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Abstract
Brome mosaic virus (BMV) packages its genomic and subgenomic RNAs into three separate viral
particles. BMV purified from barley, wheat and tobacco have distinct relative abundances of the
encapsidated RNAs. We seek to identify the basis for the host-dependent differences in viral RNA
encapsidation. Sequencing of the viral RNAs revealed recombination events in the 3′ untranslated
region of RNA1 of BMV purified from barley and wheat, but not from tobacco. However, the
relative amounts of the BMV RNAs that accumulated in barley and wheat are similar and RNA
accumulation is not sufficient to account for the difference in RNA encapsidation. Virions purified
from barley and wheat were found to differ in their isoelectric points, resistance to proteolysis, and
contacts between the capsid residues and the RNA. Mass spectrometric analyses revealed that
virions from the three hosts had different post-translational modifications that should impact the
physiochemical properties of the virions. Another major source of variation in RNA encapsidation
was due to the purification of BMV particles to homogeneity. Highly enriched BMV present in
lysates had a surprising range of sizes, buoyant densities, and distinct relative amounts of
encapsidated RNAs. These results show that the encapsidated BMV RNAs reflect a combination
of host effects on the physiochemical properties of the viral capsids and the enrichment of a subset
of virions. The previously unexpected heterogeneity in BMV should influence the timing of the
infection and also the host innate immune responses.
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INTRODUCTION
RNA viruses can infect multiple host species with very different outcomes in both progeny
production and pathologies.1,2 The goal of this work is to better understand the how
different hosts can affect virions of Brome mosaic virus (BMV).

BMV is a multipartite positive-strand RNA virus that can infect monocot and dicot plants.
BMV infection is locally confined in two Chenopodium species, but can spread systemically
in Chenopodium quinoa, the geranium tobacco, N. benthamiana, and barley and wheat.3–5

The outcome of the viral infection is due to the compatibility of the interactions between
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plant pathogen sensors and the pathogen molecules.6 However, how the host can affect the
physiochemical properties of the virions is not well characterized.

The BMV genome consists of three messenger-sense genomic RNAs designated as RNA1,
RNA2, and RNA3. Monocistronic RNA1 and RNA2 each encode one protein required for
BMV replication.7,8 Dicistronic RNA3 encodes the movement protein required for cell to
cell spread and the coat protein (CP) that encapsidates BMV RNAs. The CP is translated
from subgenomic RNA4 that is transcribed from the minus-strand RNA3.9,10 The three
BMV genomic RNAs are encapsidated in three separate virions. Subgenomic RNA4 is co-
encapsidated with RNA3.11 The capsid of the three particles all contain 180 subunits of the
CP that are arranged in a T=3 icosahedral symmetry.12

We noticed that the relative abundances of the three subsets of BMV virions differed as a
function of the host. The level of RNA synthesis, the sequence of the RNAs, the integrity of
the capsids, the contacting residues between the capsid and the RNA were examined in order
to elucidate factors that influenced BMV RNA encapsidation. Virions produced in barley
and wheat differed in post-translational modification of the capsid and capsid-RNA
interactions. In addition, we observed that BMV particles had previously under-appreciated
variations in size, density, and encapsidated viral RNAs.

RESULTS
BMV isolated from three different hosts have distinct ratios of viral RNAs

To examine the effects of the host species on virion production, agroinfiltration of N.
benthamiana was used to produce the inoculum to infect barley and wheat. Agroinfiltration
launches BMV infection and virion production using recombinant cDNAs of the BMV
genome that are transcribed by the host polymerase. Therefore, the inoculum should be less
heterogeneous than virions that had been passaged in the laboratory for decades. The virions
produced by wheat, barley, and N. benthamiana will be denoted as BMVW, BMVB, and
BMVN, respectively.

The RNA content of BMV purified by CsCl gradients had distinct relative abundances of the
four BMV RNAs as a function of the host (Fig. 1A). Notably, BMVB and BMVw had higher
abundances of virions that packaged RNA1 or RNA2 (relative to virions packaging
RNA3/4) than did BMVN. The relative abundance of the RNA1 virion from BMVB was also
higher when compared to those from BMVW. Interestingly, BMV preparations from barley
do not have an equal ratio of RNA3 and RNA4 even though current model states that they
are co-packaged in one virion.11 Host-specific differences are reproducible in more than 4
independent virion preparations from each host species. These observations suggest that the
host species will impact progeny virus production.

BMV RNA replication cannot fully account for the distinct ratios of encapsidated RNAs
We seek to determine whether distinct relative abundances of the encapsidated RNAs are
due to the accumulation of the viral RNAs in the plant hosts. Leaves from four
independently inoculated pots of barley, wheat, and N. benthamiana inoculated with BMVN
were used for the analysis. Throughout the time course, viral RNAs accumulated at a two- to
three-fold higher level in wheat than in barley (Fig. 1B, 1C). RNA accumulation was at least
ten-fold lower in N. benthamiana and was barely detectable in 5 days after inoculation (Fig.
1C and data not shown). We note that mechanical inoculation leads to reduced RNA
accumulation in N. benthamiana when compared to agroinfiltration. In both barley and
wheat, RNA4 was the most abundant, followed by RNA3. However, the relative ratios of
the four BMV RNAs were fairly similar in barley and wheat (Fig. 1B). These results suggest
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that the ratios of the subset of BMV virions produced barley and wheat cannot be explained
solely by RNA accumulation (Fig. 1A and Table 1).

The 3′ untranslated region (UTR) of RNA1 is altered after BMV replicates in barley and
wheat

To examine whether the BMV genome had changed from the inoculum, we sequenced
cDNAs generated from BMVB, BMVW, and the inoculum BMVN. No obvious changes
from the BMV sequences introduced by agroinfiltration were observed in the virion RNAs
derived from BMVN. In addition, RNA2 and RNA3 of BMVB and BMVW were largely
unchanged from the inoculum. The only changes that are sufficiently abundant to detect in
the sequencing output were from the 3′ UTR of RNA1 (Fig. 2A). The changes were found in
four independent preparations, two each from BMVB and BMVW. The changes to the 3′
UTR was curious, given that all BMV RNAs share highly similar 3′UTRs.

The 3′ UTR of BMV RNA contains a tRNA-like structure (TLS) that directs minus-strand
RNA synthesis (Fig. 2B).13–15 Sequences in the TLS are hotspots for crossovers in
intersegment RNA recombination.16 To better characterize the sequence changes, we cloned
and sequenced individual cDNAs from two independent preparations of RNA1 of BMVB
and BMVW. Three single nucleotide polymorphisms (SNPs) within the TLS diagnostic for
each of the three genomic BMV RNAs were used as markers to estimate the crossover sites
(Fig. 2B). The TLS of RNA1 all contained the SNPs diagnostic of either RNA2 or RNA3
(Fig. 2C), suggesting that the TLSs of RNA1 from BMVB and BMVW were replaced by
those from RNA2 or RNA3. In BMVW, RNA2 served as the preferential donor for the
recombinant RNA1. In barley, RNA3 preferentially served as the donor. Notably, BMVN re-
inoculated back to N. benthamiana (to generate BMVNN) did not result in detectable RNA
recombinants (Fig. 2D). Progeny virions from BMVW passaged to N. benthamiana (to
generate BMVWN) retained the heterogeneity in its RNA1 sequence originally present in the
BMVW (Fig. 2D). The yield of the BMVWN was not obviously increased compared to
BMVN. These results demonstrate that a strong selection exists to change the 3′ UTR of
RNA1 when BMV infects barley and wheat. However, the recombinant RNA1 was not
selected for or against in infection of N. benthamiana.

Virions produced by wheat and barley have distinct physiochemical properties
While increased recombination in RNA1 is influenced by the host species, similar relative
levels of the four BMV RNAs in barley and wheat suggest that RNA accumulation was not
primarily responsible for the distinct relative levels of the encapsidated RNAs in these two
hosts. To understand the basis for distinct encapsidation of RNAs, we characterized the
physiochemical properties of virions produced in barley and wheat.

To allow improved resolution of differences in the virions, we separated the three BMV
particles into two fractions by modifying the CsCl gradients.17 One fraction was enriched
for RNA1 virions and a second enriched for both of the RNA2 and RNA3/4 virions. The
fractions will be named B1 or B2.3/4 to designate the enriched RNAs followed by the
subscript W or B to denote the host from which the virions were purified. Northern blot
analysis showed that over 80% of both the B1B and B1W particles contained RNA1 whereas
over 90% of the B2.3/4B or B2.3/4W particles contained RNA2 or RNA3 and RNA4 (Fig.
3A).

Isoelectric focusing was used to characterize the subsets of the BMV virions (Fig. 3B). The
profile of B1B and B1W both exhibit two peaks of similar abundances with pIs of
approximately 6.2 and 6.4. Given that the B1 preparations are at least 80% pure, it is likely
that the B1 particles may exist as heterogeneous populations. In addition, the profiles of the
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peaks differ between B1B and B1W, indicating that there are host-specific effects on the
electrostatic charges of the B1 virions. The B2.3/4B and B2.3/4W virions also have distinct
isoelectric profiles. These results suggest that heterogeneity exist within the virions and that
the host species contribute to the heterogeneity.

Differences in the isoelectric profiles of the virions prompted us to examine the
thermostability of virions as a function of pH using differential scanning fluorimetry.18

BMV particles undergo a swelling transition at pH 6.4 that is associated with a ca. 10%
change in the virion diameter and a change in the thermostability of the particles. A
comparison of the TMapp (the apparent melting point of the capsid) revealed that the B1W
particles are consistently less stable than the B1B particles below pH 6.5 (Fig. 3C, top).
Another major difference in stability was observed between the B1 and the B2.3/4 virions
from both wheat and barley (Fig. 3C, bottom panel). These results suggested that the
thermostability of the virions is affected by the host. However, since a large difference was
observed between virions that encapsidated RNA1 versus the other RNAs, it is likely that
capsid-RNA interactions will substantially impact the thermostability of BMV.

Partial proteolysis was used to confirm differences in the virions from barley and wheat. The
state of the digestion was first monitored using denaturing gel electrophoresis and silver
staining. The B1W capsid exhibited a proteolyzed CP band sooner than did B1B (Fig. 4A). In
contrast, the B2.3/4W particles were more resistant to proteolysis than the B2.3/4B virions at
the early points. Notably, the B1W and B1B particles were both digested to completion at a
faster rate than the B2.3/4W and B2.3/4B particles (Fig. 4A).

The identities and quantities of the tryptic peptide fragments released from the virions were
identified by mass spectrometry. Quantification was performed by normalization to a
trypsin-resistant peptide bradykinin that was spiked into the digestion. Consistent with the
results from the gel-based assays, B1W virions released a larger number of peptide
fragments than did B1B (Fig. 4B). Additionally, the cleaved CP fragments were different
between B1W and B1B. Peptide fragments from B1W CP were mostly assigned to sequences
within the N-terminal 46 residues and to the C-terminal tail, whereas the fragments from
B1B CP were mostly from the N-terminal 26 residues and the globular domain of the CP
(Fig. 4C.). The results show that BMV virions produced from barley and wheat have
different sensitivity to proteolysis, even when they encapsidate the same RNA.

BMV virions from different hosts have distinguishable capsid-RNA interaction
Differences in in capsid-RNA interaction likely contributed to the differences in the BMV
particles from barley and wheat. To identify these differences, the reversible crosslinking
and affinity purification/peptide fingerprinting (RCAP) assay was used to map the capsid
residues that contacts RNA. RCAP combines reversible crosslinking, proteolysis, RNA
capture, and peptide mass fingerprinting to map the RNA-interacting sites in proteins.19 It
was used to analyze protein-RNA interactions in several systems, including wild-type and
mutant BMV.18,20 Several differences were observed in the regions within the capsid that
contacted RNA (Table 2). First, B1W virions had fewer sites within the capsids contacting
RNA1 in comparison to B1B. Capsid-RNA contacts also differed in the B2.3/4 particles in a
host species-specific manner (Table 2). The differences can be visualized in models showing
a cross-section of the structure of BMV capsid (Fig. 5A). We failed to identify peptides from
residues 1–20 of the B2.3/4 capsids, perhaps due to more complete digestion by trypsin
resulting in peptides that are difficult to resolve, or reduced crosslinking of these peptides to
RNA. These results show that capsid-RNA interactions differ with the host species and also
with the identity of the encapsidated RNA.
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An amidination interference assay was used to confirm host-specific differences in capsid-
RNA interaction.21 Briefly, the amino-modifying agent S-methyl thioacetimidate (SMTA)
adds a 41 Da mass tag to the side chains of accessible lysine residues and to unmodified N-
terminus of proteins.19 SMTA can freely penetrate the BMV virion and report on the
residues both external and internal to the capsid shell.20 Should specific lysines contact
RNA or other capsid residues, they will become more protected from amidination. The
extent of amidination was quantified by mass spectrometry following proteolysis. Six of the
eleven lysine residues in the B1W particles were modified to a higher level when compared
to those from B1B, indicating that these residues of the B1W capsid are more exposed than
their counterparts from B1B (Table 3). Differential amidination was also observed between
B2.3/4W and B2.3/4B. These results are consistent with those from the RCAP assay and
show that the BMV virions purified from barley and wheat vary in the capsid conformation
and capsid-RNA interaction.

RNA sequences that contact the capsid do not differ as a function of the host
To determine whether the host can influence the conformations of the encapsidated RNAs,
we used a modified version of the UV crosslinking immunoprecipitation and high
throughput DNA sequencing (CLIP-seq) assay.22 CLIP-seq combines UV crosslinking of
the capsid and RNA, fragmentation of the RNA, immunoprecipitation of the CP and CP-
RNA complexes, cDNA synthesis and next-generation DNA sequencing to identify the
RNA fragments that contact CP. Assays performed with and without immunoprecipitation
of the BMV CP demonstrate that the majority of the RNA identified were
immunoprecipitated with the CP (sFIg. 1). The average lengths of the RNAs that contacted
the capsids of BMVB, BMVW and BMVN, was ca. 50-nt and all of the libraries yielded over
one million reads each that mapped to the BMV genome (Fig. 5B). The RNA fragments
from all three virion preparations had virtually identical sequences that co-
immunoprecipitated with the capsid (Fig. 5B). In the assignment of the reads, we cannot
distinguish those that are from RNA4 from those of the second half of RNA3. However, this
does not affect the interpretation of the results. These results show that the host did not have
detectable effects on RNA structure within the virions. The effects of the host are primarily
on the capsid.

BMV CP has host-specific covalent modifications
To explain the heterogeneity of BMV virions as a function of host, mass spectrometry was
used to examine whether the capsid of BMVB, BMVW, and BMVN possess post-
translational modifications. The mass spectra of the CPs from all three hosts revealed
several discrete forms. The most abundant peak has a mass of 20,295 Da, which corresponds
to the mass of the BMV CP that has the N-terminal methionine removed and acetylation of
the serine residue (Fig. 6A). Protein N-terminal methionine excision is an essential activity
for all kingdoms of life and N-terminal acetylations is known for the vast majority of
eukaryotic proteins and has been reported for the BMV CP.23–25 Therefore, the BMV CP of
20,295 Da should be considered the BMV CP that lacks internal modifications. Importantly,
several discrete peaks that correspond to masses larger than 20,295 Da were observed in
BMV virions from all three hosts (Fig. 6A). Furthermore, some peaks have masses that are
unique for each host. While the identities of the specific modifications need to be validated
experimentally, the masses of several of the CPs are consistent with a combinations of
oxidation, acetylations, hydroxylation, phosphorylations and methylation in each of the three
BMV preparations (Fig. 6A).

To better resolve the locations of the CP modifications, virions were digested by trypsin and
the fragmented peptides were analyzed. A large number of CP peptides with masses
consistent with modified residues were observed. An acetylated K111 was found in BMVW,
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BMVB, and BMVN, and an acetylated K83 was present in BMVW and BMVB, but not in
BMVN. Interestingly, BMVW had an acetylated K41 that is located in the N-terminal tail,
but BMVB did not (Fig. 6B, 6C). It is also worth noting that K83 is adjacent to E84, which
coordinates a Mg2+ ion within the CP trimer to stabilize the BMV capsid (Fig. 6C).12 The
post-translational modifications of the BMV CP as a function of the plant host should
account for at least some of the observed differences in the physiochemical properties and
capsid-RNA contacts of the BMV virions (Fig. 3 to 5).

BMV is a population of highly heterogeneous particles
Thus far we demonstrated that BMV produced from barley and wheat have distinct
physiochemical properties that could be attributed to the differences in capsid-RNA
interactions. However, the fact that the ratio of RNA3 and RNA4 was not equal suggests
that a greater degree of heterogeneity in the virions exist (Fig. 1A). Our ability to separate
the RNA1 virions from the other two virions by manipulating the CsCl gradients suggests
that the density gradient could bias the virions we analyzed.12 This notion prompted us to
compare the virions before and after the CsCl purification.

BMV virions are extracted from leaf homogenates by phase-separating the lysate in 10%
chloroform to remove chlorophyll, pelleting the virions through a 10% sucrose cushion prior
to CsCl density gradients. We examined the BMV enriched with the sucrose cushion and
found that BMV CP was the predominant protein present in the sucrose cushion-pelleted
material (Fig. 7A). Unlike the CsCl-purified virions, the relative abundances of the four viral
RNAs extracted from BMVB and BMVW purified by sucrose cushions were highly similar
(Fig. 7B, Table 1). In both BMVB and BMVW, RNA2 was the most abundant and RNA3
was present in higher amounts than RNA4 (Fig. 7B). These RNAs were encapsidated since
free BMV RNA did not pellet through the sucrose cushion (data not shown).

Electron microscopy was used to examine virions purified with CsCl density gradients and
with the sucrose cushions. The CsCl-purified BMVW and BMVB were homogeneous with
mean diameters of ca. 28 nm, which is widely reported for BMV (Fig. 7C, 7D).12,26 Virions
pelleted by the sucrose cushion, however, exist in two broad populations, one of 8 to 19 nm
in diameter and a second of 21 to 34 nm (Fig. 7C, 7E).

To ensure that sucrose cushion did not eliminate any subset of the BMV virions, BMV in
leaf lysates clarified only with a chloroform extraction and a 5000 g centrifugation to
remove insoluble materials was examined. BMVW prepared this way exhibited a bimodal
distribution similar to that of virions purified through sucrose cushions (Fig. 7F). BMVB
also exhibited a wide range of diameters, but the number of virions recovered was lower
(data not shown). These results support the notion that BMV forms more diverse virions
than was previously assumed.7,12

Finally, to demonstrate that the CsCl gradient selected for BMV virions of ca. 28 nm, the
protein and RNA content of the entire gradient was examined by Western blots or Northern
blot. The BMV CP was present in the majority of the ten fractions for both BMVB and
BMVW (Fig. 8, top images). Virion RNAs extracted from the fractions also revealed
different relative abundances of the four BMV RNAs, including unequal amounts of RNA3
and RNA4 (Fig. 8, bottom images). These results confirmed that BMV virions have a
greater heterogeneity during infection than previously believed and that virions can
encapsidate RNA3 and RNA4 separately.
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DISCUSSION
In nature, BMV has been found in monocot plants.4 In the laboratory, a variety of hosts are
used to study its infection process, including S. cerevisiae, where BMV can replicate and
transcribe its RNAs.5,27–29 These systems have provided valuable insight into the roles of
host factors in viral RNAs replication for this well-studied model positive-strand RNA
virus.30 However, relatively little is known about how the host influences virion production.
In this study, we found that the relative abundances of the four encapsidated RNAs varied
for BMV produced in different hosts. While the host species is associated with different
levels of BMV RNA accumulation and may also promote RNA recombination, the
difference in RNA accumulation cannot account for the distinct relative abundances of the
encapsidated RNAs. Instead, two additional factors also impact the progeny production: 1)
altered interaction between the BMV capsid and the RNA that is a function of the host from
which BMV was purified, and 2) a biased recovery of virions due to the purification
protocol that is standard in the field for nonenveloped icosahedral viruses.

BMV virions from wheat and barley exhibit differences in the regions of the CP that contact
the RNA. These changes have been mapped using RCAP and amidination interference
assays with compatible results (Table 2 and 3, Fig. 5A). Distinct capsid-RNA contacts and
local conformation of the capsid are also associated with differences in protease sensitivity,
isoelectric points and the thermodenaturation of virions purified from different hosts (Fig.
3B, 3C, and 4). In Vaughan et al. we documented that the replication of RNA1 is related to
its specific interaction with the capsid when the infection was launched from virion.17 Given
that capsid-RNA interactions can change as a function of the host and that viral infection
process is in a carefully timed race with host innate immune responses,31,32 virions from
host species should impact the outcome of subsequent infections.

Post-translational modifications of the BMV capsid likely contribute to the distinct capsid-
RNA contacts and the physiochemical properties of the BMV virions from different hosts.
Post-translational modification can induce changes to protein structure.33,34 These structural
changes may impact the interaction between capsid subunits and between the capsid
subunits and viral RNA. In a set of viruses, phosphorylation of capsid protein has been
reported to affect CP-RNA interaction and have consequences in the uncoating, replication,
encapsidation and trafficking of the viral RNAs.35–37 While our mass spectrometric analyses
indicate that virions from barley, wheat and N. benthamiana all contain modified forms of
the CP (Fig. 6A), it needs to be followed by future study to establish the specific roles of
these host-dependent modifications.

One portion of the CP that exhibits significant host-specific difference in function is the N-
terminal tail of the CP (Table 2).12,38–41 The N-terminal tail from the CP of Cowpea
chlorotic mottle virus (closely related to BMV) and Cucumber necrotic virus (CNV, a
tombusvirus) can transit from the inside to the outside of the virion.42,43 With CNV, the
structurally flexible region of the CP is phosphorylated to affect trafficking of the CNV to
plastids in the cell.44 The N-terminal tail of the BMV CP appears to share both the structural
flexibility, as shown by the sensitivity to protease digestion (Fig. 4) and the CP is post-
translationally modified (Fig. 6B). It is likely that these properties will affect the infection
process. The BMV CP is known to affect translation and can bind to the core promoter for
minus-strand RNA synthesis.45,46 Additional analysis of the effects of post-translational
modifications on the infection process will be a different study.

Curiously, results from the CLIP-seq assay demonstrated that the capsid-contacting regions
in the encapsidated RNA were indistinguishable for BMV produced from different hosts
(Fig. 5B and Table 4). This indicates that the conformation of the encapsidated RNA is more
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conserved when compared to that of the capsid (Table 3). Furthermore, the major factor in
host-dependent differences in the BMV virions are likely due to modifications of the capsid
(Table 2 and Fig. 5A). This observation agrees with the hypothesis that in virion assembly
the BMV RNA folds into a core structure that is defined by secondary and tertiary nucleic
acid interaction and then the capsid forms around it.12,47 Perhaps the extensive secondary
and tertiary folding of the BMV RNAs renders the virion RNA to be more resistant to
effects of different hosts.

Our understanding of viral RNA encapsidation is significantly impacted by the virion
purification protocol used. The homogeneous virions prepared by collecting a band from a
density gradient allows for biochemical and structural analyses. However, virus prepared in
this manner affected interpretations for virion assembly such as the sequential co-
encapsidation of RNA3 and RNA4.48 While these rules will apply to a subset or even a
majority of the viral particles, it is important to consider that BMV RNA encapsidation can
be more of a stochastic process than previously conceived. The diameter of the BMV virion
is influenced by the size of the encapsidated RNA or other artificial cargo.26,49 Instead of
packaging viral RNA(s) with a length close to 3 kb, the small virions in the sucrose cushion
pelleted BMV may encapsidate individual RNA3 or RNA4, or the novel subgenomic
RNA3a derived from the 5′ half of RNA3.50 The possibility of this scenario is supported by
the unbalanced amount of the RNA3 and RNA4 in the sucrose cushion pelleted virus and in
the fractions of the CsCl gradient density (Fig. 7B, 8). The high degree of heterogeneity in
the virions could influence the timing and/or the outcome of the infection process. We
believe that it is reasonable to expect a higher degree of heterogeneity in other viral species.

It is widely accepted that the genomes of RNA viruses have a high degree of heterogeneity
that could impact fitness.51 We observed that after the transfer of BMVN to two monocot
hosts, RNA1 recombined with RNA2 or RNA3. This event is absent in N. benthamiana,
suggesting that viral RNA recombination is impacted by host factors. This observation is
consistent with the notion that both host and viral factors are involved in viral RNA
replication.52 Similar host-dependent effect on viral RNA recombination has been shown in
other (+)-stand RNA plant viruses, including tomato bushy stunt virus (TBSV) and
cumcumber mosaic virus (CMV).53,54 In-depth characterization of the recombination of
TBSV in the model host yeast further demonstrated that the viral RNA recombination is
regulated by a complex network of host factors.55 Since recombination of viral RNA serves
as a mechanism to guard viral genome integrity and to increase the genome variability, the
higher recombination frequency in specific hosts may enhance the fitness of the virus and
facilitate the evasion of host defense responses.56 Interestingly, the recombination of the
tRNA-like region introduced nucleotide changes to motifs required for viral replicase
assembly and initiation of minus-strand RNA synthesis in RNA1.14,42 These changes could
account for the higher levels of BMV RNA accumulation in the monocot plants.
Furthermore, the 1a protein encoded by RNA1 is needed in higher amounts than the
polymerase to form and translocate the replication factory.58,59 The accumulation of the
recombination events likely reflects the specialized role for RNA1 in BMV RNA
replication.

MATERIALS AND METHODS
Virion preparation

The barley and wheat plants used for infection were 7 or 8 days old and N. benthamiana
plants were 4 weeks old. The inoculum BMVN was produced by in N. benthamiana 7 days
after the agroinfiltration, as described by Gopinath et al. (2007).28 Subsequent passage in
barley, wheat or N. benthamiana were conducted by gently rubbing leaves with
carborundum dusted BMV (0.05 mg/ml).
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Infected leaves were typically harvested 7 days post infection. The leaves were
homogenized in virus buffer (250 mM NaOAc, 10 mM MgCl2, pH 5,2) followed by the
removal of insoluble debris by a 5000 × g centrifugation. The lysate containing the virions
was clarified by phase separation with 10% vol/vol of chloroform. The virions in the
supernatant was layered on a 10% sucrose cushion and centrifuged for 3 h at 28,000 rpm
using a Beckman SW32 rotor to pellet the virus. CsCl gradients used the pellet from the
sucrose cushion dissolved overnight in VB and centrifuged using a Beckman TLA110 rotor.
The opalescent white band of virus was collected and dialyzed with three changes of VB.
Virions containing RNA1 and those containing either RNA2 and RNA3/4 were dissolved in
VB with a 45% (w/v) CsCl and banded by centrifugation for 24 h at 50,000 rpm using a
Beckman TLA110 rotor. The upper and lower bands were collected and reconstituted into a
45% (w/v) CsCl for a second round of centrifugation for 20 to 24 h at 50,000 rpm. The
separated two bands were collected and exchanged into VB for analysis.

Transmission electron microscopy
Virus samples were applied to glow-discharged carbon coated copper grids and stained with
1% uranyl acetate for electron microscopy imaging. The virions were visualized by a
magnification of 60,000 on a JEOL JEM 1010 electron microscope operating at a voltage of
80 kV. Images were collected on a 4K × 4K CCD Gatan Camera. Particle measurements
were taken from the images using a measurement tool in the Gatan software.

RNA analysis
Total plant RNA was isolated from infected plant leaves at the indicated time using Trizol
reagent (Life Science Technologies). The RNA was treated with glyoxal, electrophoresed on
1.2% agarose gel and transformed to nylon membrane for Northern blot. An in vitro-
transcribed riboprobe was used to detect the tRNA-like region common to the positive-
strand BMV RNAs.60 Northern blots were quantified using ImageQuant software. Virion
RNAs were isolated from purified virus using Trizol and analyzed by Northern blot as
described above.

DNA Sequencing
RNAs isolated from purified virion were used to template the first-strand cDNA synthesis
by M-MLV reverse transcriptase (New England Biolab) with a primer complementary to the
common 3′ terminal sequence. The first cDNA strand was amplified by PCR using pairs of
primers that generate a series of ~1 kb overlapping DNA fragments that covered the entire
BMV genome. The cDNA population from PCR was gel purified and sequenced using
specific primers. The cDNA may also be cloned into pGEM-T Easy Vector (Promega) for
sequencing of individual copy of cDNA.

Isoelectric focusing
Capillary isoelectric focusing (cIEF) used a Convergent Bioscience iCE280 Analyzer with a
Prince autosampler (Protein Simple). The samples were prepared in a 200 μl reaction
containing 0.35% methylcellulose, 8 μl pharmalytes of pH 5–8 (Sigma), 1 μl of each pI
marker (pI 5.12 and 7.90, Protein Simple), and 40 μg of the BMV virion. Absorbance of the
virions was monitored at 280 nm with a sample injection time of 210s and a injection
pressure of 1000 mbar. All samples were pre-focused for 1 min using a voltage of 1500 V
followed by 8 min at 3000 V. After each run, the capillary was rinsed with 0.5% MC for 180
s. Each reaction was performed in triplicate to ensure cIEF reproducibility.
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Differential scanning fluorimetry
DSF was performed as described in Ni et al.38 The temperature with the fastest change in
fluorescence intensity was extrapolated to be the apparent melting temperature of the capsid.
The difference in the apparent melting temperature between samples were taken as ΔTmApp.

Partial proteolysis assay
Partial proteolysis of the purified virions was performed in ammonium bicarbonate solution
(100 mM, pH 7.0). Trypsin was added to solution to 2% weight ratio of the CP at 37°C.
Aliquots removed at each indicated time point was added to the Laemmli sample buffer to
terminate the reaction and the samples stored on ice until SDS-PAGE. The SDS-PAGE gel
was stained with silver.

Partial proteolysis monitored by mass spectrometry
MALDI-ToF analysis of peptides derived from BMV CP used a 0.5% weight ratio of trypsin
to the CP in the digestion. The reaction was also amended with 4 μM trypsin-resistant
Bradykinin fragment (Sigma) that will serve as an ionization control. Aliquots were stored
in 0.1% trifluoroacetic acid until all samples were collected. The peptides were purified and
concentrated for analyzing by MALDI-TOF mass spectrometer in reflection mode. Peptide
quantification used a summation of the fragmented CP peptide ion intensities after
normalization to the Bradykinin fragment ionization intensity.

Database search was carried out using Mascot (Matrix Science, Boston, MA) against the
BMV protein sequence database from NCBI. Label-free peptide quantification was
performed using the ProteinQuant Suite,61 and molecular modeling used the crystal structure
of BMV virion (Protein Data Bank code 1JS9).

LCT analysis and modification prediction
Nominal mass measurements of BMV CP was performed using a Waters/Micromass LCT
classic system equipped with a Waters CapLC autosampler as its inlet. Multiply charged
spectra were then analyzed using MaxEnt, a software package designed to deconvolve mass
spectra using a maximum-entropy approach.62 Modifications in the BMV CP were predicted
using FindMod ( http://web.expasy.org). Methylation and acetylations in the CP were
predicted with the PSKAcePred with a threshold of 0.5 and Phosphorylation was predicted
using NetPhosK 1.0 with a threshold of 0.5.63,64

Reversible crosslinking–peptide fingerprinting (RCAP) assay
BMV particles were treated with formaldehyde and analyzed using the RCAP assay as
previously described.18,19 Samples processed in parallel without formaldehyde treatment
served as a negative control. After digestion and reversal of crosslinking, the samples were
passed through a Ziptip column (Millipore) and analyzed by MALDI-TOF (Bruker Autoflex
III, Agilent Technologies) in positive ion mode. Assigned peaks all corresponded to within
0.5 Da of the theoretical masses of peptides from BMV coat protein.

Amidination protection assay
Differential amindination of lysines was analyzed as described previously.21 Briefly, 160
pmol BMV virions were diluted into a 50 μl reaction containing 500 mM HEPES (pH 7.0),
20 mM MgCl2, and pre-incubated for 5 min. An equal volume of 200 mM SMTA dissolved
in the same buffer was then added and the mixture incubated for 1 h. After exchanging the
buffer with 100 mM NH4HCO3, trypsin was added at a ratio of 1:20 (w/w) and incubated
overnight at 37°C. Digested samples were then treated with S-methyl-thiopropionate to
normalize peptide ionization efficiency.19 The samples were analyzed using a LTQ linear
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ion trap mass spectrometer (Thermo Scientific). The tryptic digests were injected onto the
C18 column (Waters NonaAcquity UPLC(r) BEH130 C18 column of 100 μm × 100 mm,
1.7 μm) and eluted with a linear gradient of 1 to 45% acetonitrile (in water with 0.1% FA).
The column was developed with a flow rate was 500 nl/min, and the effluent was electro-
sprayed into the LTQ mass spectrometer. MS/MS spectra were obtained by collision-
induced dissociation. Database search was carried out using Mascot program, as described
above.

CLIP-seq
Virion in VB was irradiated at 0.4 mJ/cm2 by 254 nm UV-light for three sessions. The
virion was then pelleted by ultracentrifuge and incubated in the RNA fragmentation buffer
(100 mM Tris-HCl, pH 7.5 and 10 mM ZnCl2) at 70°C for 15 minutes. The reaction was
quenched by 20 mM EDTA. Immunoprecipitation used anti-CP serum and protein A/G
magnetic Beads (Pierce) according to the manufacturer’s protocol. Materials on the beads
were digested with 2 μg/ml proteinase K at 37°C for 2 h to release the crosslinked RNA
fragments. The eluted RNA was subsequently purified by phenol-chloroform extraction and
ethanol precipitation. To construct the library for Illumina MiSeq sequencing, the RNA was
treated by Protein kinase R (New England Biolab) to remove a 3′ phosphate and add a 5′
phosphate. The pre-treated RNA was then prepared using Illumina Truseq small RNA
preparation kit. After amplification of the cDNA, the PCR product was purified by elution
from 1.8% agarose TAE gel. The Libraries from different virus samples with distinct
barcodes were pooled at equimolar ratios for sequencing using the Miseq personal
sequencer.

The Miseq reads for each library was cleaned by trimming the 3′ adaptor sequences and by
removing any base with a quality score lower than 20 using FASTX-toolkits (http://
hannonlab.cshl.edu/fastx_toolkits/). Alignment of the cleaned reads to reference genome
was performed by Bowtie2 under the default local alignment settings.65 The alignment
results of each library were analyzed by the SAMtools to obtain the actual coverage of each
position in the reference RNA.66 To adjust for the difference in the depth of sequencing, the
actual coverage was divided by the computed average coverage of the corresponding RNA
to obtain the normalized coverage.
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Highlights

• How the host species affect RNA virion structure is not understood

• The host was found to affect the ratios of RNAs encapsidated by Brome mosaic
virus

• Virions from different hosts had distinct physiochemical properties

• Virions from different hosts also differed in modifications of the capsid

• A wide range of viral particles could impact the infection process
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Fig. 1. The encapsidation and replication of BMV RNA in different plant hosts
A) The relative abundances of the four viral RNAs isolated from the CsCl banded BMVW,
BMVB, BMVN. The RNA was detected by a riboprobe that anneals to the common 3′tRNA-
like region. The quantification below the image were from four independent experiments.
All quantifications show the percentage of the four viral RNAs in individual sample with
errors in the brackets. B). Time course of viral RNA accumulation in barley and wheat. 5 μg
total RNA isolated from the wheat and barley leaves at the indicated time were separated by
gel electrophoresis and blotted for BMV RNA by the riboprobe. rRNA served as a loading
control. The relative amounts of the four viral RNA accumulated from the four independent
samples are summarized under the Northern blot images. All quantifications show the
percentage of the four viral RNAs in individual sample with errors in the brackets. C) Graph
summarizing the accumulation of BMV RNAs in barley, wheat and N. benthamiana over
time. Quantification used summation of the intensity of all four viral RNAs in
quadruplicates at each time point.

Ni et al. Page 17

J Mol Biol. Author manuscript; available in PMC 2015 March 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. RNA recombination occurred within the tRNA-like structure of RNA1 in BMVW and
BMVB
A) Representative sequencing chromatograms of the cDNA population derived from the
tRNA-like structure in RNA1 for BMVW, BMVB and BMVN. Residues shaded in green
identified mismatches to the sequences present in the Agrobacterium constructs used to start
BMV infection. The numbers indicate the position of the nucleotides, with the 3′-most
nucleotide being residue 1. B) Schematic of the common tRNA-like structure and the
sequences of the diagnostic sites. The schematic adapted from Felden et al. is modeled after
the tRNA-like region in RNA3.67 The name of each stem-loop structure is in bold and the
core promoter for minus-strand RNA synthesis, SLC, is in red. The nucleotides affected by
the recombination in RNA1 are boxed. In the lower panel, the SNPs (nt 43, 44, 132) from
the three BMV RNAs are colored blue with their positions shown above. In addition to the
three SNPs, substitutions at nt 48 and 110 in RNA1 and a deletion at nt 75 in RNA2 are
present in the BMV cDNA in the Agrobacterium. These five positions are used to map the
intersegment crossovers in the RNA1 recombinants. C) The number of clones obtained from
the RNA1 cDNA library of BMVW or BMVB that contained sequences mapped to the
tRNA-like structure in RNA1, RNA2 or RNA3. Two independent preparations of BMVw
and BMVB were used to generate the results. D) Representative sequencing chromatograms
of the cDNA population derived from the tRNA-like structure in the RNA1 after BMVW
and BMVN were passed through N. benthamiana. The progeny virions are denoted as
BMVWN and BMVNN respectively.
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Fig. 3. Enrichment of the B1 and B2.3/4 virions from wheat or barley and characterization of
their physiochemical properties
A) Northern blot demonstrating the enrichment of the subsets of the three BMV virions. The
proportion of each RNA in the purified virions is below the blot image. B) Isoelectric
focusing chromatographs of the subsets of the BMV virions isolated from barley and wheat.
The peaks near pI of 5.0 and 8.0 are pI standards added to each sample. C) The difference
(ΔTmApp) in apparent melting temperature of the capsid for the subsets of the BMV virions
isolated from barley and wheat as a function of pH. The upper panel compares subsets of
BMV enriched for the same RNAs but isolated from different hosts. The lower panel
compares the subsets of BMV isolated from the same host but enriched for different RNAs.
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Fig. 4. BMVW and BMVB are differentially sensitive to protease digestion
A) Partial trypsin digestion of B1 and B2.3/4 particle from BMVW and BMVB. The SDS-
PAGE gel was stained with silver. The signal in the cleaved CP and the full length CP were
used to calculate the percentage of the cleaved product. B) Quantification of the trypsin
cleaved CP peptides by mass-spectrometry. All MALDI-TOF spectra of the CP fragments
generated over time in partial trypsin digestion were normalized to the intensity of the
bradykinin fragment that was added to the sample prior to the sample processing. The
intensities of the CP fragments were summed as a function of digestion time. C) Locations
of the CP tryptic peptide fragments released from B1B and B1W. The locations of each
arginine or lysine are denoted by a vertical line in the schematics. The proteolytic fragments
of the CP detected by mass spectrometry are colored grey.
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Fig. 5. BMV capsid-RNA interacting residues
A) Capsid peptide that contact the encapsidated RNA. The peptides associated with RNA1
or RNA2, 3, and 4 in an RCAP assay (summarized in Table 2) are highlighted in red and
blue, respectively, for both BMVN and BMVB. A cross-section of the capsid is shown to
allow viewing of the CPs from the internal cavity of the BMV virion. B) The RNA
sequences that contact the capsid. The normalized coverage of BMV RNAs by the CP-
associated RNA fragments in a CLIP-seq assay is shown. The normalized coverage was
obtained by dividing the actual coverage at each nucleotide position by the average coverage
of the corresponding RNA to account for different depth of sequencing. The traces for BMV
isolated from N. benthamiana, wheat or barley were colored blue, red and green,
respectively. Note that there was nearly complete overlap of the results.
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Fig. 6. The BMV capsid contains post-translational modifications
A) Mass spectrometry spectra showing modified forms of the BMV CP from virions
purified from barley, wheat and N. benthamiana. Below each spectrum are summaries of the
potential modifications predicted to exist on the three CPs labeled within each spectrum.
Abbreviations: Met: methionine, Acet: acetylation, Met Ox: methionine oxidation, Hydrox:
hydroxylation, ΔMethyl: removal of the N-terminal methionine. B) Comparison of lysine
acetylation in tryptic fragments of the CPs from BMVB and BMVW. The mass of the
observed peptides, the theoretical mass, and the mass differences are shown. The residue
most likely to be modified due to predictions are shown in color and underlined. C) The
location of the acetylated lysine residues in a CP subunit. The colors of labeled residues
correspond to those in panel B.
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Fig. 7. Variation in the diameters of the BMV particles
A) The CP is the most abundant protein from BMVW and BMVB purified by sucrose
density cushions. 2 μg of total protein determined by optical density was loaded per lane in
the SDS-PAGE. The gel was stained with Coomassie blue. B) Relative abundances of the
virion RNAs from BMVW and BMVB enriched with sucrose cushions. RNAs was
visualized by staining with ethidium bromide. The quantification of the relative amount of
the RNAs were from three independent experiments. C) Negative-stained electron
micrograph of BMVW and BMVB purified from CsCl gradients or the sucrose cushion. D)
The size distribution of CsCl purified BMVW and BMVB. The outer diameters of the viral
particles were measured from multiple micrographs to ensure random sampling. E) The size
distribution of the BMVW and BMVB particles enriched through the sucrose cushion. G)
The size distribution of BMVW for clarified wheat sap.
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Fig. 8. BMV virions exhibit a range of densities in CsCl density gradients
BMVW or BMVB enriched by sedimentation through a sucrose cushion were further
centrifuged in a 45% cesium chloride gradient for 20 h at 50,000 g. Fractions were then
collected following puncturing the bottom of the tube. The stars denote the fractions that
appear in the opalescent white band. The upper images show the presence of the CP in each
fraction. The SDS-PAGE gel was stained with Commassie blue. The lower images show the
detection of viral RNAs by Northern blot. The quantification show the relative amount of
the four viral RNAs in each fraction. Approximately equal amount of virions or viral RNAs
from each fraction were used for the visualization, except for the fractions that contained
significantly less viral RNAs.
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Table 2

Capsid peptides mapped by RCAP to interact with the encapsidated RNA.

Peptide location B1B B1W B2.3/4B B2.3/4W

1–14 + +

12–19 +

16–26 +

20–26 + +

21–26 + + + +

27–41 + + + +

27–44 +

42–64 +

45–53 + +

45–64 + + + +

65–86 + +

65–89 + + +

87–103 + +

87–105 + + + +

90–103 + + + +

90–105 +

112–142 + + + +

131–142 + + + +

143–165 +

166–189 + + +
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