiles of 12 selected genes commonly upregulated in RVFV-infected (Inf.) samples at

2 days post-infection (dpi) (group 2) and 4 days post-infection (group 3) compared to uninfected (Uninf.)
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samples (group 1). Dots represent individual normalized gene counts (on a logyo scale), and the shaded area
shows the distribution of the samples within each group. Abbreviations: VST, variance-stabilizing
transformation; C, nucleosome assembly; D, cytokine receptor; E, apoptosis; Others, a chaperone and genes
involved in metabolic processes such as collagen biosynthesis.

Specifically for the liver, in terms of biological processes, ORA and GSEA showed significant
enrichment for GO terms related to the immune response, positive regulation of signaling,
regulation of programmed cell death, and the metabolism of diverse molecules (e.g., lipids,
organic acids, and nucleobase-containing molecules) at the peak of the infection (2 days
post-infection). Molecular functions associated with these processes included cytokine activity,
cytokine receptor binding, binding to other ligands (e.g., iron and vitamins), and enzymatic activity
(e.g., oxidoreductase and hydrolase) (Fig. 6A, B and Supplementary Table 5). ORA and GSEA
revealed very similar results for the 4 days post-infection time point (Supplementary Fig. 4A, B
and Supplementary Table 5). Ridge plots in Fig. 6B depict that gene sets involved in the immune
response were upregulated (positive normalized enrichment score), whereas gene sets involved

in metabolic processes were downregulated (negative normalized enrichment score).

Similar to the liver, ORA and GSEA of the spleen data at the level of biological processes identified
significant positive enrichment for GO terms involved in the immune response, regulation of the
response to stress, regulation of programmed cell death, cytokine production, and the response
to cytokines at 2 days post-infection. Regarding molecular functions, GO terms significantly
enriched included cytokine activity, chemokine activity, signaling receptor binding, binding to
other ligands (e.g., lipids and carbohydrates), and structural molecule activity (Fig. 7A, B and
Supplementary Table 5). Furthermore, GSEA identified GO terms related to the upregulation of
apoptotic signaling, protein heterodimerization activity, translation regulator activity, and the
downregulation of ion transmembrane transporter activity specifically at the 4 days post-infection

time point (Supplementary Fig. 5 and Supplementary Table 5).

Additionally, ORA based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
corroborated the host's most influenced pathways upon RVFV infection. Pathways related to the
metabolism of diverse molecules (e.g., xenobiotics, fatty acids, retinol, and arachidonic acid),
peroxisome proliferator-activated receptor (PPAR) signaling, and the biosynthesis of steroid
hormones and cofactors were identified in the liver samples (Supplementary Fig. 6A and
Supplementary Table 5). Pathways involved in viral infection, cytokine receptor interaction, NF-«B
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signaling, NOD-like receptor signaling, protein digestion, and apoptosis were identified in the

spleen samples (Supplementary Fig. 6B and Supplementary Table 5).
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Figure 5. Downregulated genes in the liver and spleen during peak RVFV infection. A, B Heat maps of sets
of genes significantly downregulated after RVFV infection in liver (A) and spleen (B) tissues. Samples were

clustered based on their infection status, as indicated on top of the heat maps. Genes were clustered into

categories based on their molecular function or biological process, as indicated at the left of the heat maps.

To represent the magnitude of the log; fold change of each gene compared to the mean gene expression

level, cells are color-coded in shades of a gradient ranging from dark blue (low) to dark red (high).
C Expression profiles of 6 selected genes significantly downregulated in RVFV-infected (Inf.) liver or spleen
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samples at 2 days post-infection (dpi) (group 2) and 4 days post-infection (group 3) compared to uninfected
(Uninf.) samples (group 1). Dots represent individual normalized gene counts (on a logio scale), and the
shaded area shows the distribution of the samples within each group. Abbreviations: VST,
variance-stabilizing transformation; met., metabolism; CHO, carbohydrate metabolism; TF, transcription
factor; IR, immune response; Struc., structural; Others, genes involved in folate metabolism, carotenoid
metabolism, purine metabolism, signaling receptor activity, cell growth, hemostasis, and senescence.
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Figure 6. Top significantly enriched pathways altered in the liver in response to RVFV infection (2 days
post-infection). A Gene Ontology (GO) biological process (left) and molecular function (right)
over-representation analysis of genes differentially expressed in RVFV-infected liver tissue. The dot size
represents the number of enriched genes associated with each GO term. Dots are color-coded according
to their pvalues (adjusted by the Benjamini-Hochberg method). B GO biological process (left) and
molecular function (right) gene set enrichment analysis in RVFV-infected liver tissue. Gene sets with positive
normalized enrichment scores are upregulated, whereas gene sets with negative normalized enrichment
scores are downregulated. Ridges are color-coded according to their pvalues (adjusted by the
Benjamini-Hochberg method). The cutoff for significance for all the analyses was set to an adjusted p value
<0.05. The top significantly enriched pathways altered in the liver in response to RVFV infection at 4 days
post-infection are presented in Supplementary Fig. 4.
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Figure 7. Top significantly enriched pathways altered in the spleen in response to RVFV infection (2 days
post-infection). A Gene Ontology (GO) biological process (left) and molecular function (right)
over-representation analysis of genes differentially expressed in RVFV-infected spleen tissue. The dot size
represents the number of enriched genes associated with each GO term. Dots are color-coded according
to their pvalues (adjusted by the Benjamini-Hochberg method). B GO biological process (left) and
molecular function (right) gene set enrichment analysis in RVFV-infected spleen tissues. Gene sets with
positive normalized enrichment scores are upregulated, whereas gene sets with negative normalized
enrichment scores are downregulated. Ridges are color-coded according to their p values (adjusted by the
Benjamini-Hochberg method). The cutoff for significance in all the analyses was set to an adjusted p value
<0.05. The top significantly enriched gene sets altered in the spleen in response to RVFV infection at 4 days
post-infection are presented in Supplementary Fig. 5.

Levels of the host factor LRP7 correlate with RVFV tissue tropism

Recently, a genome-wide CRISPR screen identified low-density lipoprotein receptor-related
protein 1 (LRP1) as a receptor for RVFV entry into host cells*®. We took advantage of our in-depth
RNA-seq analysis to investigate LRP7 expression. We observed that the levels of LRP7 expression
in lambs clearly differed between organs but were not affected by the infection status. LRP7was
more abundantly expressed in the liver than in the spleen (Fig. 8A). Such high basal expression
levels of the entry factor LRP7in the liver correlated with the preference of RVFV for targeting this
organ (Fig. 8B).
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Figure 8. LRP7 expression correlates with RVFV tissue tropism. A Expression profile of LRP7in the liver and
spleen of lambs with different infection statuses. Dots represent individual normalized gene counts (on a
logio scale), and the shaded area shows the distribution of the samples within each group. B Schematic
representation of RVFV tissue tropism. The elevated basal levels of LRP7in the liver correlated with the
preference of RVFV for targeting this organ. Abbreviations: Inf,, infected; dpi, days post-infection.

Discussion

The acute onset of clinical signs and rapid progression to severe disease are features of RVFV
infection®. Experimental infections in rodents, ferrets, ruminants, and non-human primates have

advanced our understanding of RVFV pathogenesis?>44

. However, our knowledge of the
underlying mechanisms is still rudimentary. Previous RNA-seq studies of /n vitro infections and
infections of non-target animals have unveiled important genes and pathways that are affected
during RVFV infection®3, Nevertheless, RNA-seq studies with primary target animals and tissues
have not yet been performed. Here, we examined the /n vivo genome-wide transcriptional
responses in target organs (liver and spleen) of RVFV-infected lambs. This work provides a broad
view of the host factors affected by RVFV to better understand the molecular basis of RVFV

pathogenesis.

Our study harnessed preserved tissue samples from a previous animal trial in which lambs were
exposed to RVFV?. Since this trial was not initially designed with the aim of performing a
subsequent time course transcriptomic analysis, our study carries two inherent limitations. First,
we did not have a conventional negative control group of uninfected lambs. To overcome this,
we selected a specific set of samples from a group of lambs that were in theory exposed to the
virus (through low-level exposure to mosquitoes) but that did not develop any signs of clinical
disease and from which we could not detect infectious virus or viral RNA copies in the blood or

the organs. In essence, these lambs had the same characteristics as those of lambs that have not
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been exposed to the virus. Arguably, these samples also represent a good control for the potential

effects of mosquito bites.

As a second limitation, lambs from the two RVFV-infected groups were exposed to the virus via
different routes. Lambs from group 2 were infected via intravenous injection, while lambs from
group 3 were infected via the bites of infected mosquitoes. While it can be argued that different
routes of infection may lead to distinct infection outcomes, we previously observed that RVFV
infection of lambs via intravenous injection or mosquito bites leads to highly similar levels of
infectious virus in the blood, comparable histopathological changes, and the same clinical
outcomes®. We are thus confident that these two above-mentioned limitations do not call into

question the validity of our reported observations.

Previous studies by others on the host transcriptomic responses following RVFV infection reported
the induction of defense responses®>3. Here, we confirmed that upon infection, RVFV induced a
strong activation of innate immune and inflammatory responses in both the liver and spleen
tissues of lambs, principally through the sharp upregulation of IFN-induced antiviral host
restriction factors and cytokine-mediated signaling pathways. The immune and inflammatory
activation explains the typical high fever steadily observed through the critical 2- to
4-day-post-infection phase, reflecting the quick and sustained counteraction of the host for

clearing the virus.

Among the top upregulated genes, /SG20 and /SG75 are of special interest. Indeed,
an in vitro IFN-stimulated gene (ISG) expression screening identified potent antibunyaviral effects
of ISG20 against a diverse panel of members of the Peribunyaviridae, Hantaviridae, and
Nairoviridae families  through its RNase activity”. However, several members of
the Phenuiviridae family (including RVFV) were described to resist the effects of ISG20%. We
observed a significant upregulation of /SG20in infected tissues. This could mean either that RVFV
may be susceptible to /SG20-mediated inhibition /n vivo or that despite the high levels of /SG20,
RVFV is indeed resistant to its antiviral effects (e.g., due to delayed kinetics of /SG20
induction). /SG75 has also been shown to exert antiviral activity against a wide range of viruses*“,
including  the  bunyavirus  Crimean-Congo  hemorrhagic ~ fever  virus  (CCHFV)

(family Nairoviridae)*. The over-expression of /SG75during RVFV infection likely reflects its

antiviral role.
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Several other top upregulated genes in both RVFV-infected liver and spleen tissues have also
previously been implicated as key factors in the host antiviral response. For instance, /F/73 has
been associated with the inhibition of adenovirus®, rabies virus®?, Japanese encephalitis virus,
herpesviruses®®, and even RVFV?'. /f/6was reported to block flavivirus replication®,
and USP18 was reported to counteract infection by Sendai virus and encephalomyocarditis virus®.
Similar broad antiviral activities have been described for X4F7® and LGALS3BP. It is conceivable
to think that the upregulation of these genes upon RVFV infection is the result of host cellular
responses trying to limit viral replication. Thus, our results validate the role of commonly
characterized antiviral host factors and expand the range of viruses against which they are known

to exert restrictive activity.

The liver is the main target organ of RVFV, and infection generally leads to severe cellular damage
that progresses to hepatic necrosis, often followed by inflammation with an infiltration of
neutrophils™3°. Despite this tropism for the liver, we observed that only a small fraction of the
tissue (approximately 10 to 20%) was infected in our samples. Most likely, RVFV-infected
hepatocytes signal the viral threat to uninfected neighboring cells, inducing a strong antiviral state
that counteracts the infection but compromises liver homeostasis for several days. Dozens of
genes coding for enzymes involved in the metabolism of lipids, carbohydrates, proteins, nucleic
acids, vitamins, and xenobiotics were markedly downregulated during peak viremia. In animals
that recover from the infection, the generalized antiviral state, including transcriptional changes
from uninfected neighboring cells, could explain the fast clearance of the virus. Once the levels

of the virus decline, unaffected hepatocytes rapidly restore normal liver function.

The downregulation of oxidoreductases, hydrolases, transferases, and transporters, and overall
liver failure are clear consequences of the observed tissue necrosis. Such a downregulation of
hepatic enzymes responsible for essential metabolic processes possibly explains, for example, the
icterus sometimes observed in RVFV-infected animals. Similarly, hemorrhage and coagulation
disorders are likely to appear secondary to liver dysfunction due to the damaged liver's incapacity

to synthesize proteins crucial for blood homeostasis.

Interestingly, previous /n vitro RNA-seq studies investigating the mammalian host response upon
RVFV infection did not decidedly identify the downregulation of many important metabolic
enzymes®'®. This apparent discrepancy is most probably explained by the fact that those studies
employed small airway epithelial cells and embryonic kidney cells instead of more biologically

relevant cells. One additional difference relates to the expression levels of genes involved in ion
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transport. Two solute carriers (SLC24A2and SLCTA3) were reported to be among the top
upregulated genes upon RVFV infection®', whereas we consistently found that several transporters
from the same family (e.q., SLC7A9, SLC22AT, and SLC22A9) were significantly downregulated.

The spleen is a secondary target organ of RVFV. Necrosis of the spleen has been described as a
common characteristic in naturally infected young lambs, often noticeable in both the red and
white pulp®™. Although less evident than in the liver, the downregulation of genes coding for
cellular structural proteins and genes involved in metabolic processes also denotes that the
function of the spleen was seriously compromised as a consequence of RVFV infection.
Importantly, it might be that the transcriptomic changes observed in the spleen are a combination

of direct effects on infected splenocytes and affected immune cells that trafficked to the spleen.

LRP1, a newly identified host entry factor for RVFV®, is ubiquitously expressed in numerous human
tissues, but its expression levels are higher in the liver, placenta, brain, adipose tissue, and
fibroblasts (data available from https://www.proteinatlas.org/ENSG00000123384-LRP1)*®. High
expression levels of the LRP1 protein in these tissues can be associated with its natural function
as a key molecule in intracellular lipoprotein metabolism (e.g., central cholesterol metabolism in
the liver and progesterone biosynthesis in the placenta). In line with the human tissue-specific
gene expression data, we found that the levels of LRP7 expression in lambs were much higher in
the liver than in the spleen. The high basal expression level of LRP7in the liver possibly explains,
at least partially, the marked tropism of RVFV for human and ovine hepatocytes. RVFV also
displays preferential tropism for placental cells in pregnant ewes®, which normally leads to
abortion storms during outbreaks™. Whether there also is elevated basal LRP7expression in the
sheep placenta and whether this favors placental infection remain to be investigated.
Confirmation of a good correlation between LRP7gene expression and its protein levels in lambs

awaits further investigation as well.

In summary, the transcriptomic analysis of RVFV-infected liver and spleen tissues of lambs
presented here revealed the most important genes and pathways that mediate the strong innate
immune response upon infection and the drastic decrease in tissue-specific function. Our results
validated that IFN-mediated signaling pathways are key regulators of RVFV infection. Moreover,
we uncovered the severely damaged liver metabolic function underlying the acute hepatitis and
necrosis induced by RVFV. In addition, we highlighted the elevated basal expression level
of LRPTin liver cells as a potential factor influencing RVFV tissue tropism. Altogether, the results

of this study shed light on the extensive perturbance of the /n vivohost transcriptome during
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critical phases of RVFV infection and provide new insights to better comprehend RVFV
pathogenesis at the molecular level. Future studies could expand the current knowledge by
concomitantly quantifying host and viral gene expression in individual cells. Transcriptomic
profiling at single-cell resolution would make it possible to discriminate the innate immune
responses of RVFV-infected cells from those of uninfected neighboring cells, ultimately improving
our understanding of the molecular mechanisms employed by RVFV to overcome the host

response.

Materials and methods

Tissue samples

Liver and spleen samples were selected from another study aimed at comparing RVFV infection in
Texel-Swifter lambs after low-exposure (3 mosquitoes) and high-exposure (28 to 31 mosquitoes)
challenges®. Mosquitoes used for the challenge were initially fed on lambs 2 days after the intravenous
injection of 10° median tissue culture infectious doses (TCIDso) of RVFV strain 35/74%. For the purpose of
the present study, 4 samples per group were selected from (i) non-responsive lambs (that did not develop
viremia or disease) necropsied 8 days after low-level mosquito exposure (group 1), (ii) lambs presenting
with high viremia necropsied 2 days after intravenous injection (group 2), and (iii) lambs presenting with
high viremia necropsied 4 days after high-level mosquito exposure (group 3). A summary of the different
groups is presented in Table 1. The group numbers and descriptions presented in Table 1 belong exclusively
to the present study, but to enable traceability, the original identification numbers of the selected samples
are included. Within each group, samples were selected based on similar profiles of infectious titers and
viral RNA copy numbers in the blood, liver, and spleen. The infectious titers and viral RNA copy numbers
were determined by an endpoint dilution virus isolation assay and M-segment-specific quantitative reverse
transcription PCR (RT-gPCR), respectively, as described previously®. Liver and spleen samples were

long-term preserved in RNA/ater (Invitrogen) at < —65°C.

Histology and immunohistochemistry

Tissue samples were fixed in 10% neutral buffered formalin for 48 h and processed routinely into paraffin
blocks. Sections were cut on silane-coated glass slides and dried in a 37°C incubator for at least 48 h. After
deparaffinization in xylene and rehydration in a series of graded alcohols, sections were stained routinely
with hematoxylin and eosin (H&E) or immunostained for RVFV antigen. For immunostaining, heat-induced
epitope retrieval was applied by autoclaving the sections for 15 min at 121°C in citrate buffer (pH 6) (Vector
Laboratories). Monoclonal antibody 4-D4%, directed against the Gn glycoprotein, was used as the primary
antibody. Goat polyclonal anti-mouse horseradish peroxidase (HRP)-conjugated IgG (Invitrogen) was used

as the secondary antibody, with diaminobenzidine (DAB*) (Dako, Agilent) as the substrate. Sections were
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counterstained with Mayer’s hematoxylin and mounted permanently. Images were taken with an Olympus

BX51 microscope equipped with a high-resolution digital camera.

Table 1. Description, route of exposure, identification number, sex, and age of the lambs from a previous

animal study? selected for transcriptomic analysis.

Group Description? Route of exposure Animal ID  Sex Age (at challenge) (wks)
276 Female
Mosquito bite 277 Male
1 Uninfected 10 weeks
(low exposure) 278 Female
279 Female
271 Female
) o 272 Female
2 Infected 2 dpi Intravenous injection 10 weeks
273 Male
274 Female
4618 Male
~ Mosquito bite 4619 Female
3 Infected 4 dpi 10 weeks
(high exposure) 4624 Male
4642 Female

“See reference 34.

dpi, days post-infection.

RNA isolation

Following thawing, liver and spleen tissue fragments of approximately 80 to 260 mg were washed once in
500 pL of Dulbecco’s phosphate-buffered saline (DPBS) (Gibco) to remove excess RNA/ater and then placed
into Lysing Matrix D tubes (MP Biomedicals) with 1mL of TRIzol (Invitrogen). Tissue fragments were
homogenized with at least 2 cycles in a FastPrep-24 homogenizer (MP Biomedicals) at 6 m/s for 50 s each
cycle until complete homogenization was achieved. When required, to improve the homogenization of
complex samples, 2 glass beads per tube were added. Homogenates were centrifuged at 20,800 relative
centrifugal force (rcf) (Eppendorf 5417R) for 40 min at 4°C, and the cleared supernatants were kept. Total
RNA extractions of 350 pL of lysed samples were performed with the Direct-zol RNA MiniPrep kit (Zymo
Research), according to the manufacturer's instructions, with an additional centrifugation step after the
addition of RNA wash buffer. Lysed preparations were treated with 30 U of DNase | for 15 min. Total RNA
was eventually eluted in 30 uL of DNase/RNase-free water. The RNA concentration and purity were
measured on a NanoDrop One instrument (Thermo Fisher Scientific), and samples were stored at < -65°C

until further use.
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RNA-seq

Isolated RNA was sent for next-generation sequencing to GenomeScan B.V. (Leiden, The Netherlands). The
RNA integrity was determined using a Fragment Analyzer system (Agilent) or a 2100 Bioanalyzer (Agilent).
Samples were prepared using the NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina (catalog
number E7760S/L; New England BioLabs [NEB]) according to the instructions of the manufacturer. Briefly,
host poly(A) mRNA was isolated from total RNA using oligo(dT) magnetic beads. After the fragmentation
of the mRNA, cDNA was synthesized, sequencing adapters were ligated, and the fragments were PCR
amplified. The quality and vyield of the sequencing library were determined using a Fragment Analyzer
(Agilent). The resulting products had a size distribution with a broad peak between 300 and 500 bp.
Clustering and sequencing of 1.1nM DNA samples were performed using an lllumina NovaSeq 6000
instrument with NovaSeq control software NCS version 1.7, according to the instructions of the

manufacturer. The sequence length of the short reads ranged between 151 and 159 bp.

RNA-seq data preprocessing

Raw sequencing reads were processed according to the nf-core/RNA-seq pipeline® version 3.4
(https://doi.org/10.5281/zenodo.1400710). Quality control was performed with FastQC® version 0.11.9 and
MultiQC® version 1.10.1. Based on the high mean sequence quality (average Phred score >30) (see
Supplementary Fig. 1), only soft trimming was required. Adapter sequences were removed with Cutadapt®®
version 3.4. Trimmed reads had an average length ranging between 131 and 150 bp. Reads were
deduplicated based on unique molecular identifiers (UMIs) using UMI-tools® version 1.1.2. Unique reads
were aligned to the sheep (Ovis ariesy NCBI reference genome version 4.0 (Oar_v4.0)
(https://www.ncbi.nlm.nih.gov/assembly/GCF_000298735.2/) with HISAT2%" version 2.2.0 and quantified
using featureCounts® (within the Rsubread package version 2.4.3). Unannotated genes were automatically
assigned a LOC prefix gene identification nomenclature designation based on genomic position. However,
the corresponding gene name, when available, was manually assigned for the plots presented in
Figs. 4A-C, 5A-C.

Transcriptome analysis

The data set was filtered to remove low-count genes (at least 2 samples should have counts of 3 or higher
for a gene to be kept). Pairwise differential gene expression analysis was performed with DESeq2® version
1.38.3 in R™ version 4.2.2, using an absolute logs fold change threshold of 1 and an alpha value of 0.05.
DESeq2 models the count data with a negative binomial distribution using a generalized linear model. Wald
test pvalues <0.05 (adjusted with the Benjamini-Hochberg method) were considered significant. For the
initial exploration of the data, Euclidean distances between samples were calculated, and principal
component analysis was conducted after applying a variance-stabilizing transformation to the data. For
visualization and ranking purposes, the log fold change was shrunken using the adaptive shrinkage
estimator from the ashrpackage’ version 2.2-54. Heat maps were created with the R package

pheatmap version 1.0.12  (https://CRAN.R-project.org/package=pheatmap) or ComplexHeatmap’
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version 2.14.0. Euler diagrams were plotted with eulerr’® version 6.1.1. Volcano plots were generated

using £nhancedVolcano™ version 1.16.0.

Functional ORA and GSEA were performed with c/usterProfiler’>® version 4.6.0, based on the GO and KEGG
databases. When required, the clusterProfiler function simp/ifywas used to reduce the redundancy of
enriched GO terms. pvalues <0.05 (adjusted by the Benjamini-Hochberg method) of a one-sided version
of Fisher's exact test were considered significant for ORA. pvalues <0.05 (adjusted by the

Benjamini-Hochberg method) of a permutation test were considered significant for GSEA.

Data analysis and visualization

Prism 9 (GraphPad Software) was used to generate graphs of infectious titer and viral RNA copy number
data. Transcriptomic data were analyzed and plotted in R™ version 4.2.2, using the above-mentioned
R packages. Statistical tests differed per analysis and are indicated in the description of each analysis and

the corresponding figure legends. p values 20.05 were considered not significant.
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Supplementary Figure 1. RNA-seq raw data quality control and pre-processing. A Mean quality (Phred)
scores across each position in the raw reads. B Histogram of per sequence quality (Phred) scores for the
raw reads. Raw data quality control was performed with FastQC". Individual lines represent the scores for
each of the 48 raw reads. Dashed lines divide the plotting area into three regions according to the quality
scores. Red indicates low quality (Phred score < 20), yellow indicates middle quality (20 < Phred score < 28)
and green indicates high quality (Phred score > 28). C Alignment of unique reads to the sheep (Ovis aries)
NCBI reference genome using HISAT22. Single mate alignment counts were halved to tally with pair counts
properly. D Fraction of input genes for analysis annotated in the reference genome.
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Supplementary Figure 2. Distinct tissue-specific gene expression profiles. A Heat map of euclidean distances
between all the liver and spleen tissue samples. Based on the calculated distance, each cell is color-coded
in shades of a sequential gradient ranging from dark blue (close distance, implying similarity) to light green
(far distance, implying dissimilarity). B Principal component analysis of all the liver and spleen tissue samples.
The sharp separation of the samples into two well-defined clusters indicates that gene expression profiles
clearly differ between tissue types. Abbreviations: Inf., infected; dpi, days post-infection.
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Supplementary Figure 3. Top variable genes differentially expressed upon RVFV infection. A, B Heat maps
of the top 50 most variably expressed genes after RVFV infection in liver (A) and spleen (B) tissues. Based
on the gene expression patterns of the most variably expressed genes, samples were hierarchically clustered
into three groups. To represent the magnitude of the log: fold change of each gene compared to the mean

gene expression, cells are color-coded in shades of a gradient ranging from dark blue (low) to dark red
(high). Abbreviation: dpi, days post-infection.
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Supplementary Figure 4. Top significantly enriched pathways altered in the liver in response to RVFV
infection (4 days post-infection). A Gene ontology (GO) biological process (left) and molecular function
(right) over-representation analysis of genes differentially expressed in RVFV-infected liver tissue. Dot size

represents the number of enriched genes associated to each GO term. Dots are color-coded according to
their adjusted p value (Benjamini-Hochberg method). B GO biological process (left) and molecular function
(right) gene set enrichment analysis in RVFV-infected liver tissue. Gene sets with positive normalized
enrichment scores are upregulated, whereas gene sets with negative normalized enrichment scores are
downregulated. Ridges are color-coded according to their adjusted p value (Benjamini-Hochberg method).
Cut-off for significance in all the analyses was set to a p adjusted value < 0.05.
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Supplementary Figure 5. Top significantly enriched gene sets altered in the spleen in response to RVFV
infection (4 days post-infection). Gene ontology (GO) biological process (left) and molecular function (right)
gene set enrichment analysis in RVFV-infected spleen tissue. Gene sets with positive normalized enrichment
scores are upregulated, whereas gene sets with negative normalized enrichment scores are downregulated.
Ridges are color-coded according to their adjusted pvalue (Benjamini-Hochberg method). Cut-off for

significance in all the analyses was set to a p adjusted value < 0.05.
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Supplementary Figure 6. Top significantly enriched KEGG pathways altered in the liver and spleen in
response to RVFV infection. A, B Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
over-representation analysis of genes differentially expressed in RVFV-infected liver (A) and spleen (B)
tissues at 2 (left) and 4 (right) days post-infection. Dot size represents the number of enriched genes
associated to each KEGG pathway. Dots are color-coded according to their adjusted pvalue
(Benjamini-Hochberg method). Cut-off for significance in all the analyses was set to a p adjusted

value < 0.05. Abbreviation: dpi, days post-infection.
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Supplementary Table 1. Quality of isolated RNA used for next-generation sequencing.

Group Sample ID RNA quality number (RQN)*

1- Liver 7.1

1- Spleen 6.4

2 - Liver 6.3
Group #1 2 - Spleen 6.2 (RIN)

3 - Liver 6.1

3 - Spleen 7.2

4 - Liver 4.1 (RIN)

4 - Spleen 6.3 (RIN)

1- Liver 5.2 (RIN)

1- Spleen 5.2

2 - Liver 6.8
Group #2 2 - Spleen 7.3

3 - Liver 6.3

3 - Spleen 7.3

4 - Liver 6.3

4 - Spleen 7.0

1- Liver 6.2

1- Spleen 7.2

2 - Liver 6.5
Group #3 2 - Spleen 7.5

3 - Liver 7.3

3 - Spleen 7.8

4 - Liver 6.6

4 - Spleen 7.1

* For some samples, the RNA integrity number (RIN) is reported instead of the RQN.
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Supplementary Table 2. Summary of the next-generation sequencing run.

Total reads (M) Average Phred score % Aligned

Group Sample ID
[FastQC] [FastQC] [HISAT2]
1- Liver 217 354 824
1- Spleen 24.6 351 77.6
2 - Liver 26.6 354 823
Group # 2 - Spleen 233 353 80.4
3 - Liver 24.1 353 81.0
3 - Spleen 224 354 79.3
4 - Liver 20.9 353 79.3
4 - Spleen 25.7 355 78.2
1- Liver 28.6 35.2 79.0
1- Spleen 28.8 353 75.8
2 - Liver 20.0 353 80.6
2 - Spleen 21.8 353 757
Group #2
3 - Liver 279 353 80.7
3 - Spleen 20.5 352 743
4 - Liver 24.6 354 82.0
4 - Spleen 38.7 355 782
1- Liver 23.2 351 76.0
1- Spleen 24.1 341 61.1
2 - Liver 214 353 73.6
Group #3 2 - Spleen 25.2 355 76.7
3 - Liver 22.5 353 79.2
3 - Spleen 25.6 354 75.6
4 - Liver 26.7 353 80.8
4 - Spleen 25.8 351 72.8

In the column headings, the bioinformatic tool from which the information was extracted is specified within square
brackets.

Additional supplementary information files can be accessed online at:

https://doi.org/10.1128/jvi.00415-23

Supplementary Table 3

Supplementary Table 4

Supplementary Table 5
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Abstract

Bunyaviruses have a genome divided over multiple segments and the available evidence implies
that these viruses package their genome through a random process. Both the segmentation of
the genome and the randomness of genome packaging may play a role in the biology of
bunyaviruses that goes beyond critical steps of the replication cycle and might influence the host'’s
response upon infection. Here, we applied single-cell RNA-sequencing technology to dig deeper
into complex virus-host interactions, using the three-segmented Rift Valley fever virus (RVFV) and
ovine hepatocytes as a biologically relevant /n vitro model of bunyavirus infection. Simultaneous
quantification of the transcriptome of RVFV-exposed hepatocytes and their intracellular viral RNA
showed that cells harboring a complete viral genome exhibit a starkly different transcriptome
profile than uninfected cells. The infected phenotype is characterized by an upregulation of genes
involved in the immune response and a downregulation of genes responsible for metabolic
homeostasis. Additionally, we revealed extreme cell-to-cell variability in terms of the ratios at
which the viral segments were present. This work characterizes the host's gene expression
signatures following infection with RVFV at a single-cell resolution and provides a foundation to
better understand the biological implications of replication and packaging of segmented

bunyaviruses.
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Introduction

Rift Valley fever virus (RVFV, family Phenuiviridae, order Bunyavirales)' is a mosquito-transmitted
pathogen whose outbreaks have so far been endemic to the African continent and the Arabian
peninsula®. Nonetheless, the transmission competence of RVFV arthropod vectors habiting in
higher latitudes has become a threat due to the potential emergence of the virus in non-endemic
territories®®. RVFV is capable of causing severe disease, which can be fatal in livestock and
humans’®. In target ruminant species (sheep, cattle) and humans, RVFV primarily replicates in the
liver, causing inflammation and multi-focal necrotic lesions®. Due to its potential to cause
epidemics and the unavailability of antivirals and vaccines to counteract the virus in the event of
an outbreak, RVFV has been included in the World Health Organization’s R&D Blueprint list of

prioritized pathogens®.

Like in most bunyaviruses, the genome of RVFV is divided over three single-stranded RNA
segments of negative polarity, termed S, M and L, according to their length. All three genome
segments are essential for a productive infection, as each segment encodes for viral proteins
required for viral genome replication and/or assembly of progeny virions". Notably, in previous
studies using single-molecule fluorescence in situ hybridization (smFISH), we found no evidence
of a selective process to ensure the incorporation of a complete set of genome segments into
individual virus particles. In fact, smFISH experiments revealed that the non-selective genome
packaging of RVFV results in large fractions of empty and incomplete virus particles (i.e., particles
lacking one or more genome segments) and only a minor fraction of complete three-segmented
virus particles™®. Generating virus particles with an incomplete set of genome segments might
represent a cost for virus fitness. However, we recently showed that incomplete particles can

complement each other and collectively contribute to RVFV infection and spread™.

While additional insights into other aspects of RVFV biology are also being discovered, including
identifying the host entry factor LRP7°, many intricacies of the virus remain unexplored.
Whole-genome transcriptomic studies have proven to be a powerful tool to unravel the complex
dynamics of host-virus interactions™. Recently, we profiled the transcriptome of ovine liver and
spleen tissue to determine the molecular basis underlying RVFV-induced pathogenesis"”. This
approach, particularly when performed at single-cell resolution, enables comparing gene
expression patterns between infected and uninfected cells. Furthermore, it can reveal the direct
and indirect effects of the infection and the potentially heterogeneous cellular responses often

hidden in bulk measurements'®?".
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In this study, we employ single-cell RNA-sequencing (scRNA-seq) technology to investigate the
transcriptomic response of ovine fetal liver cells during RVFV infection. In particular, we focus on
how the viral load influences the host's response. Taking RVFV as a model three-segmented
bunyavirus, this work expands our current knowledge on the bunyavirus-mammalian host
interface and primes the journey to disentangle the biological implications of the random genome

packaging of bunyaviruses on their life cycle.

Results

Single-cell transcriptomic profiling of ovine hepatocytes exposed to RVFV

We isolated and immortalized primary fetal ovine hepatocytes to study the host-virus interplay
during RVFV infection (Fig. 1A), since lambs are a natural host of RVFV and the liver is the primary
target organ of the virus. We confirmed that the immortalized cell clone, referred to as OHC-3,
was susceptible to infection upon detection of RVFV antigen (N protein) in an
immunohistochemical analysis of virus-exposed cells. The fraction of infected cells augmented
with increasing multiplicities of infection (MOls) and cytopathogenic effects became evident after

only one day post-infection at the highest MOI (Fig. 1B).

OHC-3 cells exposed to RVFV at an MOI of 0.25 for 24 h were subsequently subjected to
microfluidics-based partitioning and 5'-based RNA-seq to determine their genome-wide gene
expression profile in response to RVFV infection at a single-cell level. We were especially
interested in simultaneously quantifying the host's transcriptome and the expression of viral RNA.
In theory, bunyaviral RNAs cannot be quantified using standard RNA-seq protocols (based on
oligo-dT primers) because they lack a poly(A) tail. In an attempt to overcome this technical glitch,
we modified the 10x Genomics’ protocol by including different combinations of virus-specific
primers to selectively capture genomic and anti-genomic RVFV RNAs (Supplementary Tables 1, 2).
See the Methods section for details.

Four replicates ('S3' to 'S6’) derived from a single infected sample were sequenced. At least
130 million high-quality reads (Q-score > 30 in more than 90% of cell barcodes, RNA reads and
UMI bases) per replicate were obtained and mapped (ranging from 88.6% to 94.8%) to the sheep
(Ovis aries) and RVFV reference genomes. Mean reads per cell varied between samples from
28,612 up to 47,375, allowing to detect 2,722 to 4,492 median genes per cell. At least 20,000 genes
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were detected in each sample. A summary of the high-throughput single-cell sequencing runs

and pre-processed data is provided in Supplementary Table 3.
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Figure 1. Transcriptomic profiling of ovine hepatocytes exposed to RVFV at single-cell resolution.
A Schematic representation of the experimental approach. Primary hepatocytes were isolated from the liver
of an ovine fetus. Cells were immortalized, and clone OHC-3 was expanded to generate a cell line.
OHC-3 cells were exposed to RVFV for 24 h and were analyzed immunohistochemically and at a single-cell
level (RNA-seq). A mock-infected sample was taken along the procedure as a negative control.
B Immunohistochemical detection of RVFV antigen (N protein) in OHC-3 cells after infection at increasing
MOIs. RVFV N protein was detected (red) with a polyclonal serum from an N-immunized rabbit in
combination with HRP-conjugated secondary antibodies. C Number of cells per sequencing replicate
(S3 to S6). Each sequencing replicate was derived from a single pool of infected cells. D UMAP of the
integrated data set (14,411 cells in total).

A total of 14,411 cells derived from the sequencing replicates of the infected sample were retained
for analysis after applying a filter to remove cells with low (< 1,500 ) or high (= 6,000) number of
detected genes (Fig. 1C). The number of counts and genes detected per cell on each sample are
shown in Supplementary Fig. 1A. The high correlation coefficient between the number of counts
and genes detected is an expected measure of sequencing quality control (Supplementary
Fig. 1B).
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The rationale behind spiking-in different combinations of virus-specific primers was to validate
that only viral RNAs for which primers were added could be captured. Unexpectedly, genomic
and anti-genomic RVFV RNAs were detected in all the infected samples, including those in which
no virus-specific primers were added. No virus-specific sequences were detected in a
mock-infected sample that was taken along the procedure. Since spiking-in virus-specific primers
did not have a large positive effect on the number of viral counts detected, we integrated the
14,411 cells derived from the sequencing replicates into a single data set for further analysis. The
even distribution of the cells in a uniform manifold approximation and projection (UMAP) plot

showed no batch-effect on the clustering of cells (Fig. 1D).

RVFYV infection status dictates distinct gene expression profiles

A UMAP analysis of the integrated data set grouped the cells into three different clusters based
on their gene expression profiles. Clustering displayed a small fraction of cells (cluster 1) deviating
from the vast majority (cluster 0) and a minute group of cells (cluster 2) completely separated
from the others (Fig. 2). Plotting the expression of the S, M and L segments of RVFV on the UMAP
clearly revealed that cells harboring the viral segments belonged almost exclusively to cluster 1.
This indicates that infection with RVFV leads to two distinct gene expression profiles
corresponding to virus-infected (cluster 1) or uninfected (cluster 0) phenotypes (Supplementary
Fig. 2). It is very little what can be deducted for cells that make up cluster 2, as this cluster consists

only of a few cells, most of which are uninfected.

Viral load is a major factor influencing the gene expression landscape

To obtain a clearer picture of what is actually defining if a cell has an infected or uninfected
phenotype, we calculated an average viral load per cell. We defined average viral load as the
summation of the expression level of S, M and L segments divided by three. A UMAP featuring
the average viral load per cell sharply shows that cells with a high viral load almost exclusively
belong to cluster 1 (Fig. 3A). In other words, cells with an infected phenotype are characterized
by a high expression of viral segments. The expression levels of each viral segment per cluster are

presented in Fig. 3B, C.
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Figure 2. RVFV infection status dictates distinct gene expression profiles. UMAP based on gene expression
profiling grouped cells into three clusters (0, 1and 2). The vast majority of cells belong to cluster 0, a small

fraction of cells belong to cluster 1and a few cells comprise cluster 2.

The extent to which the viral load influences the gene expression landscape also becomes evident
upon examining the pairwise correlation between the expression of the viral segments
(S-M, S-L and M-L; Supplementary Fig. 3A). The correlation analysis showed that nearly all the
cells with high expression of the two pair of compared segments belong to cluster 1 and that null
or very low expression of both segments translates to cells belonging to cluster 0. In the case of
cells expressing only one of the two segments, cells are grouped into cluster 1 only if the
expression of that single segment is high. UMAPs featuring the pairwise viral segment expression

are shown in Supplementary Fig. 3B.

Extreme heterogeneity in the relative abundance of viral RNAs within infected cells

Using single-molecule fluorescence /n situ hybridization (smFISH), we previously showed that the
relative abundance of RVFV segments per individual cell may differ largely'®. To look into the
dynamics of RVFV replication using scRNA-seq, we analyzed the relative abundance of each viral
segment exclusively within SML-infected cells. Quantification of RVFV segments in infected ovine
hepatocytes revealed an extreme cell-to-cell heterogeneity independent of the viral load (Fig. 4A).
In general, the expression of viral segments appeared imbalanced towards higher abundances of
the M segment compared to the S and L segments (Fig. 4B, C). Connecting the expression of the
three viral segments per cell showed the extensive range of potential scenarios and the highly

variable viral replication outcomes in an infected cell population (Fig. 4D).
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Figure 3. Viral load is a major factor influencing the gene expression landscape. A UMAP featuring the
average viral load per cell. The average viral load was defined as the summation of the expression level of
S, M and L segments divided by three. The average viral load on individual cells is color-coded in shades
of a sequential gradient ranging from light grey (very low or no load) to dark red (high load). A high viral
load is associated with cells grouping in cluster 1 (infected phenotype). B, C RVFV S, M and L segments
expression levels per cell cluster. Expression levels are shown in counts (B) and normalized values (C). Dots

represent data for individual cells. n = 14,411 cells.




Single-cell RNA-seq upon RVFV infection | 169

Viral segment

Hs
Hw
.

Fraction
o
3

SML infected cells

Viral load

S L

E RVFV-5 RVFV-M RVFV-L &

M [
Viral segment Viral segment

Figure 4. Extreme cell-to-cell variability of viral RNA expression within infected ovine hepatocytes.
A Intracellular relative abundance of RVFV segments within individual SML-infected cells. Cells are sorted
by increasing viral load from left to right. B Relative abundance of each viral segment. The boxes indicate
the interquartile range (25% — 75" percentiles). The black lines represent the medians. C Distribution of the
number of viral counts per segment. Dots represent data for individual cells. D Connected scatterplot
depicting the extreme cell-to-cell heterogeneity in viral expression. Lines connect the S, M and L relative
abundances for each cell. n = 557 SML-infected cells.

RVFV induces substantial changes in gene expression of ovine hepatocytes

We performed differential gene expression analysis between the three distinct cell populations
(clusters 0, 1 and 2) to inspect how the infection status affected the gene expression landscape of
ovine hepatocytes upon exposure to RVFV. Genes with an absolute log, fold change of 0.5 and
an adjusted pvalue < 0.05 were considered significantly differentially expressed. Several
hundreds of genes were differentially expressed (down- or upregulated) between clusters,
corroborating that RVFV infection promoted considerable shifts in the expression landscape of
ovine hepatocytes. A summary of the top variably expressed genes per cell population is shown
in Fig. 5A. A list with all the differentially expressed genes, including their corresponding logz fold
changes and adjusted p values, is provided in Supplementary Table 4.
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Figure 5. RVFV induces substantial changes in gene expression of ovine hepatocytes. A Heat map of the
top differentially expressed genes per cluster after RVFV infection. Cells were clustered into distinct
subpopulations (0, 1 and 2) based on their gene expression profiles, as indicated at the top of the graph.
To represent the magnitude of the log; fold change in expression, cells are color-coded in a bidirectional
gradient departing from black (no change) to dark yellow (upregulated) or dark pink (downregulated).
B Selected list of genes significantly differentially expressed per cluster after RVFV infection. To represent
the magnitude of the average gene expression, dots are color-coded in shades of a gradient ranging from
dark blue (downregulation) to dark red (upregulation). The dot size represents the percentage of cells in
each cluster where the gene was detected.
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Hepatic immune responses and metabolism are drastically affected by RVFV
infection

We performed an additional differential gene expression analysis to focus on the differences
between the infected and uninfected phenotypes, only comparing cells from cluster 1 against cells
from cluster 0. More than 900 genes were found differentially expressed in this pairwise
comparison. Most of these genes were downregulated in cluster 1 compared to cluster 0
(Supplementary Table 5). F7H7 RPLP7and TMSB70 stood out among the downregulated genes,
typically being involved in iron homeostasis, protein synthesis and cytoskeleton organization,
respectively. On the other hand, RSADZ and /FITT (LOCI07702794) were among the few
upregulated genes. RSADZ and /FITT code for known interferon-inducible antiviral proteins
(Fig. 5B). Intriguingly, the transcriptome of the few cells belonging to cluster 2 is characterized by
a strong upregulation of ATF3, GADD45A and GADD45B; all three genes often induced by stress

signals associated with apoptosis/necroptosis (Fig. 5B).

We also employed the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases to functionally analyze the transcriptomic data. We aimed to detect whether
the genes most affected by RVFV infection were part of gene sets involved in particular host cell
pathways. A GO over-representation analysis at the level of biological processes highlighted a
significant enrichment for GO terms related to peptide metabolism, translation and electron
transport chain (Fig. 6A and Supplementary Table 6). The same analysis but looking at molecular
functions showed that differentially expressed genes serve as structural molecules and possess
translation regulator, protein folding and antioxidant activities (Fig. 6B and Supplementary
Table 7). Finally, over-representation analysis based on the KEGG database recapitulated the
involvement of differentially expressed genes in metabolic pathways (amino acid metabolism,
carbon metabolism, oxidative phosphorylation and glycolysis/gluconeogenesis), as well as in
pathological conditions such as in fatty liver disease (Supplementary Fig. 4 and Supplementary
Table 8).

Relationship between the host’s transcriptome and viral RNA segment diversity

Our main goal by simultaneously quantifying the host and viral RNA in individual cells was to
investigate how the type and abundance of viral segments (S, M, L or combinations thereof)
delivered by the infecting particle affect the host's response. Ideally, scRNA-seq would allow us
to precisely define the presence or absence of each viral segment in individual cells. However,
upon initial data exploration, we noticed that the assay offered us lower sensitivity than we hoped

for. Our interpretation of suboptimal sensitivity is based on the overall relatively low RVFV-specific
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counts per infected cell and prior knowledge on the biology of RVFV mostly gained through
smFISH studies. Due to above-mentioned suboptimal sensitivity, we attempted to interpret the

data presented below conservatively and invite the reader to consider our interpretations

cautiously.
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Figure 6. Top significantly enriched pathways altered in ovine hepatocytes in response to RVFV
infection. A, B Gene Ontology (GO) biological process (A) and molecular function (B) over-representation
analysis of genes differentially expressed in RVFV-infected ovine hepatocytes (24 h post-infection; pairwise
comparison between cluster 1 and cluster 0). The dot size represents the number of enriched genes
associated with each GO term. Dots are color-coded according to their p values (adjusted by the
Benjamini-Hochberg method). The cutoff for significance was set to a p adjusted value < 0.05.

To discriminate between truly infected cells in which active viral replication is taking place from
cells in which a viral segment was detected without clear evidence of its amplification, we
empirically set a threshold of > 3 viral segment counts for a cell to be considered positive for that
specific segment. We also applied a coarse categorization and classified the cells into three
groups: ‘uninfected’ (no viral RNAs), ‘inf_incomplete’ (one or two types of viral segments missing)
or 'inf_SML' (complete SML genome) to distinguish between the different cells harboring viral

segments (Fig. 7A, B).

Interestingly, a UMAP displaying each cell's infection status according to the three described
categories revealed that cluster 1 mainly consists of either productively infected cells (classified as
‘inf_SML") or cells harboring an incomplete genome (classified as ‘inf_incomplete’). A careful look
at the plot exposes that cells harboring an incomplete genome are distributed across the three
different clusters (0, 1and 2), but most of these cells belong to cluster 1 (Fig. 7C). The observation
that cells harboring an incomplete genome may exhibit a transcriptome similar to that of
SML-infected cells may seem like a notable revelation. However, considering the low sensitivity of

the method for detecting intracellular viral RNAs, it should be noted that cells classified as
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‘inf_incomplete’ could actually represent a subpopulation of productively infected cells at a very
early stage of infection. Not surprisingly, ‘uninfected’ cells were almost exclusively part of cluster 0.

The expression levels of each viral segment per cell category are presented in Fig. 7D.
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Figure 7. Relationship between the host's transcriptome and viral RNA segment diversity. A Gene
expression-based UMAP in which cells are classified as ‘uninfected’, 'inf_incomplete’, or ‘inf_SML" according
to the viral genome segments they harbor. Cluster 1 consists principally of ‘inf_SML" and ‘inf_incomplete’
cells, indicating that RVFV infection leads to a signature gene expression profile distinct from that of
uninfected cells. B Relative abundance of each cell category. C Relative abundance of each cell category
per cluster. D Distribution of viral S, M and L expression levels per cell category. An empirical threshold of
>3 counts was applied to determine if a cell was positive for the presence of a viral segment. This threshold

explains why some cells appear positive for a viral segment even when classified as ‘uninfected'.
n = 14,411 cells.
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In Supplementary Fig. 5, we present an alternative cell categorization simply to illustrate the type
of analysis we hoped to achieve. In this case, we aimed for a more precise categorization in which
cells were classified according to the number of different types of RVFV segments. Supplementary
Fig. 6 presents a classification in even greater detail, categorizing cells according to the presence
or absence of each RVFV segment. These classifications were intended to highlight if the presence
of a particular type of segment (S, M, L or combinations thereof) seems to drive a cell towards an
uninfected (cluster 0) or an infected (cluster 1) phenotype. As explained above, the relatively low
sensitivity of the method demanded us to be cautious in interpreting these results. However, we
believe that the insights gained in this study provide valuable input to continue investigating how

the type and abundance of viral segments might influence the host's response.

Discussion

An increasing number of studies are employing scRNA-seq technologies to investigate how the
host's transcriptome varies across individual cells upon viral infection (reviewed in>?). Studies
linking transcriptome changes in an infected cell with a specific trend in the viral transcriptome
add another layer of information to better understand the interplay between the host and the

virus (for example™192124-27)

. Specifically for segmented viruses, linking the viral expression to a
particular phenotype is highly desirable, as it allow us to examine on a single-cell basis the effect
(if any), of differential replication of the viral segments on the host's response. Bunyaviruses are
an excellent example to showcase the combined host-virus transcriptomic strategy, since they are
not only segmented, but also produce incomplete particles, meaning that some infected cells will
not receive a complete set of viral genome segments. Here, we explore the potential of
quantifying the host and viral transcriptome at single-cell resolution to investigate the effects of

RVFV genome replication on fetal ovine hepatocytes.

We found that the viral load, understood as the summation of the viral S, M and L segments
expression levels, is the main factor defining whether the phenotype of a cell harboring RVFV
genome segments is starkly different from that of an uninfected cell. In other words, high viral
loads result in an infected phenotype, whereas low viral loads result in an uninfected phenotype.
Cells harboring the three viral segments are the result of an infection with a complete virus particle
or a co-infection with incomplete particles that complement each other to reconstitute a complete
genome. Thus, these cells represent the scenario of a typical productive infection, and it is
reasonable that they contain a high viral load, which results in drastic host gene expression

changes.
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Most of the cells harboring only one type of viral segment had a low viral load and were often
not distinguishable phenotypically from uninfected cells. This can be explained by one of the
following reasons: (i) the cell was infected by an incomplete particle harboring only one viral
segment, or (ii) the cell was also infected with other genome segment types, but the levels of
these genome segments were below the detection limit. Cells with low viral load also may
represent a subpopulation of cells at an early stage of the infection. In any case, cells with low

viral load do not exhibit major changes in their transcriptome.

Apart from the new insights gained on how the viral load and diversity of viral segments affect
the host cell transcriptome, we observed extreme cell-to-cell variability in viral segment
expression between SML-infected cells. This intracellular heterogeneity of RVFV-infected cells
confirms our prior results from single-molecule fluorescence in situ hybridization studies” and
expands the observation by noting that the heterogeneity is independent of the viral load. Which
factors or conditions cause differential viral segment replication to vary so much across cells is
unknown. One possibility is that individual incomplete virus particles co-infecting a cell do not do
so simultaneously, delivering the viral segments with delay and impacting the replication kinetics.
Another possibility is that cells receive multiple copies of the same viral segment type from
multiple particles or from a single particle that carries more than one copy of the same segment.
This initial imbalanced content can possibly drive an imbalanced viral replication. Finally, it is also
possible that viral segment ratios within infected cells are dynamic over time and equilibrate at a

certain stage.

Importantly, our study also corroborates mainstream observations from previous and our own
RVFV transcriptomic studies. Here, we also show that the most drastic transcriptomic changes
upon RVFV infection include the upregulation of genes involved in interferon-mediated immune
responses'?%%°_ Furthermore, we show that RVFV infection induces the downregulation of genes
related to the hepatic metabolism of various substrates and genes coding for structural
molecules”. These results suggest that the OHC-3 ovine liver cell line described here serves as a
biologically relevant /in vitro RVFV infection model. In future studies, it would be worth to develop
an in vitro model co-culturing OHC-3 cells with liver sinusoidal endothelial cells, which have been

described to have a fundamental role in maintaining immune homeostasis of the liver®.

This pioneering study applying scRNA-seq technology on a segmented virus that synthesizes
non-poly(A) mRNAs has four technical limitations that demand a cautious examination of the

conclusions made with respect to absence and ratios of genome segments. First, the
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quantification method offered suboptimal sensitivity. Direct visualization of RVFV genome
segments using smFISH has shown that an infected cell can harbor thousands of viral RNAs within
hours of becoming infected™®™. The relatively low levels of viral RNAs detected through
scRNA-seq imply that the absence of a viral segment could not be called out confidently. Second,
the assay was not able to discriminate between viral genomic RNA (negative-sense), anti-genomic
RNA (positive-sense) and mRNA. This issue arises from conventional scRNA-seq data
pre-processing pipelines not being designed to count reads mapped to the reference genome
separately based on their polarity. Moreover, viral anti-genomic RNA and mRNA have identical
sequences to a large extent, which further complicates discriminating between the two molecules.
Thus, what we here referred to as viral RNA for each RVFV S, M and L segments, consists of an
undistinguishable mixture of genomic RNA, anti-genomic RNA and mRNA. Third, we observed a
bias in viral segment quantification towards the M segment. Although adding virus-specific
primers did not seem to have a substantial effect on capturing RVFV RNAs, all the samples
contained an M-specific primer that possibly explains the overall higher levels of M segment
detected compared to the S and L segments. Fourth, samples were analyzed only after a single

time point. A time-course experiment would provide valuable additional information.

In spite of the limitations, our study provides a starting point to dissect further the intricacies of
RVFV replication and its influence in a host/vector cell population at a single-cell level. We
uncovered that cells receiving an incomplete RVFV genome, although unable to generate
infectious progeny, might respond similarly to an SML-infected cell or an uninfected cell,
depending on the level of viral expression. Future studies performing infections exclusively with
populations of incomplete virus particles could produce valuable findings to comprehend better
the effects on the host's transcriptome associated to viral segment abundance and diversity.
Alternatively, other processes closely related to virus replication and genome packaging, such as
the production of progeny virions or the induction of a generalized antiviral state, can be studied
by combining different single-cell technologies. For instance, a recent study combined scRNA-seq
and viral barcoding to reveal that viral transcription and progeny virion generation were not
correlated®'. Another study demonstrated that the changes induced by a virus in an infected cell
could influence the susceptibility to viral infection of neighboring uninfected cells®. The
particularities of the life cycle of RVFV, and bunyaviruses in general, make exploring similar

experimental strategies in the future appealing.
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Methods

Cell line
BHK-21 cells (baby Syrian golden hamster kidney fibroblasts, ATCC CCL-10) were maintained in Glasgow

minimum essential medium (G-MEM) supplemented with 5% fetal bovine serum (FBS), 4% tryptose
phosphate broth, 1% MEM non-essential amino acids and 1% antibiotic/antimycotic at 37 °C and 5% CO..

Cell culture media and supplements were purchased from Gibco, unless specified otherwise.

Primary ovine hepatocytes

Primary ovine hepatocytes were isolated from the fetus of a Texel-Swifter pregnant ewe in the second
trimester of its pregnancy. Briefly, blood was rinsed away from the fetus's liver by injecting Hanks’ Balanced
Salt Solution (HBSS) at 37 °C with a syringe through the portal vein. Liver slices were cut and injected with
0.1% collagenase IV in HBSS. Liver slices were further chopped and incubated in 0.1% collagenase IV in
HBSS for 30 min at 37 °C. Dissociated cells were filtered through a 70 um cell strainer to remove cell
aggregates, and the cell suspension was centrifuged at 1200 rpm (5699-R rotor) for 5 min. Cell pellets were
resuspended in 5 mL of ammonium-chloride-potassium (ACK) lysing buffer and incubated for 5 min at
room temperature. Cells were washed twice with an excess of HBSS, pelleted by centrifugation at 1200 rpm
(5699-R rotor) for 5 min and resuspended in Dulbecco’s modified eagle medium (DMEM) supplemented
with 10% FBS, 4% cell maintenance cocktail-B, 20 ng/mL epidermal growth factor (EGF) and
1% antibiotic/antimycotic. For culturing, plates and flasks were coated with 100 pg/mL collagen | in 0.02 M
acetic acid for at least 2 h, washed with Dulbecco’s phosphate-buffered saline (DPBS) and dried for 4 h.
Cells were maintained at 37 °C and 5% CO..

Primary ovine hepatocytes were sent for immortalization to INSCREENex*? (Braunschweig, Germany). Briefly,
12-well plates were coated with a 1:10-1:40 diluted collagen solution (INSCREENex) in DPBS for at least 2 h.
The collagen solution was aspirated prior to seeding the cells. Primary ovine hepatocytes resuspended in
DMEM supplemented with 10% FBS, 4% cell maintenance cocktail-B and 1% antibiotic/antimycotic were
seeded in the collagen-coated 12-well plates (50,000 cells/well) and maintained at 37 °C and 5% CO..
Three-days post-seeding, cell monolayers reached about 80% confluence and were infected using
INSCREENex's lentiviral gene bank. Lentiviral infections were performed overnight in the presence of
8 ug/mL Polybrene. The following day, the virus-containing media was removed, and the media was
replenished. For the establishment of individual hepatocyte clones, the cells were split two days
post-infection and the selection started using 0.2 mg/mL Geneticin (G-418 sulfate) until robustly
proliferating colonies arose. The cells were further cultivated for up to ten weeks on collagen-coated plates.
Mock-infected cells were included as a control. Mock-infected cells stopped proliferation after ten days of
selection with 0.2 mg/mL Geneticin (G-418 sulfate). From the differentimmortalized clones generated, ovine

hepatocytes clone # 3 (termed OHC-3 cells from now on) were employed in this study.
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For virus infection experiments, immortalized OHC-3 cells were maintained in William’'s E medium
supplemented with 10% FBS, 4% cell maintenance cocktail-B, 14 pM dexamethasone and
1% antibiotic/antimycotic at 37 °C and 5% CO,. OHC-3 cells were initially grown (for at least the first two

passages) in collagen-coated tissue-culture flasks (as described above).

Virus

Wild-type RVFV strain 35/74 was originally isolated from the liver of a sheep that died during an RVFV
outbreak in the Free State province of South Africa in 19743*. The parental virus was passaged four times in
suckling mouse brain and then four times in BHK cells. Stocks of RVFV 35/74 for infection experiments were
obtained after further virus propagation in BHK-21 cells at low multiplicity of infection (MOI). The virus titer
was determined with an end-point dilution assay. Briefly, BHK-21 (15,000 cells/well) monolayers were
incubated with 5-fold serial dilutions (starting at 1:10) of virus at 37 °C and 5% CO.. Samples were analyzed
in triplicate, scoring for cytopathic effect after 7 days post-infection. The virus titer was calculated as the
median tissue culture infectious dose (TCIDso/mL) using the Spearman-Karber method. RVFV 35/74 was

handled at BSL-3 containment.

Infections to confirm susceptibility

OHC-3 cells were seeded in 24-well cell culture plates at 1x 10° cells/well and allowed to attach for at least
2 h. Cells were infected at MOIs of 0.1, 0.5, T and 10. The infection was allowed to proceed for a period of
24 h.

Immunostaining

RVFV-infected OHC-3 cells were subjected to an immunoperoxidase monolayer assay (IPMA) to detect the
expression of the viral N protein. At one day post-infection, cells were fixed with 4% paraformaldehyde for
15 min, washed with PBS supplemented with 0.5% Tween 80 (PBST), and permeabilized with 1% Triton X-100
in PBS for 5 min. Next, samples were blocked with 5% horse serum in PBS and subsequently incubated in
sequential steps with primary and secondary antibodies diluted in blocking solution. The N protein was
detected with a polyclonal serum from a N-immunized rabbit (1:500 dilution, GenScript) as primary
antibody. Horse radish peroxidase (HRP-conjugated goat polyclonal anti-rabbit immunoglobulin
(1:500 dilution, P0448 Dako) was used as secondary antibody. Sample incubations with the blocking
solution, primary and secondary antibodies were each for 1 h at 37°C. Plates were washed with PBST after
permeabilization, between the addition of primary and secondary antibodies, and prior to staining.
A 0.2 mg/mL amino ethyl carbazole solution in 500 mM acetate buffer (pH 5.0), 88 mM H,O; was added as
substrate. Light microscopy images were acquired with a Leica Model DMi1 inverted microscope and
10x HI PLAN | or 20x HI PLAN | objectives.
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Infections for transcriptomics

OHC-3 cells were seeded in 6-well collagen-coated cell culture plates at 2 x 10° cells/well and allowed to
attach overnight. Coating of plates was done prior seeding cells with 1 mL/well of collagen (INSCREENex)
and incubated at 37 °C for at least 1 h. The next day, the cells were infected at an MOI of 0.25. After
incubation for 1 h, the inoculum was removed and substituted with fresh medium. At 24 h post-infection,
the culture supernatant was removed, and samples of the cells were collected after a wash with PBS,
trypsinization with TrypLE Express and resuspension in 0.22 um-filtered complete William’'s E medium.

Mock-infected cells were used as a negative control.

Single-cell RNA-seq

Cell suspensions at a density of 1,000 cells/uL were prepared for single-cell RNA-seq using a Chromium
Controller (10x Genomics) and the Chromium Next GEM Single Cell 5" Kit version 2 (Dual Index;
10x Genomics) according to the manufacturer’s instructions. Briefly, 10,000 cells/sample were loaded for
single-cell partitioning and gel beads-in-emulsion (GEM) generation. Following GEM generation, mRNAs
were reverse transcribed using poly(dT) primers to produce full-length ¢cDNAs tagged with unique
16 nucleotides 10x Genomics barcodes, 10 nucleotides unique molecular identifiers (UMls) and a
13 nucleotides template switch oligo (TSO). The resulting cDNAs were amplified, fragmented enzymatically,
selected by size and subjected to adaptor ligation and sample index PCR to construct 5' gene expression

libraries. The resulting products had a size distribution with a broad peak between ~ 500-3,000 base pairs.

Reverse transcription and PCR reactions were performed using a Veriti 96-Well Thermal Cycler (Applied
Biosystems). Gene expression libraries were sequenced on an lllumina NovaSeq 6000 instrument by the
Lausanne Genomic Technologies Facility (University of Lausanne). The quality and yield of the amplified
c¢DNA and gene expression libraries were determined on a 5200 Fragment Analyzer (Agilent) using ProSize

software version 4.0.0.3.

Initially, the infected sample was split into 5 sub-samples designated with consecutive numbers from
'S2" to 'S6'. The standard Chromium Next GEM Single Cell 5' Kit version 2 (10x Genomics) protocol was
modified by spiking virus-specific primers, each with an adapter identical to the adapter sequence present
in the poly-dT RT primer from 10x Genomics (Supplementary Tables 1, 2), following the strategy reported
in previous studies®8. Virus-specific primers were spiked-in to selectively capture RVFV-specific RNAs.

The mock-infected sample was designated as 'S1'.

Single-cell RNA-seq raw data pre-processing

FASTQ files were pre-processed following the Cell Ranger (10x Genomics) pipeline version 7.1.0. Sequencing
reads were aligned to a concatenation of the sheep (Ovisariess ARS-Ul-Ramb-v2.0,
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_016772045.1/)*° and RVFV (accession numbers:




180 | Chapter5

JF784386.1, JF784387.1 and JF784388.1) reference genomes. The resulting UMI count matrices were first

processed for each sample individually in R* version 4.3.0 using Seurat*"4? version 4.3.0.

Cells with < 1,500 or > 6,000 detected genes were filtered from the data set and excluded from the analysis.
Genes that were detected in < 3 cells also were excluded. These thresholds were defined empirically upon
data examination for each sample. Data from sample 2 (RVFV-infected, without the addition of primers)
was dropped out due to suboptimal sample preparation that resulted in lower sequencing quality. Since
the infected samples naturally comprise both infected and uninfected cells, including ST (mock) was

unnecessary and thus not included in the downstream analysis.

Following an exploratory individual sample analysis, it became evident that reads mapping to all the RVFV
genome and anti-genome RNAs were detected in all the infected samples, regardless of the addition or
not of virus-specific primers. Since the protocol modification did not have the intended impact, it was

decided to combine all the data from the remaining RVFV-infected samples (S3 to S6) for further analysis.

Filtered data from S3 to S6 was normalized with Seurat's function SCT7ransform version 2 and integrated
into a combined data set using /ntegrateData based on 3,000 variable genes. A principal component
analysis (n = 50) was performed for data exploration. The non-linear dimensional reduction technique
uniform manifold approximation and projection (UMAP) was applied (including principal component 1 to
principal component 50) for visualization purposes. Optimal clustering of cells was achieved with a

resolution parameter of 0.04.

Cell categorization

Individual cells were categorized according to their infection status with three different approaches. In the
first approach, cells were coarsely categorized as ‘uninfected’, ‘inf_incomplete’ or ‘inf_SML’, according to
the viral segments harbored per cell. In the second approach, cells were classified according to the number
of different viral segments detected (0 = “uninfected”, 1= "infected_1_seg", 2 = "infected_2_seg” and
3 = "infected_3_seq"), disregarding the type of viral segment detected (S, M or L). In the third approach,
cells were classified according to the exact type of viral segments detected (“uninfected”, "S”, "M", "L", "SM",
“SL", "ML" and "SML"). In all the approaches, we applied an empirically defined threshold of > 3 counts for
each viral segment to discriminate truly infected cells with active viral replication from cells harboring very

few viral RNAs without clear evidence of viral replication.

The proportion of viral RNA per cell was calculated as the counts aligned to the viral genome divided by
the total counts. The average expression level of viral RNA per cell (viral load’) was calculated as the
summation of the expression level of all viral RNAs divided by three. The relative abundance of each viral
RNA on SML-infected cells was calculated as the counts per viral segment (S, M or L) divided by the total
viral counts. Spearman correlation analysis was performed between the expression level of the different

viral RNAs.
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Transcriptome analysis

Downstream analyses were performed with Seurat*#? version 4.3.0 in R* version 4.3.0. Differentially
expressed genes per cluster or cell category were identified with the functions FindAllMarkers or
FindMarkers based on a non-parametric Wilcoxon rank sum test, using a logz fold change threshold of 0.5
and a minimum percentage of cells argument of 0.25. Wilcoxon test p values adjusted with the Bonferroni
method < 0.05 were considered significant. Functional over-representation analysis (ORA) was performed
with clusterProfiler®#4 version 4.8.1, based on the Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) databases. When required, the clusterProfiler function simp/ify was used to reduce
the redundancy of enriched GO terms. A one-sided version of Fisher's exact test p values adjusted with the

Benjamini-Hochberg method < 0.05 were considered significant.

Data analysis and visualization

Prism 9 (GraphPad Software) was used to generate graphs of sequencing statistics and cell categorization
according to infection status. Transcriptomic data were analyzed and plotted in R* version 4.3.0, using the
above-mentioned R packages. Statistical tests differed per analysis and are indicated in the description of

each in the corresponding figure legends. p values > 0.05 were considered not significant.

Data availability

Raw sequencing data are available through the authors upon reasonable request.
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Supplementary Figure 1. Preliminary exploration of the data. A Distribution of the counts and genes
detected on each sequencing replicate ('S3' to 'S6'). Dots represent data for individual cells. B Correlation
analysis between the number of counts and genes detected per individual cell. The correlation coefficient
is shown on top of the plot for each sequencing replicate. n = 15,547 cells (pre-filtered data).
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Supplementary Figure 2. Expression of RVFV segments at a single-cell level. UMAP featuring the expression
of RVFV S, M and L segments. Expression of each viral segment on individual cells is color-coded in shades
of a sequential gradient ranging from light grey (very low or no expression) to dark red (very high
expression). High viral expression levels are almost exclusively present in cells grouped to cluster 1.
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Supplementary Figure 3. Pairwise viral segment expression analysis. A Pairwise correlation analysis between
the expression level of two viral segments per individual cell. B UMAPs featuring pairwise viral segment
expression. The expression of viral segments is color-coded in shades of a combined sequential gradient
ranging from light grey (very low or no expression) to dark blue (high expression of the first segment), dark
red (high expression of the second segment) or dark purple (high expression of both segments).
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Supplementary Figure 4. Top significantly enriched KEGG pathways altered in ovine hepatocytes in
response to RVFV infection. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
over-representation analysis of genes differentially expressed in RVFV-infected ovine hepatocytes (24 h
post-infection; pairwise comparison between cluster 1 and cluster 0). Dot size represents the number of
enriched genes associated with each KEGG pathway. Dots are color-coded according to their adjusted
p value (Benjamini-Hochberg method). Cut-off for significance was set to a p adjusted value < 0.05.
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Supplementary Figure 5. The number of different RVFV segment types influences gene expression profiles.
A UMAP based on the infection status. Cells are classified according to the number of different RVFV
segments present or absent as ‘uninfected’, ‘infected_1_seg’, ‘infected_2_seg’, or ‘infected_3_seg'. Cluster 1
consist principally of ‘infected_3_seg’ and ‘infected_2_seg’ cells. B Relative abundance of each cell category,
classified according to the number of different RVFV segments. C Relative abundance of each cell category
per cluster. D Distribution of viral S, M and L expression levels per cell category according to the number
of different RVFV segment types. An empirical threshold of > 3 counts was applied to determine if a cell
was positive for the presence of a viral segment. This threshold explains why some cells appear positive for
a viral segment even when classified as ‘uninfected’. n = 14,411 cells.
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Supplementary Figure 6. RVFV infection status dictates distinct gene expression profiles. A UMAP based on
the infection status. Cells are classified according to the presence or absence of RVFV segments as
‘uninfected’, 'S’, 'M’, 'L’, 'SM’, 'SL’, ‘ML’ or 'SML'. Cluster 1 consist principally of SML-infected cells, indicating
that RVFV infection leads to a signature gene expression profile distinct from that of uninfected cells.
B Relative abundance of each cell category, classified according to the presence or absence of RVFV
segments. C Relative abundance of each cell category per cluster. D Distribution of viral S, M and L
expression levels per cell category. An empirical threshold of > 3 counts was applied to determine if a cell
was positive for the presence of a viral segment. This threshold explains why some cells appear positive for
a viral segment even when classified as ‘uninfected’. n = 14,411 cells.
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Supplementary Table 1. Sequences of virus-specific primers spiked-in to modify the standard Chromium

Next GEM Single Cell 5’ Kit version 2 protocol for single-cell RNA-seq.

Name Target Sequence

EB14 RVFV-S genome AAGCAGTGGTATCAACGCAGAGTACTCCAGTTTGCTGCTCAA

EB15 RVFV-S anti-genome AAGCAGTGGTATCAACGCAGAGTACCTGCTTTAAGAGTTCGATAACC
EB16 RVFV-M genome AAGCAGTGGTATCAACGCAGAGTACGCTGATGGCTTGAACAAC

EB17 RVFV-M anti-genome AAGCAGTGGTATCAACGCAGAGTACGTCTCTCACACCGAACTATC
EB18 RVFV-L genome AAGCAGTGGTATCAACGCAGAGTACTCGATAGATGTGGAAGATATGG
EB19 RVFV-L anti-genome AAGCAGTGGTATCAACGCAGAGTACCGTCATTCATCATGGGAAAC

Supplementary Table 2. Distribution of virus-specific primers spiked-in to modify the standard Chromium

Next GEM Single Cell 5’ Kit version 2 protocol for single-cell RNA-seq.

Primers

Samples Status

EB14 EB15 EB16 EB17 EB18 EB19
S1 Mock
S2 RVFV-infected
S3 RVFV-infected v
S4 RVFV-infected v v
S5 RVFV-infected v v v
S6 RVFV-infected v v v v v v
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Supplementary Table 3. Summary statistics of the next-generation single-cell sequencing runs and data

pre-processing.

S3 S4 S5 S6
Number of reads 177,440,000 132,245,517 157,520,806 135,966,726
Mean reads per cell 41,526 28,612 47,375 39,967
Fraction reads in cells 97.3% 98.5% 98.4% 98.3%
Median genes per cell 2,722 3,550 4,492 4193
Total genes detected 20,888 20,903 21,545 20,719
Valid barcodes 91.9% 92.1% 93.3% 93.6%
Valid UMIs 99.6% 99.8% 99.3% 99.8%
Sequencing saturation 53.3% 33.7% 35.9% 37.0%
Q30 bases in barcode 94.3% 94.3% 94.6% 94.3%
Q30 bases in RNA read 92.2% 91.9% 90.4% 91.4%
Q30 bases in UMI 93.9% 93.9% 94.1% 93.9%
Reads mapped to genome 94.8% 93.6% 88.6% 92.9%

Pipeline: Cell Ranger version 7.1.0 (chemistry: single-cell 5" R2-only).

Additional supplementary information files are available through the authors upon reasonable request:

Supplementary Table 4. Differentially expressed genes per cluster (0, 1 and 2) in ovine hepatocytes upon

RVFV infection (Excel file).

Supplementary Table 5. Differentially expressed genes between infected (cluster 1) and uninfected

(cluster 0) phenotypes in ovine hepatocytes upon RVFV infection (Excel file).

Supplementary Table 6. Significantly enriched Gene Ontology pathways (biological processes) altered in

ovine hepatocytes upon RVFV infection (Excel file).

Supplementary Table 7. Significantly enriched Gene Ontology pathways (molecular functions) altered in

ovine hepatocytes upon RVFV infection (Excel file).

Supplementary Table 8. Significantly enriched KEGG pathways altered in ovine hepatocytes upon RVFV

infection (Excel file).
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Deepening our knowledge of the biology of arthropod-borne viruses has proven instrumental in
the development and improvement of outbreak control strategies, such as vaccines and
therapeutics. Although the discoveries made through fundamental research might not be
immediately applicable, they often set the ground for solutions developed later on. The work
presented in this thesis concentrated on two fundamental aspects of the biology of
bunyaviruses: genome packaging and the host's response during acute infection. This final
chapter aims to establish connections between the different pieces of work described in this thesis
(Chapters 2-5) and to interpret the most important findings in a broader sense. In addition, the
limitations of the chosen experimental approaches are presented, as well as perspectives on

research questions that remain open and how future research might address these.

Word of caution: Rift Valley fever virus (RVFV), and in some cases Schmallenberg virus (SBV), were
employed as prototype bunyaviruses belonging to different families (Phenuiviridae and
Peribunyaviridae, respectively) throughout this thesis. It is worth pointing out that, although there
is a tendency to generalize the results for the sake of simplicity, the findings described here might

not be representative of all members of the order Bunyavirales.

Genome packaging of segmented bunyaviruses: a first glimpse

Segmentation of viral genomes has long raised questions about genome packaging and the
subsequent spread of the virus, mainly considering the potential pros and cons for virus fitness".
In theory, genome segmentation could be beneficial as it may allow for better control over viral
gene expression levels®. Furthermore, genome segmentation can facilitate the occurrence of
genome exchange events (reassortments) between related viruses, potentially favoring virus
evolution*. On the other hand, having a genome split over multiple segments appears to be a
logistics problem per se. At least one copy of each genome segment must be incorporated inside
a single virus particle for it to be infectious on its own. Otherwise, the lack of one or more genome
segments would impede the virus from generating infectious progeny?. This logistics issue can be
especially problematic for viruses with a large number of segments®, unless the virus employs a

highly specific mechanism to ensure the incorporation of a complete set of segments (Fig. 1).

In Chapter 2, the genome packaging process of RVFV and SBV was investigated. Contrary to what
one could reasonably expect for three-segmented viruses, it was shown that the genome
packaging of RVFV and SBV does not follow a tightly coordinated process. In fact, it is based on
a stochastic process in which most virions assembled consist of empty or incomplete particles,

and only a small fraction of the particles contains a complete set of the S, M and L genome
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segments®. Besides considering the genomic composition of virus particles, the stochastic
packaging notion is further supported by the absence of specific interactions between the three

different bunyaviral RNAs, which complicates the incorporation of a three-segmented bundle’.

Segmented genome

Pros \_/'\ Cons
Controlled viral gene expression Complicated logistics
Facilitates reassortment \/‘
Selective packaging Random packaging
High probability Low probability

l 1 l
O

Infectious progeny No progeny Infectious progeny

Figure 1. Genome packaging of segmented viruses. Segmented viruses employing a selective genome
packaging mechanism incorporate a complete set of genome segments into virus particles. Complete virus
particles are infectious on their own and able to generate progeny virions. On the other hand, segmented
viruses that randomly incorporate the genome segments into virus particles have a low probability of
generating complete virus particles but a high probability of generating empty (not shown) or incomplete
particles unable to generate infectious progeny on their own.

The intra-virion genomic composition studies described in this thesis were all executed with cell
culture-derived viruses. It remains important to verify if progeny bunyavirus virions generated
during the natural course of infection (e.g., derived from an infected animal's blood or the saliva
of an infected mosquito) show a similar particle composition frequency to the one observed
in vitro. The challenge in analyzing blood- and saliva-derived samples is to develop a reliable

method capable of dealing with the intrinsic complexity of these biological matrices.
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How do (mechanistically) bunyaviruses package their segmented genome?

Previous work by others has shown that the RVFV N protein in the ribonucleoproteins (RNPs)
interacts with the cytoplasmic tails of the viral glycoproteins to facilitate incorporation of the
genome segments inside virus particles®". Such interaction proves crucial to ensure that the RNA
molecules incorporated into the particles are viral genome segments and not the host's naked
RNA. Nevertheless, this interaction should not necessarily be interpreted as a mechanism for a
high degree of specificity. In this thesis was shown that complementary viral RNA (encapsidated
by the N protein, similarly as viral genomic RNA) often also gets incorporated inside progeny
virions® (Chapter 2). It has been previously suggested that incorporating the complementary RNA
of the S segment may be beneficial for faster synthesis of NSs, and thus of innate immune
antagonistic activity, within infected cells™®. However, the fact that complementary RNAs of all
three segments can be found within virions suggests that packaging of viral RNAs, whether

genomic or anti-genomic, is not strictly controlled.

Multiple lines of evidence available thus far indicate that genome packaging of bunyaviruses is a
random process. Yet, the exact mechanism by which bunyaviruses incorporate their segmented

genome into virus particles remains a black box.

Is genome packaging of bunyaviruses host-dependent?

Bunyaviruses are known to have a very broad host range, being able to infect plants, birds, reptiles
and mammals™. Specifically for arthropod-borne bunyaviruses, sustaining a productive infection
cycle depends on successfully alternating between the arthropod vector and the vertebrate host.
Studying key steps in the replication of the virus in the host and the vector is fundamental to gain
insights into the dual viral life cycle. In Chapter 2, the genome packaging efficiency of RVFV was
compared after replicating in mammalian and in insect cells. It was found that more genome
segments (disregarding the S, M or L segment identity) are incorporated into virions when the
virus replicates in insect cells. Moreover, insect-derived RVFV had a higher fraction of complete
particles comprising the three genome segments than mammalian-derived RVFV®. This higher
genome packaging efficiency in insect cells could possibly explain why RVFV grown in insect cells

has shown to be more virulent than when grown in mammalian cells™.

The cause underlying the different genome packaging efficiencies has not yet been addressed
experimentally. Still, this difference may indicate that certain currently unknown host/vector
factors are playing a role in the packaging process. Alternatively, it could be that the different

ideal temperatures at which these cells are grown (28 °C for insect cells and 37 °C for mammalian
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cells) also have an influence. The RNAs and N protein forming the RNPs might be subject to
temperature-dependent conformational changes that facilitate or complicate their packaging.
Moreover, the lower temperature at which insect cells are grown results in slower Brownian
diffusion of intracellular molecules, which may benefit the unspecific inclusion of more RNPs
within virions. This hypothesis of temperature influencing the packaging efficiency could in theory
be tested by assessing genome packaging efficiencies after inverting the temperatures used to
culture cells (e.g., maintaining mammalian cells at 28 °C and insect cells at 37 °C). However, this
temperature change would probably modify regular cellular processes and negatively impact

cellular homeostasis, rendering it very difficult to draw unbiased conclusions.

Regardless of the reason explaining the differences in genome packaging efficiency between the
vertebrate host and the arthropod vector, the production of a larger fraction of complete particles
in the vector likely contributes to maintaining high viral titers in its saliva, facilitating efficient

vector to host virus transmission.

How do bunyaviruses cope with stochastic genome packaging?

It is intriguing that, albeit genome packaging of bunyaviruses is seemingly inefficient, it does not
really hamper bunyaviruses from efficiently infecting their hosts and vectors. Based on the findings
of stochastic genome packaging, the following study in this thesis focused on interrogating
whether bunyavirus particles with an incomplete set of genome segments could contribute to
within-host virus spread (Chapter 3). The results demonstrated that incomplete bunyavirus
particles can co-infect individual cells and reconstitute, through genomic complementation, a
complete viral genome capable of generating infectious progeny”. Thus, co-infection by
complementing incomplete particles serves bunyaviruses as a mechanism to overcome, at least

partially, the theoretical fitness cost of packaging its genome segments randomly.

These results confirmed that genome complementation by populations of incomplete bunyavirus
particles is possible in cultured mammalian and insect cells but also /7 vivo in mosquitoes”. Even
though there is no reason to believe that genome complementation could not occur in a
mammalian host (in vivo), it would be valuable to perform such co-infection experiments to
complement the observations presented in this thesis. Quantifying to what extent genome
complementation is important for the efficiency of between-host transmission is a complex
technical challenge to address. So far, simplified mathematical models only allow to deduct that
genome complementation might be relevant under certain circumstances (e.g., at intermediate

multiplicities of infection)”.
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Segmented viruses as a bohemian form of multipartitism

Multipartite and segmented viruses have in common that their genomes are divided over multiple
segments. However, they differ in how the genome segments are packaged into virus particles.
By definition, segmented viruses package all the genome segments inside a single particle.
In contrast, multipartite viruses package each genome segment individually into separate
particles. Multipartite viruses thereby rely on genome complementation via co-infection to
complete their life cycle™. While the definition for segmented viruses holds true for those which
employ a selective genome packaging (best exemplified by the eight-segmented influenza A
virus™), segmented viruses with random genome packaging, like bunyaviruses, deviate from the

formal definition.

In segmented viruses with random genome packaging, a large fraction of the progeny virions
have an incomplete set of genome segments®. These incomplete particles are thus unable to
establish a productive infection autonomously. Actually, some of the incomplete particles only
contain one genome segment, closely resembling the condition of multipartite viruses. In that
context, and considering that incomplete bunyavirus particles can co-infect a single cell to
reconstitute a complete genome", similarly as multipartite viruses do, is that bunyaviruses with

random genome packaging might be considered as a bohemian form of multipartitism (Fig. 2).

It is important to note though, that bunyaviruses also generate a fraction of particles with a
complete set of genome segments, something that multipartite viruses cannot achieve. Another
remarkable difference between segmented and multipartite viruses is the special feature of
multipartite viruses being able to establish a productive infection in a cell in which not all genome
segments are present. In that scenario, multipartite viruses can compensate for the absence of a
genome segment through intercellular trafficking of the missing segment and/or the protein

encoded by it".

A recent study with the plant-infecting octapartite faba bean necrotic stunt virus (FBNSV, family
Nanoviridae) also demonstrated that genome complementation served as a mechanism to
reconstitute the complete genome of a multipartite virus and mediate between-host
transmission?’. Interestingly, this genome reconstitution was possible after simultaneous
incomplete genome transmission events by different individual aphid vectors (concomitant
transmission), as well as through sequential transmission events by a single aphid vector infected

with complementary sets of segments (non-concomitant transmission)?®. Whether these



Discussion | 203

concomitant and non-concomitant transmission mechanisms are also possible for bunyaviruses

remain to be investigated.

Segmented genome

~_”
~
~” N

Segmented viruses Multipartite viruses

Selective packaging Random packaging

No need i High reliance
for co-infection on co-infection on co-infection

Figure 2. Segmented viruses as a bohemian form of multipartitism. Traditionally, clear differences in
genome packaging allow the categorization of viruses with multiple segments either as segmented or
multipartite. This classification seems to hold true for segmented viruses employing a selective genome
packaging mechanism (no need for co-infection). At the opposite extreme of the spectra, multipartite
viruses depend entirely on co-infection for a successful infection cycle. Although segmented viruses with
random packaging sometimes manage to incorporate a complete set of segments in a single particle, they
produce at the same time large amounts of incomplete particles that cannot establish a productive infection
on their own. Segmented viruses with random packaging thus partially rely on co-infection by incomplete
particles to reconstitute a complete genome. In this context, bunyaviruses display an unconventional way
of infection that resembles the life cycle of multipartite viruses.

Do bunyaviruses have a genome formula?

The concept of a ‘genome formula’ originally arose from a study with FBNSV?'. In this study, the
researchers reported that FBNSV reproducibly accumulated the different genome segments at
defined relative frequencies. This defined ratio of relative segment frequencies is now known as
the genome formula®. To date, every multipartite virus species interrogated for its relative
segment frequency has shown to accumulate to its own specific genome formula, which is

dependent on the host plant species®.
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The concept of the genome formula is intriguing, as it comes along with the hypothesis that the
multipartite nature of the virus allows it to differentially regulate viral gene expression in a
context-dependent manner®™?3. It should be noted though, that genome formulas of multipartite
viruses reported so far are all based on bulk measurements from systemically infected host plant
leaves, making it impossible to conclude if the genome formula per host is also maintained at the

single-cell level.

The work in this thesis did not formally attempt to investigate if bunyaviruses also have a genome
formula. However, the intracellular frequencies of the S, M and L genome segments in individual
infected cells were assessed in Chapter 2 and Chapter 5. Despite the extreme variability in the
relative frequencies of the genome segments between individual cells®, it might be possible that
animal-infecting bunyaviruses also reach to a host-dependent setpoint genome formula. Similarly
as reported with plant-infecting multipartite viruses, bulk measurements on infected samples
could inform if animal-infecting bunyaviruses differentially regulate their gene expression

depending if they are replicating in the vertebrate host or the arthropod vector.

Shedding light on RVFV-induced pathogenesis

The pathogenic effects of an RVFV infection have previously been studied following two distant
approaches. On one side, infections of cultured cells have been critical to determine RVFV
virulence factors and to start studying the cellular (immune) response upon infection®=". On the
other side, macro- and microscopic examination of tissues from natural and experimentally
infected animals have revealed valuable knowledge on tissue tropism and pathology®*°.
Nevertheless, a clear gap existed between those two approaches; the knowledge linking how the

changes in the cellular environment induced by RVFV led to the pathological phenotype typically

observed in infected animals was missing.

Profiling the transcriptome of target organs (liver and spleen) of lambs during RVFV infection
provided new insights into the pathogenesis of RVFV and revealed changes in gene expression
that can be associated with histopathological features (Chapter 4). As expected, it was shown that
lambs responded to infection with a sharp upregulation of gene sets involved in the immune
response, mainly those related to interferon-mediated pathways. However, the most interesting
finding was that the RVFV-induced hepatocyte necrosis results in a strong downregulation of
numerous liver enzymes, thereby severely compromising the normal functioning of the organ.
This downregulation of liver enzymes possibly accounts for some clinical symptoms observed in

RVFV-infected animals like icterus, hemorrhages and coagulation disorders®. Similar
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transcriptomic studies in other target organs, such as in sheep placenta, ideally combined with
complementary technologies like proteomics, would be extremely helpful to obtain a more

complete picture of RVFV pathogenesis.

How is genome packaging interrelated with the host's response upon infection?

The research questions that motivated the work presented in this thesis transitioned from
overseeing the genome packaging of bunyaviruses (Chapter 2), to exploring how genome
packaging shapes the life cycle of bunyaviruses (Chapter 3), to studying how the host responds
upon a bunyavirus infection (Chapter 4). But how is the genome packaging of bunyaviruses
related to the host's response? The random process by which RVFV packages its genome
segments not only impacts whether the infected cell will be able to generate infectious progeny

but can also shape how the cell will respond to the infection.

In Chapter 5, the potential of single-cell RNA-seq technology to examine the responses in
individual fetal liver cells upon RVFV infection was explored. The main interest was in comparing
individual host cell responses depending on the nature of the incoming infecting virus particle
(i.e., complete versus incomplete), or more accurately, based on the presence/absence of the
different viral genome segments. One could anticipate that cells receiving a complete set (SML)
of genome segments undergo a productive infection and therefore display a transcriptomic
profile quite distinct from that of uninfected cells. However, it was completely unknown how a
host cell would respond to the presence of only one or two types of viral genome segments and

whether cells infected with the three different genome segments all respond the same.

Cells harboring one and two types of viral genome segments had transcriptomes resembling the
profiles of either SML-infected or uninfected cells. The viral load, here referring to the combined
(SML) viral expression level, was the main factor determining to which transcriptomic profile those
cells resembled the most. A high viral load was associated with a SML infected phenotype,
whereas a low viral load was associated with the uninfected phenotype, regardless of the number
of segment types (one or two) or the identity of the segment (S, M, L or combinations thereof).
The insights gained from this first single-cell RNA-seq study on fetal liver cells will be valuable to

improve the design of future single-cell experiments.

Do incomplete bunyavirus particles interfere with the viral life cycle?
In many RNA virus families, error-prone viral replication leads to the generation of defective virus

variants, often referring to defective viral genomes (DVGs) or defective interfering particles (DIPs).




206 | Chapter6

DVGs are viral genomes with mutations or truncations that impede the virus from successfully
completing a replication cycle. DIPs are morphologically and biochemically similar to regular viral
infectious particles, but harbor DVGs instead of the wild-type genome®®. As the terms suggest,
these defective genomes/particles can interfere with the replication of the wild-type genome by
competing for host and viral factors, and by being preferentially replicated due to their shorter
length. Moreover, DIPs can influence viral pathogenesis by priming anti-viral immune

responses’"3¢,

Multiple studies have analyzed the production of bunyavirus DVGs and DIPs*™. As covered
throughout this thesis, bunyaviruses generate what is referred to as incomplete virus particles.
Although incomplete bunyavirus particles are thought to harbor complete genome segments
(i.e., consisting of the full-length sequence), it is reasonable to conceive incomplete bunyavirus
particles as another type of defective virus variant, due to the lack of one or more full-length

genome segments.

Intriguingly, under this conception, it is possible to argue that incomplete bunyavirus particles are
DIPs that can potentially exert a dual effect: interference and/or assistance. Replication-competent
but non-infectious incomplete bunyavirus particles could interfere with a regular replication cycle
via the conventional mechanisms of competition for resources and innate immune activation.
Alternatively, co-infection by incomplete bunyavirus particles can contribute to virus infection and
spread through cooperative genome reconstitution, as demonstrated in Chapter 3”. The factors
and context determining to which extent incomplete bunyavirus particles assist or interfere with
a regular replication cycle remain to be elucidated. Nonetheless, the fact that genome
reconstitution through co-infection readily occurred suggests that the balance leans more

towards assisting the replication cycle than towards interfering with it.

Other avenues pending experimental exploration

Our knowledge of the molecular mechanisms underlying many biological processes in the life
cycle of bunyaviruses is still limited. While the analysis of intracellular relative abundance of viral
genome segments in mammalian cells at single-molecule resolution was possible in this thesis
(Chapter 2), it is still uncertain what this relative abundance looks like in insect cells, since it proved
to be technically challenging. It would be interesting to assess if a particular trend in the
intracellular ratio of genome segments within insect cells can partially explain why genome

packaging is more efficient in the vector. Furthermore, it is still unclear how two-segmented
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bunyaviruses (family Arenaviridae) and three-segmented plant-infecting bunyaviruses (family

Tospoviridae and genus Tenuivirus within the family Phenuiviridae) package their genome.

The work presented in this thesis focused on analyzing the genomic composition within virus
particles while studying genome packaging. This intra-virion composition certainly is a major
determinant of the infection outcome, although it may not be the only one. The protein and lipid
composition of the viral particle can also influence the infection outcome. Work aimed at
characterizing the content and architecture of the viral envelope using flow virometry, lipidomics
and/or proteomics can reveal if specific lipid and protein compositions can result in improved
infectivity***°. Harnessing such experimental strategies to analyze the surface of three-segmented

bunyavirus particles would be useful to further studying plausible host-dependent differences.

Superinfection exclusion and genetic reassortment are two other exciting topics around the
biology of bunyaviruses that remained outside the scope of this thesis. Superinfection exclusion,
a phenomenon in which a primary infection blocks a secondary infection with the same or a
related virus*, has previously been reported for viruses from several different families, including
some belonging to the order Bunyavirales*°. In the co-infection experiments presented in
Chapter 3, co-infections were always performed simultaneously, thereby preventing the potential
effects of superinfection exclusion. Whether incomplete bunyavirus particles can also lead to
superinfection exclusion and influence the extent to which genome complementation contributes
to infection remains undetermined. Further research could also explore if co-infection with
incomplete particles, which appeared to occur without much restriction, could increase the
chances of genetic reassortment with viruses infecting the same host or vector. Probably, a
reassortant virus can only emerge when the polymerase, N protein and cytoplasmic tails of the

glycoproteins are closely related to each other.

In recent years, refined structural biology techniques such as cryo-electron microscopy (cryo-EM)
and cryo-electron tomography (cryo-ET) have taken the field by storm. The application of these
structural virology methods has made it possible to gain a deeper and more detailed
understanding of virus particles and intracellular biological processes at unprecedented levels of
resolution®™>*. For instance, obtaining a detailed structural map of the interaction between the
N protein in RNPs and the cytoplasmic tails of the glycoproteins would be a significant step to
better comprehend bunyavirus genome packaging. Either for analyzing host/viral protein

complexes, characterizing the surface of virus particles, or studying the processes of viral
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replication and virion assembly, it is expected that these techniques will continue to be applied to

help researchers advance the current knowledge on bunyaviruses.

Concluding remarks

The bunyavirus ensemble: a flexible orchestration of solo, duo & trio acts

The results of this thesis make it necessary to reflect on how we normally think about
bunyaviruses. Instead of the textbook representation of a bunyavirus particle typically depicting
the three genome segments (for three-segmented bunyaviruses), we should be more inclined to
think of bunyaviruses as a diverse population of empty, incomplete and complete particles, or as
the title of this thesis metaphorizes: an ensemble (Fig. 3). Within the bunyavirus ensemble,
particles comprise one segment, two segments or three segments. Analogous to a group of good
musicians, individual bunyavirus particles might infect/play on their own performing a solo
(one segment), act as a duo (two segments), a trio (three segments), or flexibly act together to

play as a prominent infectious orchestra.

The Bunyavirus Ensemble

Q ™. Soloacts .’
Empty particle Q Q@

: i M
g @ Duo acts |
@ sk I | i Trio act

LoSM oML

SML complete particle

Textbook 3-segmented bunyavirus particle Actual 3-segmented bunyavirus particles population

Figure 3. The bunyavirus ensemble. Bunyavirus populations consist of a mixture of empty, incomplete and
complete particles. Upon co-infection within a single cell, diverse bunyavirus particles comprising solos
(1-segment), duos (2-segments) or trios (3-segments) can complement genetically and reconstitute a
complete genome, successfully establishing a productive infection.
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Summary

The taxonomical order Bunyavirales comprises a large and diverse group of negative-stranded
RNA viruses. Several members of this group are on top priority lists of pathogenic microorganisms
that threaten public health, as they are known to cause severe disease in plants, animals or
humans. Comprehending the molecular basis of the biology of bunyaviruses is a critical task, as
only then it will be possible to develop safe and effective countermeasures in the event of an
outbreak. Nonetheless, our current knowledge of many aspects of the bunyavirus life cycle is still

limited.

A peculiarity of bunyaviruses is that their genome is divided over multiple segments. Bunyaviruses
thus face the logistics challenge of delivering a complete set of genome segments into host cells,
since each genome segment is essential to establish a productive infection. This thesis aimed at
gaining insights into the genome packaging process of bunyaviruses and its implications for their
life cycle, along with revealing the molecular determinants underlying their pathogenesis. The
three-segmented (SML) Rift Valley fever virus (RVFV), and in some cases Schmallenberg virus
(SBV), were employed throughout this thesis as model viruses belonging to the families

Phenuiviridae and Peribunyaviridae, respectively.

Direct visualization of viral RNA segments within virus particles at single-molecule resolution
revealed that RVFV and SBV package their genome randomly, instead of following a selective
process. Such random packaging yields a mixed population of progeny virions, or as the thesis
title metaphorizes: an ensemble. The bunyavirus ensemble consists mostly of empty or
incomplete particles (missing one or more segments), and only a minor fraction of complete
three-segmented particles. Although apparently inefficient, genome packaging of RVFV was more
efficient in insect cells than in mammalian cells. Virus particles produced upon replication in insect
cells resulted in a higher absolute number of incorporated segments (regardless of the segment

identity) and a higher fraction of complete three-segmented particles.

Incomplete particles are produced in large quantities but cannot establish a productive infection
on their own. Co-infections with incomplete particles harboring complementing sets of genome
segments proved to be a mechanism by which bunyaviruses can reconstitute a complete genome.
Genome reconstitution via co-infection with incomplete particles occurred efficiently in cultured
mammalian and insect cells over a range of multiplicities of infection. This phenomenon also

occurred successfully /n vivoin mosquitoes. The reconstituted genome was capable of generating
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infectious progeny, suggesting that incomplete bunyavirus particles contribute, rather than
interfere, to establish a productive infection. Remarkably, this cooperative strategy of bunyavirus
virions relying on co-infection partly resembles the strategy employed by multipartite viruses to

complete their infection cycle.

Profiling the transcriptome of target organs of lambs exposed to RVFV using RNA-sequencing
technology recapitulated the important role that interferon-mediated immune pathways play in
the host's response upon infection. Linking histopathology with transcriptomics unveiled how the
RVFV-induced hepatic necrosis results in a drastic downregulation of numerous enzymes essential
for metabolic homeostasis. Additionally, the elevated basal expression levels in the liver of LRP],
a recently discovered bunyavirus host entry factor, were correlated with the tropism that RVFV

shows for this organ.

Finally, analysis of the intracellular levels of viral RNA in individual ovine liver cells using single-cell
transcriptomics uncovered that the overall intracellular viral load is the main factor determining
the host's mRNA profile and phenotype. Moreover, the analysis also exposed the extremely
heterogeneous nature of the viral replication process, characterized by large variations in the

intracellular S, M and L segment ratios across cells.

Altogether, the work presented in this thesis sheds new light on fundamental processes of the
bunyavirus life cycle, further advances our understanding of bunyavirus pathogenesis and

proposes new concepts in the biology of segmented viruses.
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Resumen

El orden taxondmico Bunyavirales comprende un grupo grande y diverso de virus ARN de
polaridad negativa. Varios miembros de este grupo se encuentran en listas priorizadas de
microorganismos patdgenos que amenazan la salud publica, ya que causan enfermedades graves
en plantas, animales o humanos. Comprender las bases moleculares de la biologia de los
bunyavirus es una tarea critica, ya que solo asi sera posible desarrollar medidas seguras y eficaces
para contrarrestar los embates en el caso de un brote. No obstante, nuestro conocimiento actual

sobre muchos aspectos del ciclo de vida de los bunyavirus es limitado.

Una peculiaridad de los bunyavirus es que su genoma esta dividido en multiples segmentos. Ya
que cada segmento del genoma es esencial para establecer una infeccién productiva, los
bunyavirus enfrentan el desafio logistico de llevar un conjunto completo de segmentos del
genoma a las células huésped. Esta tesis tuvo como objetivo estudiar el proceso de
empaquetamiento del genoma de los bunyavirus y las implicaciones para su ciclo de vida, asi
como revelar los determinantes moleculares que explican su patogénesis. El virus tri-segmentado
(SML) de la fiebre del Valle del Rift (RVFV, por sus siglas en inglés), y en algunos casos el virus
Schmallenberg (SBV, por sus siglas en inglés), fueron empleados a lo largo de esta tesis como

modelos de virus pertenecientes a las familias Phenuiviridaey Peribunyaviridae, respectivamente.

Estudios de microscopia a muy alta resolucién en los que se visualizaron directamente los
segmentos ARN dentro de las particulas virales (viriones) revelaron que RVFV y SBV empaquetan
su genoma de manera aleatoria, y no emplean un proceso selectivo. Este empaquetamiento
aleatorio produce una poblacién mixta de viriones, o como metaforiza el titulo de esta tesis: un
ensamble. El ensamble de bunyavirus consta principalmente de particulas vacias o incompletas
(a las que les falta uno 0 mas segmentos), y sélo una fraccién menor de particulas completas que
contienen los tres segmentos. Aungue en general el proceso de empaquetamiento aparenta ser
ineficiente, se observd que el genoma de RVFV es empaquetado mas eficientemente en células
de insecto que en células de mamifero. Las particulas virales producidas tras la replicacion en
células de insecto resultaron con un mayor nimero absoluto de segmentos incorporados
(independientemente de la identidad del segmento) y una mayor fraccion de particulas completas

de tres segmentos.

Los bunyavirus producen particulas incompletas en grandes cantidades, pero estas particulas no

pueden establecer una infeccion productiva por cuenta propia. Sin embargo, los estudios
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realizados en esta tesis demostraron que las co-infecciones con particulas incompletas pero que
contienen sets complementarios de segmentos del genoma viral son un mecanismo mediante el
cual los bunyavirus pueden reconstituir un genoma completo. La reconstituciéon del genoma
mediante co-infeccion con particulas incompletas se produjo de manera eficiente en cultivos de
células de mamifero y de insecto en una variedad de multiplicidades de infeccidn. Este fendmeno
también ocurrié de manera exitosa /n vivo en mosquitos. El genoma viral reconstituido fue capaz
de generar progenie infecciosa, lo que sugiere que las particulas incompletas de bunyavirus
contribuyen, en lugar de interferir, a establecer una infeccion productiva. Notoriamente, esta
estrategia cooperativa de los viriones de bunyavirus que dependen de la co-infeccion se asemeja

en parte a la estrategia que los virus multipartitos emplean para completar su ciclo de infeccion.

Adicionalmente, estudiar el transcriptoma de érganos diana de corderos expuestos a RVFV
utilizando tecnologia de secuenciaciéon de ARN recapituld el importante rol que desempefian las
vias inmunitarias mediadas por interferén en la respuesta del huésped ante la infeccion viral.
Combinar histopatologia con la transcriptémica revelé cémo la necrosis hepética inducida por
RVFV resulta en una dréastica regulacién a la baja de numerosas enzimas esenciales para la
homeostasis metabdlica. Ademas, los elevados niveles de expresién basal en el higado de LRP],
un factor para la entrada de bunyavirus al huésped descubierto recientemente, correlacionaron

con el tropismo que RVFV muestra por este érgano.

Finalmente, el andlisis de los niveles intracelulares de ARN viral en células hepaticas ovinas
utilizando transcriptdomica de células individuales mostré que la carga viral intracelular es el
principal factor determinante del perfil de ARNm y del fenotipo de las células huésped. Ademas,
este andlisis también expuso la naturaleza extremadamente heterogénea del proceso de
replicacién viral, caracterizado por grandes variaciones en las proporciones intracelulares de los

segmentos S, My L entre las células.

En conjunto, el trabajo presentado en esta tesis brinda nuevas perspectivas sobre procesos
fundamentales del ciclo de vida de los bunyavirus, avanzando ain mas nuestra comprension de

su patogénesis y proponiendo nuevos conceptos en la biologia de virus segmentados.
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