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Attenuation of Bunyamwera Orthobunyavirus Replication by Targeted
Mutagenesis of Genomic Untranslated Regions and Creation of Viable
Viruses with Minimal Genome Segments

Béryl Mazel-Sanchez* and Richard M. Elliott

Biomedical Sciences Research Complex, School of Biology, University of St. Andrews, North Haugh, St. Andrews, Scotland, United Kingdom

Bunyamwera virus (BUNV) is the prototype virus for both the genus Orthobunyavirus and the family Bunyaviridae. BUNV has a
tripartite, negative-sense RNA genome. The coding region of each segment is flanked by untranslated regions (UTRs) that are
partially complementary. The UTRs play an important role in the virus life cycle by promoting transcription, replication, and
encapsidation of the viral genome. Using reverse genetics, we generated recombinant viruses that contained deletions within the
3’ and/or 5’ UTRs of the L or M segments to determine the minimal UTRs competent for virus viability. We then generated vi-
ruses carrying deleted UTRs in all three segments. These viruses were grossly attenuated in tissue culture, being significantly im-
paired in their ability to produce plaques in BHK cells, and had a reduced capacity to cause host cell protein shutoff. After serial
passage in tissue culture, some viruses partially recovered fitness, generating higher titers and producing larger plaques. We de-
termined the complete nucleotide sequence for each virus. The deleted UTR sequences were maintained, and no amino acid
changes were observed in the nonstructural proteins (NSs and NSm), the nucleocapsid protein (N), or the Gn glycoprotein. One
virus had a single amino acid substitution in Gc. Three viruses contained amino acid changes in the viral polymerase that mostly
occurred in the C-terminal domain of the L protein. Although the role of this domain remains unknown, we suggest that those

changes might be involved in the evolution of the polymerase to recognize the deleted UTRs more efficiently.

he genus Orthobunyavirus and the family Bunyaviridae take

their name from Bunyamwera virus (BUNV), the prototype
bunyavirus, which was isolated from mosquitoes of Aedes species
in the Semliki Forest in Uganda (25). The BUNV genome is com-
posed of three single-stranded RNA segments of negative polarity,
named large (L), medium (M), and small (S), which encode four
structural proteins. The L segment codes for the RNA-dependent
RNA polymerase or L protein; the M segment codes for the two
envelope glycoproteins, Gn and Gg; and the S segment codes for
the nucleocapsid protein (N). Nonstructural proteins are encoded
onthe M and S segment and are named NSm and NSs, respectively
(reviewed in reference 10). The NSm protein was shown to be
involved in virion assembly (24), while NSs plays a role in coun-
teracting the host cell innate immune response through a general
block in transcription and translation (4, 16, 26, 27). Each genome
segment is encapsidated by numerous copies of the N protein and
is associated with a few copies of the L protein to form ribonucleo-
protein (RNP) complexes that are the functional templates for
both transcription and replication.

The coding regions are flanked by untranslated regions
(UTRs), whose size and sequence vary greatly between segments,
but asa general rule, the 3" UTR is shorter than the 5 UTR. BUNV
3" and 5" UTRs on the L and M segments are about 50 nucleotides
(nt) and 100 nt, respectively, while the S segment UTRs are longer,
85 ntand 174 nt, respectively. Similar to other orthobunyaviruses,
the terminal 11 nt of each segment are identical and invertedly
complementary, with the exception of a G-U mismatch at posi-
tions 9 and —9 at each end. The complementarity of the UTRs
allows base pairing of the termini and formation of a panhandle
structure characteristic of segmented negative-sense RNA viruses
(12, 19). Exact complementarity is extended in a segment-specific
manner for 4 nton the L and S segmentand 3 nt on the M segment,
and imperfect complementarity is observed within each segment
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until about nt position 30 (11). Thereafter, the UTRs are highly
variable between segments and consist of largely nonpaired se-
quences.

The UTRs are multifunctional and contain signals that are nec-
essary and sufficient to drive viral RNA and protein synthesis, as
well as nucleocapsid formation and virion assembly. Some func-
tions have been mapped within the BUNV S segment UTRs and
localize mainly to the extremities: (i) the core promoter for tran-
scription and replication is encompassed in the extreme 16 nt of
the 3" and 5" genomic termini (2); (ii) the N protein was shown to
interact preferentially with the 5'-terminal 32 nt (13, 20); (iii) nt
positions 20 to 33 of the 3" and 5" UTRs were identified as impor-
tant for genome packaging in a minigenome assay (14). However,
very little information is available concerning the role of the in-
ternal regions of the UTRs. BUNV carries longer UTRs than do
most segmented, negative-strand RNA viruses such as influenza
viruses (15), arenaviruses (8), and even other orthobunyaviruses.
Previously, Lowen and Elliott (17) used a rational approach to
reduce the lengths of BUNV S segment UTRs outwards from the
coding region toward the termini and showed that the internal
parts of the UTR were nonessential for virus viability but played an
important role during virus replication, as viruses carrying such
deletions showed restricted growth in cell culture.
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In this study, we extended this approach to investigate the
other UTRs. First, we rescued viruses carrying deletions in either
their L or M segment UTRs to determine the minimal L and M
UTRs required for virus growth. Then, we determined the mini-
mal sequences that could support virus replication when deleted
UTRs were present on all three segments. Rescued viruses were
grossly attenuated in tissue culture but proved able to regain some
level of fitness through serial passage. When we investigated fur-
ther the mechanism behind the regain of fitness, we observed the
accumulation of amino acid mutations within the C-terminal part
of the viral polymerase protein in some viruses while other coding
sequences and remaining UTRs were stable through serial passage.

MATERIALS AND METHODS

Cells and viruses. BHK-21 cells were grown in Glasgow’s minimal essen-
tial medium (GMEM) supplemented with 10% tryptose phosphate broth
(TPB) and 10% newborn calf serum (NCS). BSR-T7/5 cells, which stably
express T7 RNA polymerase (7), were provided by K.-K. Conzelmann
(Max-von-Pettenkofer Institut, Munich, Germany) and were grown in
GMEM supplemented with 10% TPB, 10% fetal calf serum (FCS), and 1
mg/ml G418. All cell lines were grown at 37°C with 5% CO,.

Where possible, recombinant viruses were purified by plaque forma-
tion on BHK-21 cells; working stocks were grown at 33°C in BHK-21 cells
in medium supplemented with 2% NCS, and supernatants were harvested
when a marked cytopathic effect (CPE) was observed. For recombinant
viruses that did not show CPE, working stocks were grown at 33°C in
BHK-21 cells and supernatants were harvested 5 days postinfection.

Plasmids. pT7riboBUNL(+), pT7riboBUNM(+), and pT7riboBUNS(+)
have been described previously (5); briefly, each plasmid contains a full-length,
antigenome-sense BUNV segment flanked immediately upstream by the T7 pro-
moter and immediately downstream by the hepatitis & ribozyme, followed by the
T7 terminator sequence. Deletions in the L and M UTRs were introduced by
excision PCR using primer pairs flanking the region to be deleted in outward
orientation using pT7riboBUNL(+) or pT7riboBUNM(+) as the template.
Primer sequences and PCR conditions are available from us on request. All con-
structs were verified by sequence analysis.

Generation of recombinant viruses from cDNAs. Recombinant vi-
ruses were produced using the three-plasmid rescue system (18). Subcon-
fluent BSR-T7/5 cells (4 X 10° cells in a 60-mm-diameter dish) were
transfected with 1 g each of pT7riboBUNL(+), pT7riboBUNM(+), and
pT7riboBUNS(+), or the appropriate mutant construct(s), by using Li-
pofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. Supernatants were harvested when marked CPE was observed or
every 5 to 6 days up to 21 days posttransfection. Rescue outcome was
assessed by either plaque assay or immunostaining. The genome segments
of the recovered viruses were amplified by reverse transcription-PCR
(RT-PCR), and their nucleotide sequences were determined to confirm
the presence of the expected mutations.

Virus titration by plaque assays or immunostaining. Monolayers of
BHK-21 cells were infected with serial dilutions of virus and incubated
under an overlay consisting of GMEM supplemented with 2% NCS and
0.6% Avicel (FMC) at 33°C for up to 5 days. Cell monolayers were fixed
with 4% formaldehyde, and plaques were visualized by Giemsa staining.
For viruses that did not form plaques, after fixation, cell monolayers were
permeabilized with 0.5% Triton X-100 in phosphate-buffered saline
(PBS) for 30 min. The cells were incubated with blocking buffer (PBS
containing 5% skimmed milk) for 30 min before being reacted with a
monospecific anti-BUNV N protein antibody, followed by a peroxidase-
labeled secondary antibody. Foci were visualized using TrueBlue peroxi-
dase substrate (InSight Biotechnology).

Serial passage. Recombinant viruses were serially passaged in BHK-21
cells. To produce passage 1 (p1), cells were infected at a low multiplicity of
infection (MOI) (approximately 0.001 PFU/cell or focus-forming unit
[FFU]/cell) with the p0 stock and incubated at 33°C in medium supple-
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FIG 1 Schematic of the deletions introduced in the UTRs of the L segment
(upper part) and M segment (lower part). Black bars on each side represent the
UTRs; gray bars in the middle represent the coding region. Only the UTRs are
drawn to scale. The names of the recombinant segments follow the pattern
Xa/b, where X is the segment concerned, a is the length of the 3’ UTR, and b is
the length of the 5" UTR in nucleotides. + denotes recovery of a recombinant
virus and — denotes no recovery, when virus rescue was performed with two
wt segments.

mented with 2% NCS. The supernatant was harvested when CPE ap-
peared or at 7 days postinfection. The same procedure was repeated up to
passage 10 (p10).

Metabolic labeling of viral proteins. BHK-21 cells were infected as
described above, and at different times postinfection, cells were labeled
with 35 wCi per well of Tran>S-label (MPbio) for 2 h in methionine-free
Dulbecco’s modified Eagle’s medium. Cell lysates were prepared by addi-
tion of 300 pl lysis buffer (100 mM Tris-HCI [pH 6.8], 4% SDS, 20%
glycerol, 200 mM dithiothreitol, 0.2% bromophenol blue, and 25 U/ml
benzonase [Novagen]). Proteins were separated by SDS-PAGE on a 4 to
12% gel (Invitrogen). After fixation and drying, the gel was exposed to
X-ray film.

RESULTS

Rescue of recombinant BUNV with minimal L or M segment
UTRs. Plasmids expressing L or M segment RNAs with deletions
in the UTRs were transfected into BSR-T7/5 cells together with
plasmids expressing two wild-type (wt) segments. For the L seg-
ment, we designed 16 constructs with deletions within the 3, 5,
or both UTRs, and 12 led to successful rescue of virus. The com-
plete 3" and 5" UTRs are 108 nt and 85 nt, respectively. The min-
imal UTRs for the L segment generating an infectious virus were
39 nt left in the 3’ UTR and 38 nt left in the 5" UTR (Fig. 1, top).
The full-length M segment UTRs are 100 nt (3") and 56 nt (5),
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FIG 2 Growth properties of recombinant viruses compared to those of wt-
BUNV. (A) Plaque phenotypes. BHK-21 cell monolayers were fixed 4 days
postinfection with 4% formaldehyde and stained with Giemsa solution. The
name above each well indicates the mutant segment in a wt background. (B)
Virus yields. BHK-21 cells were infected at an MOI of 0.5 PFU/cell. Virus titers
in the supernatant were determined at 24 h and 48 h postinfection by titration
in BHK-21 cells.

and of 9 constructs containing deletions within the UTRs, only 2
led to successful rescue. One contained a deletion in the 3" UTR,
and the other contained a deletion in the 5" UTR. It was not pos-
sible to rescue a virus containing deletions in both UTRs. There-
fore, the minimal 3" UTR was 33 nt and the minimal 5" UTR was
40 nt (Fig. 1, bottom). All negative virus rescues were confirmed
by performing at least one other rescue attempt under conditions
where the wt virus was successfully rescued and generated at least
10”7 PFU The modified segment of each recovered virus was am-
plified by reverse transcription-PCR (RT-PCR), and nucleotide
sequence determination confirmed the presence of the expected
deletion.

After propagation in BHK-21 cells, the resulting virus stock
was used to assess the plaque phenotype of the rescued viruses.
Mutant viruses appeared to display a great diversity in their plaque
size; however, they were always smaller than those formed by
wtBUNV (Fig. 2A). For the L segment, the size of the plaque ap-
peared to correlate with the size of the deletion, except for
rBUNL39/65. The virus with the minimal L segment UTRs,
rBUNL39/38, showed the smallest plaque phenotype. Both viruses
with deletions in either of their M UTRs produced plaques that
were smaller than those of the wtBUNV. The mutant viruses also
appeared to grow more slowly than did wtBUNV (Fig. 2B). Dif-
ferences were most striking at 24 h postinfection, where most mu-
tant viruses gave titers that were at least 10-fold lower than those of
wtBUNYV and up to 10,000-fold lower for rBUNL38/39. However,
by 48 h postinfection all viruses except rBUNL39/38 produced
yields that were within 10-fold of those of the wt virus.

Rescue of recombinant BUNV with minimal UTRs in all
three segments. In an attempt to rescue viruses with the minimal
UTRSs, defined above for the L and M segments, and previously by
Lowen and Elliott (17) for the S segment, BSR-T7/5 cells were
transfected with plasmids representing the two possible combina-
tions: L39/45 + M56/40 + S29/112 or L39/45 + M33/100 + S29/
112 (Table 1). We speculated that rescued viruses might be grossly
attenuated, and thus, the supernatant from transfected cells was
assayed by an immunostaining procedure (see Materials and
Methods). However, despite repeated attempts, no evidence for

TABLE 1 Combinations of three deleted segments attempted in rescue experiments

Presence or absence of plasmid (abbreviated name):

Expt  L44/85  144/65(L,)  144/45(L,)  139/65(L,)  M56/40 (M,)  M33/100 (M,)  S85/112(S,)  S62/112(S,)  Rescue outcome®
1 + - - - + - + - -
2 + - - - + - - + -
3 + - - - - + + - -
4 + - - - - + - + -
5 - + - - + - + - +
6 - + - - + - - + -
7 + - - - + + - -
8 - + - - - + - + +
9 - - + - + - + - +
10 - + - + - - + -
11 - - + - - + + - -
12 - - + - - + - + -
13 - - + + - + - -
14 - - - + + - - + +
15 - - - + + + - +
16 - - + - + - + +

@ +, virus rescued; —, no virus recovered.
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FIG 3 Schematic representing the genome segments present in minimal vi-
ruses. The coding regions, not to scale, are in gray. The UTRs, to scale, are in
black. For each set of three, the top segment represents the L genome, the
middle segment represents the M genome, and the bottom segment represents
the S genome, with the 3" UTR on the right of the coding sequence and the 5’
UTR on the left. The abbreviated segment designations are given in Table 1.

infectious virus could be detected, leading to the conclusion that
viruses with minimal UTRs (as defined for individual segments)
on all three segments were not viable.

As it was not possible to rescue a virus containing all the min-
imal UTRs, we attempted virus rescue with different combina-
tions of plasmids expressing mutant segments. First, we per-
formed rescue experiments where only two segments contained
deleted UTRs while the third segment had wt UTRs. Through this
screening, we found that L segments 144/38 and L39/38 did not
allow efficient virus rescue with any other deleted segments. This
screening also showed that S segments with UTRs shorter than
S62/112 did not allow efficient virus rescue with other segments
carrying deletions in their UTRs. Both deleted M segment plas-
mids, however, could be used in combination with deleted L or S
segments. Next, we attempted virus rescue with 16 different com-
binations of mutated plasmids, and six led to the recovery of viable
viruses (Table 1; Fig. 3). The viruses were detected only by immu-
nostaining of infectious foci, and none of the mutant viruses
formed obvious plaques in BHK cells according to our standard
protocol (Fig. 4). A negative rescue outcome was confirmed by
carrying out at least three rescue experiments where rescue of
wtBUNYV was successful each time. Interestingly, we were unable
to recover a virus with L44/85 UTRs in combination with shorter
M and S segments whereas we were successful with the construct
expressing shorter L segment UTRs, L39/65. Viruses with shorter
L and S segment UTRs were recovered with either of the two
deleted M segments, M33/100 and M56/40. Of the six rescued
viruses, three had deletions in 4 out of the 6 UTRs, and three
viruses had deletions in 5 UTRs. Each of the segments leading to
virus rescue was given an abbreviated name for ease of use as
shown in Table 1. The virus with the overall smallest genome,
L39/65 + M56/40 + S62/112, is thus called L;M,S,; its total ge-
nome length is 12,085 nt, compared to 12,294 nt contained by
wtBUNV.

Mutant viruses recover fitness through serial passage. The
supernatants from transfected cells were used to prepare elite
stocks of each virus in BHK-21 cells and were designated p0. Using
the immunostaining protocol, titers of p0 stocks were in the range
of 10* to 10° FFU/ml, whereas recombinant wtBUNV produced at
the same time reached titers above 10’ PFU/ml. Two types of foci
were observed for the mutant viruses: very small (L,M,S,, L;M,S,,
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FIG 4 Plaque phenotypes of mutant viruses at p0, p5, and p10 in BHK-21
cells. BHK-21 cells were infected with wtBUNV or different minimal genome
recombinant BUNVs. Cells were fixed at 3 days postinfection in 4% formal-
dehyde and immunostained for N protein (p0) or stained with Giemsa’s solu-
tion (p5 and p10).

and L;M,S,) or larger, round, and well-defined (L, M,S,, L;M,S,,
and L;M,S,) (Fig. 4). The viruses were serially passaged in BHK
cells, using the same volume of supernatant from each passage to
infect the subsequent flask of cells, and evidence for regain of
fitness during the process was investigated. Thus, the ability of
each virus to form plaques in BHK-21 cells was assessed from
passage 5 (p5) and 10 (p10) stocks (Fig. 4). While wtBUNV dis-
played very similar plaque sizes at every passage, we observed a
positive effect of passage on the ability of the mutant viruses to
form plaques. All p5 mutant viruses had apparently acquired the
ability to form plaques but to different extents. For L,M,S,,
L;M,S,;, and L;M,S,, plaques were small, fuzzy, and difficult to
visualize while plaques produced by L, M, S;, L;M;S,, and L, M,,S,
were small, clear, and distinct. These phenotypes remained the
same at p10.

After 10 passages, the titers of three mutants had not increased
above the titers of the p0 stocks: L,M,S, remained at around 10’
PFU/ml, whereas the titers of L;M,S,; and L;M,S, did not exceed
10* PFU/ml, making further characterization difficult. In contrast,
the titers of L,M,S;, L;M;S,, and L,M,S, increased by at least
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FIG 5 Protein synthesis and associated virus yields in BHK-21 cells. BHK-21
cells were infected at an MOI of 5 PFU/cell. (A) Proteins were labeled at 24 h
postinfection with [**S]methionine over 2 h. The same volume of lysate was
loaded in each lane. Positions of viral proteins are indicated on the right. (B)
The supernatants were harvested at 24 h postinfection and titrated in BHK-21
cells.

100-fold by p10. Viral protein synthesis and the ability to induce
host cell protein shutoff were assessed for recombinant viruses
L,M,S,, LiM;S,, LsM,S,, and L,M,S, in BHK cells infected at an
MOI of 5; wtBUNV was included for comparison (Fig. 5). wtBUNV
induced significant shutoff of host cell protein synthesis by 24 h
postinfection compared to that in mock-infected cells, and while
synthesis of viral protein was clearly visible, it had already begun to
decrease compared to earlier time points (not shown). Viruses
L,M,S, and L;M;S, did not cause host cell protein shutoff com-
pared to uninfected cells, while viruses L,M,S, and L,;M,S, in-
duced moderate shutoff (Fig. 5A). Interestingly, the level of viral N
(and presumably NSs) protein did not correlate with the level of
observed host cell protein shutoff. Indeed, levels of N protein were
higher in L,M;S,- and L,M, S, - than in L;M,S,- and L, M,S,-in-
fected cells, whereas levels of other viral proteins appeared more
similar between mutant viruses. Virus titers in the supernatants
from these cells at 24 h postinfection were determined by plaque
assay in BHK-21 cells (Fig. 5B). The mutant viruses achieved titers
between 10° and 10’ PFU/ml, whereas wtBUNV titers approached
10° PFU/ml.

13676 jviasm.org

Complete nucleotide sequence analysis after serial passage.
The complete genomic sequences of the six mutant viruses were
determined. No changes in the UTR sequences were found in any
virus, confirming that the introduced deletions were stable for up
to 10 passages. No nucleotide changes were observed in the S
segment coding region. For the M segment coding region, only
virus L, M,S, showed a change, a single nucleotide substitution at
position 3070 (G—T), leading to an amino acid (E—K) change at
position 925 of the glycoprotein precursor, corresponding to po-
sition 448 in the Gc glycoprotein. The L segment coding region in
all mutant viruses, with the exception of L;M,S,, contained mu-
tations. Viruses L,M;S,; and L;M,S, had 1 nucleotide substitution
each, but these did not result in an amino acid change. On the
other hand, viruses L;M,S;, L;M;S,, and L;M,S, all had several
nucleotide substitutions, some of which resulted in amino acid
changes; these are listed in Table 2. Notably, these three viruses all
showed an increase in fitness, as evidenced by improved titers,
following serial passage. In most cases, the amino acids retained
similar biochemical properties. For instance, in virus L,M,S,, at
position 1118 R was replaced by K, and at position 1945 V was
replaced by I. However, in virus L;M, S,, the alteration at position
1619 was from E to QQ, and in virus L;M,S,, the second mutation at
position 1595 was from H to P.

DISCUSSION

The untranslated sequences at the ends of bunyavirus genome
segments perform critical functions in the viral life cycle (10). The
very terminal sequences are conserved between the three genome
segments for viruses within each genus but are different between
genera, and the consensus terminal sequences are used as a crite-
rion in classification (21). The sequences between the conserved
termini and the coding regions generally display considerable
variability. However, with regard to members of the Orthobunya-
virus genus, conserved CA- and GU-rich motifs are found within
the variable 5" UTR of the S segment (9). Considering that some
viruses within the genus Orthobunyavirus possess very short UTRs

TABLE 2 List of nucleotide and amino acid substitutions in the L
sequence of mutant viruses”

Nucleotide change Amino acid change

Virus Position Substitution Position Substitution
L,M;S, 3375 C—>T 1108 None
3403 G—A 1118 R—K
5883 G—A 1945 V—I
L,M,S, 6383 C—>T 2111 None
LM,S, 3545 C—T 1165 None
4905 G—C 1619 E—Q
5449 G—A 1800 R—K
5468 G—A 1806 None
6340 C—-T 2097 A=V
L;M,S, 6014 G—A 1988 None
L,M,S, 414 A—G 122 >V
3557 G—C 1169 None
4834 A—C 1595 H—P

“ Nucleotide substitutions and amino acid changes were positioned according to the
wtBUNV L sequence.
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(e.g., those in the Simbu serogroup such as Akabane or Oro-
pouche viruses [10, 17]), it begs the question of the function of
these “additional” sequences and whether the UTR sequences in
BUNV can be reduced while maintaining virus viability. Previ-
ously, it had been shown that the S segment UTRs could be short-
ened from 85 nt to 29 nt at the 3’ end and from 174 nt to 112 nt at
the 5" end (17). The purpose of this study was first to delineate the
minimal L or M segment UTRs that would support virus growth
in the presence of complete UTRs on the two other segments and
then to define the minimal UTR combinations for all three seg-
ments, i.e., to create a recombinant BUNV with the shortest ge-
nome.

We were able to recover a virus in which the UTRs of the L
segment were shortened from 108 nt to 39 nt at the 3’ end and
from 50 nt to 38 nt at the 5" end, BUNL39/38. Recovering a virus
with deletions within the M UTRs proved more difficult. It was
possible only to reduce one or the other UTR but not both at the
same time. The minimal UTRs for the M segment were either 33 nt
(instead of 100 nt) at the 3" end or 40 nt (rather than 56 nt) at the
5" end, BUNM33/100 and BUNMS56/40, respectively. Despite the
fact that nonconserved sequences were dispensable, they contrib-
uted to viral growth, and as a general rule, the shorter the UTRs,
the slower the virus grew. The replication cycles of the mutant
viruses carrying shortened L or M segment UTRs appeared slower
than that of wtBUNYV, resulting in the formation of smaller
plaques. These observations correlate with what has been ob-
served when introducing deletions within the S segment (17).

Virus growth is a complex process during which UTRs play a
critical role. Indeed, UTRs are involved in replication, transcrip-
tion, encapsidation, and packaging of the viral genome. Using
minigenome assays, important packaging elements have been
mapped between nucleotides 20 and 33 in the 3’ and 5" UTRs (14).
In our study, the terminal 33 nt of both the 3" and 5" UTRs were
present in all constructs, and thus, we predicted that segments
with deleted UTRs would be packaged with an efficiency similar to
that of wt segments. Also, using a minigenome assay, two termi-
nation signals have been identified in the BUNV S segment (1),
one playing a major role at nt 865 to 870 (3'-GUCGAC-5') and a
second, 32 nt downstream, at nt 898 to 902 (3'-UGUCG-5").
However, through the creation of appropriate recombinant vi-
ruses, it was recently shown that only the first motif signals tran-
scription termination in the context of virus infection (3). When
the S segment termination signal was deleted, runoff RNA tran-
scripts were detected in recombinant BUNV-infected cells (3). It
would be of interest to determine the situation with the viruses
carrying deletions in the M and L segment UTRs. Transcription
termination signals have not been identified for the L and M seg-
ments, and it seems that their 5" UTRs were less sensitive to dele-
tion. This suggests that mRNA termination signals might be lo-
cated close to the genomic 5’ end. Deletion of just the termination
signal, however, did not attenuate virus replication; attenuation
was seen when larger regions of the 5" UTR were excised (3, 17).
This implies that some other function associated with the S seg-
ment 5" UTR is more important for efficient virus replication, and
presumably this applies also for the M and L segment UTRs.

Considering that deleted UTRs in only one segment led to virus
attenuation, it was thought that if a virus containing three seg-
ments with deletions could be rescued, it would be attenuated
even further. This proved to be the case. First, we were unable to
recover a virus carrying the minimal UTRs, as defined when only
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one segment was mutated, on all segments. It appeared that when
the number of segments carrying deleted UTRs increased, the size
of each UTR had also to be increased. After screening rescue at-
tempts with numerous combinations of plasmids expressing
genomic RNAs with deleted UTRs, a few recombinant viruses
with deletions in 4 or 5 UTRs were recovered, but the viruses were
extremely attenuated. Indeed, the only reliable way to detect such
viruses was by immunostaining of viral foci with an anti-N protein
antiserum, as the viruses were markedly impaired in their ability
to form plaques. Furthermore, the titers of initial virus stocks were
much lower than those of recombinant wtBUNV rescued in par-
allel. However, after 10 passages, three mutant viruses showed
increased titers, though they remained attenuated compared to
wtBUNYV, forming smaller plaques, and displaying a delay in the
induction of host cell protein shutoff. When looking at host cell
protein shutoff, it seems that the level of NSs was not the only
factor regulating inhibition of protein synthesis. For instance, vi-
ruses L;M;S, and L,M,S, both carried the same S segment, ex-
pressed similar amounts of N protein, and presumably expressed
similar amounts of NSs, but L, M, S, induced a more pronounced
protein shutoff. The same applies to viruses L;M;S, and L, M,S,,
with L;M,S, inducing more protein shutoff than did L;M,S,. The
M segment did not seem to be involved in protein shutoff, as
L,M,S,, L,M,S,, and L;M,S, carried the same M, segment but
displayed different levels of protein shutoff, suggesting that the L
segment might be involved. The two viruses displaying the more
pronounced protein shutoff carried the same mutated segment,
L,, whereas viruses for which protein shutoff was poor carried
either the L, or the L, segment. Whether this reflects differences in
the expression levels of L protein, and thus differences in cap-
snatching activity, unfortunately cannot be easily measured.
Serial passage can be compared to forced evolution, and as the
viruses replicate, they will accumulate point mutations in their
genomes. In order to understand the mechanism behind the re-
gain of fitness, the entire nucleotide sequences of a number of viral
genomes were determined to assess the extent of mutation. A pre-
vious in vitro study using a minigenome system showed that
BUNYV was able to repair both insertions and deletions in its UTRs
(28). Therefore, the first concern was to ensure that the UTRs were
unchanged and the deletions were still present after 10 passages.
For the viruses examined, no repair of the deleted UTRs was ob-
served, and moreover, no nucleotide changes were detected
within the remaining UTR sequences. Hence, the mutant viruses
did not regain fitness through modification of their UTRs. We
next evaluated the coding sequences. Proteins encoded by the S
segment play a role in virus replication: the N protein is involved
in genome encapsidation (20) and NSs plays a role in counteract-
ing the host cell interferon response and inhibiting host cell pro-
tein synthesis (6, 16). NSs has also been shown to have an impact
on viral polymerase activity in a minigenome system (29). Despite
N and NSs potentially having important roles in virus fitness, not
a single nucleotide change was detected in the S open reading
frame (ORF) of any mutant virus after serial passage. The M seg-
ment codes for the two glycoproteins Gn and G, involved in entry
mechanisms, and NSm, which is required for assembly and mor-
phogenesis (24). One nucleotide mutation was detected in the M
segment of the virus L,M,S,, at position 925 in the glycoprotein
precursor. As a recombinant virus with the NH, terminus of Gc
deleted (corresponding to residue 930 in the precursor) is viable,
though attenuated, this indicates that residue 925 is not in a crit-
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ical region for viral replication (23). It was on the L segment,
coding for the polymerase protein, that sequencing revealed the
generation of most mutations. Every mutant virus except L;M,S,
contained at least one nucleotide change, while the L segment of
wtBUNV did not accumulate any nucleotide mutations after 10
passages. Nevertheless, not every nucleotide substitution led to an
amino acid change. Viruses L,M,S; and L;M,S, had only silent
nucleotide changes, whereas the three viruses that showed an in-
crease in titer over passage had nucleotide changes that led to
amino acid substitutions (Table 2). It is noteworthy that these
three mutants (L, M;S;, L;M;S,, and L; M,S,) produced larger foci
after rescue whereas those viruses that did not regain fitness over
10 passages (as defined by increase in titer) initially displayed
small foci (Fig. 4). The majority of amino acid changes were lo-
cated in the C-terminal part of the L protein. The function of this
part of the BUNV polymerase is currently unknown, though
Regueraetal. (22) suggest that it may be functionally similar to the
PB2 protein of influenza virus, which has cap-binding activity. It
would be of interest to investigate the impact of the mutations on
BUNV polymerase activity and to determine if they influence the
levels of transcription/replication of template RNAs containing wt
or mutant UTRs.

In summary, we have shown that the nonconserved sequences
of BUNV UTRs on the L and M segments are nonessential for viral
growth, extending previous studies on nonconserved sequences in
the S segment UTRs. However, the sequences are important for
promoting optimal virus replication, perhaps by ensuring the cor-
rect balance between transcription and replication. Interestingly,
when the UTRs are altered and viruses are serially passaged, mu-
tations appeared in the polymerase. Those mutations are poten-
tially linked to the observed regain of fitness.
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