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Abstract

Circulative transmission of viruses in the Luteoviridae, such as cereal yellow dwarf virus (CYDV), requires a series of precisely
orchestrated interactions between virus, plant, and aphid proteins. Natural selection has favored these viruses to be
retained in the phloem to facilitate acquisition and transmission by aphids. We show that treatment of infected oat tissue
homogenate with sodium sulfite reduces transmission of the purified virus by aphids. Transmission electron microscopy
data indicated no gross change in virion morphology due to treatments. However, treated virions were not acquired by
aphids through the hindgut epithelial cells and were not transmitted when injected directly into the hemocoel. Analysis of
virus preparations using nanoflow liquid chromatography coupled to tandem mass spectrometry revealed a number of host
plant proteins co-purifying with viruses, some of which were lost following sodium sulfite treatment. Using targeted mass
spectrometry, we show data suggesting that several of the virus-associated host plant proteins accumulated to higher levels
in aphids that were fed on CYDV-infected plants compared to healthy plants. We propose two hypotheses to explain these
observations, and these are not mutually exclusive: (a) that sodium sulfite treatment disrupts critical virion-host protein
interactions required for aphid transmission, or (b) that host infection with CYDV modulates phloem protein expression in a
way that is favorable for virus uptake by aphids. Importantly, the genes coding for the plant proteins associated with virus
may be examined as targets in breeding cereal crops for new modes of virus resistance that disrupt phloem-virus or aphid-
virus interactions.
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Introduction genes encode for proteins that are differentially expressed in
aphids with varying virus transmission efficiency [9,10].

Virus species in the Luteoviridae, including Cereal yellow dwarf virus The virus encodes two structural proteins that make up the
(CYDY>_RPV’ rc.fcrrcd to herein as lutcc'wirid‘s, are (.‘,ach capsid. These proteins orchestrate systemic movement within host
exclvl'{swely tﬁar?sifllfted by one or a few species of :P}lz_ldf ™A plants and transcytosis within aphids [11,12,13,14]. The 22-
perslste.nt, creu dtl‘VC, non-propagative. manner.  Ap ids can 24 kDa coat protein (CP) expressed from the viral open reading
transmit anu1Ted virus for days or we;eks and even after moltll?g frame (ORF) 3 is the major capsid protein. Occasionally, read-
[1.72’3]' Virus is acquired when the virus moves from the aphid 1 oueh (ranslation of the CP stop codon results in the
hindgut (HG) lumen to the hemolymph. Once in the hemolymph, translational fusion of ORF3 with ORF5, resulting in the minor

the virus passes into the accessory salivary gland (ASG) and is protein species component of the capsid called the readthrough

released into the .salivar}./ d}l(‘/t. Aphids tfansmit the virus iI‘ltO protein (RTP). Virions can be assembled from the CP alone, but
phloem cells during salivation and feeding. Through specific the RTP is required for luteovirid movement across the ASG as
interactions with putative cellular receptors [4,5,6], luteovirids well as efficient systemic infection [13,14,15,16,17]. These
actively cross the mcmbranc§ of the a.phld HG and ASG. The HG activities in aphids and plants are regulated by virion topological
and .t}.“? ASG are the _major barrlers. to the successful aphid features, specifically interactions between CP monomers and well-
acquisition and transmission of luteovirids. The movement of defined interfacial regions within the RTP [18].

luteovirids across these barriers is under genetic control by an N

. ; S Although a number of aphid proteins that bind luteovirids have
unlinked set of aphid genes [7] that are additive in effect [8]. These

been identified, the molecular details of virus movement in aphids
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are not well understood. Due to the paucity of molecular tools for
the study of aphids, most virus-binding proteins have been
identified using proteomics approaches. In Sitobion avenae, four 2-
D gel spots were differentially expressed between parthenogenet-
ically-reproducing F1 clones that differed in their vectoring
capacity for two isolates of the species Barley yellow dwarf virus
(BYDV)-PAV [19]. Two proteins from head tissues of S. avenae
were identified as potential receptors for BYDV-MAV based on
virus overlay and 2-D immunoblot assays [5]. Other studies
progressed beyond 2-D gel spot patterns to use mass spectrometry
(MS) to investigate the identity of aphid proteins associated with
virus transmission [9,10,20] in effort to link the protein function to
vector biology. Membrane-associated actin, rack-1, and GAPDH-
3 were identified to interact with a wild-type isolate of Beet western
yellows virus (BWYV). Actin and GAPDH-3, but not rack-1, also
mteracted with two BWYV RTP mutants displaying a reduction
in aphid transmission ability [20] indicating either (a) their assay
for virus binding does not reflect the in viwo functions of these
interactions in aphids, or (b), that these RTP mutants still retain
the interaction interface for binding with these aphid proteins.
Cyclophilin and a luciferase homologue were identified from the
greenbug aphid Schizaphis graminum as binding to CYDV-RPV.
These proteins were also differentially expressed among different
S. graminum F2 genotypes with different CYDV-RPV vectoring
capacity [9,10]. Intriguingly, all studies investigating proteomic
differences of aphid F1 [19] or F2 progeny genotypes [9,10,19]
reported the differences between vectors and non-vectors were not
related to gross changes in protein expression levels. Instead,
vectoring capacity was associated with a small shift in the
isoelectric point of only a small number of proteins, indicating
that the control of luteovirid transmission in multiple aphid species
was via the expression of allelic variants of proteins that either
differentially bind to the virion or participate in the various steps of
the virus transmission pathways.

In plants, luteovirids move from cell-to-cell and long distance as
virions. However, in plants luteovirids must also replicate,
assemble into virions, thwart the plant immune response and
exhibit phloem-tissue tropism for host-to-host transmission by
aphids, processes which likely involve the recruitment of a wide
range of host factors to accomplish [21]. Interestingly, Bencharki
and colleagues showed that the addition of soluble proteins to the
aphid diet, including phloem-specific proteins that can interact
with virions, can enhance transmission efficiency of the pole-
rovirus, cucurbit aphid borne yellows virus [22]. Thus, we
hypothesize that plant host proteins are also involved in aphid

feeding assays.
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transmission. Serendipitously, we discovered that common addi-
tives to the plant tissue homogenization buffer during virus
purification do not appear to alter the virus morphology or protein
structure, but do render the virus non-transmissible by aphids. By
comparing the host plant proteomes associated with transmissible
and non-transmissible virions, proteins with potential involvement
in transmission were identified. Moreover, our data indicate an
increased accumulation of several virus-associated host proteins
within aphids that have fed on infected plants, supporting a role
for these host proteins in the circulative transmission process.

Results

Sodium Sulfite Treatment Blocks CYDV-RPV Transmission
by Aphids

Sodium sulfite (NagSOs3) and ethylenediaminetetraacetic acid
(EDTA) are commonly added to infected plant homogenate
during virus purification to minimize the effects of polyphenolic
compounds and virion aggregation, respectively [23,24]. When
sodium sulfite and EDTA were added to the tissue homogeniza-
tion buffer, and the subsequent purified CYDV-RPV virions were
fed to aphids through Parafilm® membranes, the virus was not
transmitted in two independent experiments (T'able 1). In contrast,
CYDV-RPV purified without these additives was highly trans-
missible by aphids (>95%) in six independent experiments
(Table 1). To determine whether treated virions were unstable
and being degraded during membrane feeding by aphids, treated
and non-treated virions were collected from the diet following the
acquisition access period (AAP) and analyzed by transmission
electron microscopy (TEM). Importantly, treated virions remained
intact in the diet following the AAP (Fig. 1). Treated and untreated
virions were morphologically indistinguishable at this point (Fig. 1).
Broken capsids and capsid swelling were not observed, indicating
virions were structurally stable for transmission (Fig. 1).

To determine whether sodium sulfite or EDTA was responsible
for the reduction in transmission efficiency, virions were purified
with only EDTA or sodium sulfite as additives and transmissibility
was determined. When only EDTA was added, the purified virus
was transmissible at levels similar to virus prepared with neither of
the additives, 92% compared to 95%, respectively (Table 1). In
contrast, the sodium sulfite treatment reduced transmissibility to
<5%. The negative impact of sodium sulfite on virus transmission
by aphids was independent of virus concentration since the results
were consistent across four independent experiments where the

Table 1. Effects of EDTA and sodium sulfite on R. padi transmission of purified cereal yellow dwarf virus-RPV using membrane

Membrane Feeding Experiment®

Infected Plant Homogenate Treatment® 1 2 3 4 5 6 Total
Buffer only 18/20 12/12 16/16 16/16 11/12 11/12 84/88
Buffer + EDTA + Na,SO3 0/20 0/12 - - - - 0/32
Buffer + EDTA - - 14/16 1112 12/12 11/12 48/52
Buffer + Na,SO; - - 0/24 0/16 2/12 112 3/64

experiments were performed using only EDTA or sodium sulfite.

respective virus preparations were placed on each healthy plant.
doi:10.1371/journal.pone.0048177.t001
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@Aphids were fed on membrane sachets containing purified luteovirus. For each experiment, the concentration of virus the same. Among different experiments, virus
concentration varied from 20-60 pg/ml. Six experiments were performed using no additives, 2 experiments were performed using both sodium sulfite and EDTA, and 4

PFor each treatment, the numbers represent total number of plants infected/total number of plants inoculated. Five aphids previously fed on membrane sachets with
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Figure 1. Negative stained grids, coated with CYDV-RPV coat protein antibody, of purified virus from each virus preparation after
purification and virus recovered from membranes fed on by R. padifor a 24 h AAP. Virion morphology was similar within each group and
a representative picture for each is shown. Transmissible virions after purification (A) and after membrane feeding (B) look morphologically similar.
Non-transmissible virions after purification (C) and after membrane feeding (D) look morphologically similar to each other and are indistinguishable

from transmissible virions in shape and size. Scale bars=100 nm.
doi:10.1371/journal.pone.0048177.g001

virus concentration in the diet varied 3-fold among experiments

(Table 1).

Sodium Sulfite Treatment of Infected Plant Homogenate

Prevents CVDV-RPV Acquisition by Aphids

Transmission of CYDV-RPV is dependent upon the virus
circulating through the aphid. The interaction between the virions
from each purification treatment and the aphid was evaluated,
particularly to identify possible barriers to transmission. To
determine if aphids ingested and acquired virus, aphids were
collected following a 24-h AAP on membranes containing each
type of purified virus: buffer only, EDTA-treated, or sodium-sulfite
treated. Total RNA was extracted from half of the aphids from
each treatment and the remaining aphids were transferred to
healthy oat seedlings for a 3-day inoculation access period (IAP).
Total RNA was also extracted from those aphids immediately
following the 3-day IAP. Viral RNA (VRNA) was detected within
aphids after a 24-h AAP for each virus treatment preparation
(Fig. 2) using RT-PCR and CP-specific primers. After 24-h, vVRNA
can be detected in all three groups of aphids. At 24-h, virus could
be in the gut lumen, and/or in the HG cells and possibly in the
hemolymph. This indicates aphids were ingesting, and possibly
acquiring, the virus under all conditions. For aphids collected after
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a 3-day IAP, vRNA was detected for the buffer only treatment
(Fig. 2) indicating uptake of the virus into the hemolymph, which
was supported by high level of transmission (92% transmission,
Table 2). No vRNA was detected after 3 day IAP (Fig. 2) for
EDTA- or sodium sulfite- treated virions in the aphids. EDTA-
treated virions were still transmitted by aphids to oat seedlings
(92% transmission efficiency, Table 2), suggesting there was virus
uptake and persistence occurred within the aphid, albeit at levels
not sensitive enough to detect using RT-PCR. However, the
sodium sulfite treatment reduced the rate of virus transmission into
oat seedlings (Tables 1 and 2). Taken together with the RT-PCR
results, these data suggest that sodium sulfite-treated virions may
not be acquired. If the virus is not acquired, any virus remaining in
the lumen after 24-h may flow out of the aphid in the honeydew
[25].

To determine if either additive affected the ability of virus to
move into gut cells, we used TEM to visualize virion attachment
and virus penetration across the gut membrane (Fig. 3). Aphids
were fed on sodium sulfite- or EDTA-treated as well as non-
treated virions for a 48-hr AAP. Non-treated (Fig. 3A, B) and
EDTA-treated virions (Fig. 3C, D) were observed to attach to
apical plasmalemma lining the HG lumen, in coated pits
invaginating and budding into the cytoplasm, as well as retained
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Figure 2. RT-PCR of total RNA extracted from R. padi aphids
that fed on different virus preparations was performed to
detect RPV using RPV coat protein primers, amplifying a
614 bp product. Aphids were collected after initially feeding for a
24 h AAP (A) and after 3 d IAP (B). Three independent replicates using
RNA collected from small pools of aphids are shown for each treatment.
doi:10.1371/journal.pone.0048177.g002

in vesicles dispersed throughout the cytoplasm. In contrast, sodium
sulfite-treated virions were rarely observed to interact with the
apical plasmalemma nor were they observed within the cytoplasm
of the HG. However, virions were observed in the HG lumen
(Fig. 3E, F). The patterns of virus transmission and virus
distribution within the aphid for each purified virus (non-treated,
EDTA- or sodium sulfite-treated) were consistent in five aphids fed
on the different virus preparations (Table 2).

After virus egress from the HG, virions must remain stable in
the hemolymph and pass through the ASG for transmission to
occur. To determine whether the treatments had an effect on these
latter steps in the circulative transmission pathway, treated and
non-treated virions were microinjected into aphid hemolymph to
bypass the HG barrier. Transmission efficiency was reduced when
aphids were injected with sodium sulfite-treated or sodium sulfite
plus EDTA-treated virions, 8% and 0%, respectively, relative to
aphids microinjected with EDTA-treated or untreated virions,
78% and 91%, respectively (Table 3). These data were consistent
over multiple independent experiments, indicating the effect was
reproducible and not dependent on the concentration of virus.
Initial results from the membrane-feeding experiments indicated
that the EDTA and sodium sulfite could be acting additively or
synergistically to block CYDV-RPV transmission since no
transmission was observed. An identical trend was observed in
the microinjection experiments (Table 3). We performed a log-
linear analysis of a 3-way contingency table using sodium sulfite,
EDTA, and transmissibility as the three variables. We were unable
to conclusively show any interaction effects of EDTA and sodium
sulfite on aphid transmission of CYDV-RPV with the number of

RPV preparations used for RT-PCR and TEM evaluations.

Molecular Basis of Polerovirus Acquisition

replicates performed for either the feeding or microinjection
assays.

Host-virus Interactomes are Changed by Chemical
Additives to the Homogenization Buffer

To test the hypothesis that sodium sulfite treatment changes the
host-virus interactome, LC-MS/MS was used to analyze tryptic
digests of non-transmissible and transmissible virion preparations
purified from infected oat plants. Although the genome of oat is
not available, we were able to use predicted proteins from
available genomes of related cereals for homology-based protein
identification of the plant proteins found in the virus preparations.
Twenty proteins were identified in the transmissible, but not the
non-transmissible virus preparations (Table 4). Sixteen proteins
(Table 4) are candidate proteins that may interact with transmis-
sible virus directly or in complex. These include three chloroplast
proteins (326533372, 20302473, and 2565305), seven mitochon-
drial proteins (115472339, 115474041, 115471693, 326500100,
115477529, 115448577, and 357139868), two isoforms of remorin
(357164942 and 115456099), one predicted cytoplasmic protein
(115449199) and three proteins with predicted functions in the
nucleus (357144283, 357121487, and 226531758). Six host
proteins were found in both transmissible and non-transmissible
virus preparations. These include a 33-kD secretory protein,
thaumatin-like protein 5 (TLP-5), ATP synthase CF1 beta subunit,
cellulose synthase, triosephosphate isomerase (TIM), and a
cysteine-rich repeat secretory protein (Table 4). Two proteins,
prophobilinogen synthase and adenosylhomocysteinase, were
identified exclusively from preparations of sodium-sulfite treated,
non-transmissible virions. Proteins homologous to most of these
proteins are involved in plant defense and have been previously
identified in plant phloem sap proteomes [26,27,28,29]. Among
the potential virus genome-derived protein products, peptides
from only the two virus structural proteins (CP and RTP) were
identified (not shown).

To rule out co-sedimentation of plant proteins with purified
virus based on density alone, we used LC-MS/MS to thoroughly
characterize sucrose gradient fractions of healthy plant homoge-
nates (Table S1). Healthy plants were grown in the greenhouse
alongside infected plants and the tissue was used in the virus
purification protocol. Fractions from the gradient that would
normally contain virus particles when infected plant tissue is used
in the purification were subjected to trypsin digestion and LC-
MS/MS to identify any plant proteins that could co-sediment with
virus particles based on density and not a physical association.
Four proteins (Table 4) that are likely not associated with virions,

Table 2. Summary of R. padi transmission and virion detection following membrane feeding of different cereal yellow dwarf virus-

RT-PCR TEM
b
Transmission? Gel data Transmission® TEM observations®
24 h AAP 3dIAP
Buffer only 11/12 (92%) 6/6 6/6 11/12 (92%) 5/5
Buffer + EDTA 11/12 (92%) 6/6 0/6 12/12 (100%) 5/5
Buffer + Na,SO3 1/12 (8%) 6/6 0/6 2/12 (17%) 0/5

plants inoculated; total percent infection indicated.

“Number of aphids with virus in the HG cell/total number of aphids evaluated.
doi:10.1371/journal.pone.0048177.t002

PLOS ONE | www.plosone.org

?Purified virus that was used for RT-PCR and TEM analysis was tested for transmissibility using aphid transmission assays. Number of plants infected/total number of

PNumber of aphids with detectable amount of viral RNA/total number of aphids tested.

October 2012 | Volume 7 | Issue 10 | e48177



Molecular Basis of Polerovirus Acquisition

PLOS ONE | www.plosone.org 5 October 2012 | Volume 7 | Issue 10 | e48177



Molecular Basis of Polerovirus Acquisition

Figure 3. Effect of sodium sulfite and EDTA on CYDV-RPV virion (arrowhead) attachment to apical plasmalemma and endocytosis
into the HG cells of R. padifollowing membrane acquisition. (A and B) no sulfite or EDTA (buffer only) virus is internalized into cells of R. padi
HG and can be found in tubular vesicles; (C and D) EDTA only treatment shows no effect of EDTA on acquisition of virions into the aphid HG which is
consistent with the transmission data presented in Tables 1 & 2; (E-F) sodium sulfite treatment prevents attachment and acquisition of virus into cells
of the HG. APL, apical plasmalemma; HG, HG; L, lumen; TV, tubular vesicle; T, tubule; R, ribosome.

doi:10.1371/journal.pone.0048177.9003

including homologues of three ribosomal proteins and fructokin-
ase, were also identified in the analysis of the gradient fractions
from healthy plants. Other abundant proteins detected in the
sucrose gradients from healthy tissue included Rubisco, pyrophos-
phate-dependent phosphofructo-1-kinase, 6-phosphofructokinase,
ribosomal proteins, and histone proteins (Table S1). Although
many of these proteins have been detected in phloem sap in other
plant species [26] and in the gradients of purified virus, the
presence of these proteins is probably unrelated to the transmis-
sibility of virions since they were detected in the fractions from
healthy tissue. Importantly, no peptides were identified as
belonging to CYDV-RPV indicating that the plants used for the
healthy controls were not infected.

Analysis of purified sodium sulfite and ED'TA-treated and non-
treated CYDV-RPV using 1-D gel electrophoresis often showed
distinct protein profiles (Fig. S1A). These differences were initially
thought to be due to degradation products of the RTP; since the
C-terminal half of the RTP is truncated during purification
[30,31]. For both transmissible and non-transmissible virus, we
analyzed gel bands corresponding to viral and host proteins. MS
analysis of peptides recovered from an in-gel trypsin digestion of
band containing the truncated RTP from purified virions
produced nearly identical tryptic fragments representing both
the CP and RTP from both treated (Fig. S1B) and untreated
virions (Fig. S1C). These data indicate minimal or no differences
in the virus protein composition of the virion particles. Consistent
with previous reports of C-terminal truncation of the RTP during
purification, no peptides were discovered in the C-terminal
portion of the RTP from either type of purified virus. The highly
abundant proteins (Table S1) were also found in analysis of the gel
bands from Fig. S1 (data not shown) and enabled us to attribute

Table 3. Effects of EDTA and sodium sulfite on R. padi
transmission of purified cereal yellow dwarf virus-RPV using
microinjection into the aphid hemolymph.

Microinjection Experiment?®

Infected Plant

Homogenate

Treatment® 1 2 3 4 5 Total
Buffer only 32/36 10/12 12/12 1112 6/8 71/80
Buffer + EDTA + 0/32 0/20 - = = 0/52
Na,SO;

Buffer + EDTA - - 11/12 8/12 9/12  28/36
Buffer + Na,SO; = = 2/12 0/12 1/12  3/36

@Aphids were microinjected with purified luteovirus. For each experiment, the
concentration of virus the same. Among different experiments, virus
concentration varied from 20-60 pug/ml. Five experiments were performed
using no additives, 2 experiments were performed using both sodium sulfite
and EDTA, and 3 experiments were performed using only EDTA or sodium
sulfite.

°For each treatment, the numbers represent total number of plants infected/
total number of plants inoculated. Three aphids previously microinjected with
virus were placed on each healthy plant.
doi:10.1371/journal.pone.0048177.t003
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some of the variability in the gel bands to differences in plant
protein complexes that co-sediment based on their density alone.

CYDV-RPV-associated Host Proteins Accumulate
Differentially in Aphids Fed on Infected Plants

The LC-MS/MS data suggest that treatment of plant tissue
homogenate with sodium sulfite disrupts the host-virus inter-
actome that is required for virus transmission by aphids. Here, the
host-virus interactome is defined as the complement of host plant
proteins binding directly to or in complex with the purified virus.
The host proteins may play a direct role in virus uptake,
maintaining virion stability, or help to provide enzymatic or co-
factor activity during initial steps of entry into aphid cells. We
hypothesized that if host plant proteins were involved in
transmission, either via direct interactions with virions or by
another indirect mechanism, we should be able to detect evidence
of these proteins accumulating to higher levels in aphids that have
fed on infected plants compared to aphids that have fed on healthy
plants. A targeted proteomics approach called selective reaction
monitoring (SRM) mass spectrometry [32,33,34,35] was used to
detect peptides derived from virus-interacting plant proteins in
aphid protein homogenates. SRM detects and quantifies selected
tryptic peptides within a total protein extract that are unique to the
proteins of interest by monitoring specific intact tryptic peptides
ions and their collisionally-induced dissociation (CID) fragments
(ions derived from fragments of the tryptic peptides) based on in
sthico predictions of their mass:charge ratios. In contrast to the
discovery approach that enabled us to ask “What host proteins are
in the different virus preparations?” (Table 4), SRM enables us to
ask the hypothesis-driven question, “Are virus-interacting plant
proteins A, B, and C, present in our aphid protein sample?”.

The candidate host proteins considered for SRM  studies
included all of the proteins listed in Table 4 that were found to
be exclusively associated with transmissible virus. Proteins found in
both transmissible and non-transmissible virus were also consid-
ered since they may be found in different amounts in the aphid. All
of these plant proteins were checked for similarity against all
available aphid and aphid bacterial endosymbiont protein
sequences. Peptides from proteins that were identical to aphid or
endosymbiont proteins at the amino acid level were not considered
for further analysis as only peptides unique to the plant proteins
could be informative for the specific measurements of the plant
proteins in aphids. Those that remained included -cellulose
synthase, thaumatin-like protein 5, 33-kD secretory protein,
pyruvate dehydrogenase El, pyruvate dehydrogenase E2, re-
morin, cysteine-rich repeat secretory protein 55-like, structural
maintenance of chromosomes protein 3, and predicted ribosomal
protein. We also included B-D-glucosidase which was abundant in
healthy controls as well as the purified virus preparations. To
perform relative quantification of these proteins, a method was
created in Skyline [32] that identified peptides specific to each of
the candidate virus-interacting host proteins and exported to a
TSQ Vantage mass spectrometer operating in SRM mode. Total
protein extracted from the efficient RPV-vector aphid species
Rhopalosiphum padi (all developmental stages) fed on healthy or
infected plants for 21 days was digested with trypsin and analyzed
by SRM. Peptides from five of the plant proteins listed in Table 4

October 2012 | Volume 7 | Issue 10 | e48177
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Table 4. LC-MS/MS analysis of host plant proteins interacting with purified cereal yellow dwarf virus-RPV following an in solution

trypsin digestion of purified viruses.

Accession® Protein name Homology® Species® Score Peptides® % Coverage
Host proteins found in all virus preparations
gi[15239000 33-kD secretory protein Arabidopsis thaliana 73.6 1 3.8
gi|326508997 Thaumatin-like protein 5 Hordeum vulgare 63.6 2 5.5
gi[11466794 ATP synthase CF1 beta subunit Oryza sativa Japonica 69.4 6 1
gi[224075617 cellulose synthase Populus trichocarpa 63.4 1 1
gi[326496613 Predicted protein Triosephosphate Hordeum vulgare 85.1 2 4
isomerase
gi[357120115 cysteine-rich repeat secretory Brachypodium 715 2 8.4
protein 55-like distachyon
Host proteins found in transmissible virus preparations
gi[326499075 predicted protein Ribosomal L7Ae Hordeum vulgare 784 2 8.8
gi[20302473 ferredoxin-NADP(H) oxidoreductase Triticum aestivum 95.5 6 20
gi[115471693 dihydrolipoamide acetyltransferase Oryza sativa Japonica 71.6 4 9
E2 component of pyruvate
dehydrogenase
gi[357144283 structural maintenance of Brachypodium 93 4 42
chromosomes protein 1A-like distachyon
gi|326500100 Predicted protein glyceraldehyde-3- Hordeum vulgare 738 1 44
phosphate
dehydrogenase A
gi[326533372 Predicted protein Transketolase C Hordeum vulgare 75.9 2 34
gi[357121487 structural maintenance of Brachypodium 85.9 2 23
chromosomes protein 3-like distachyon
gi[326500076 Predicted protein 40S ribosomal protein S9 Hordeum vulgare 64.6 1 9.5
gi[326496098 Predicted protein Ribosomal protein L35Ae Hordeum vulgare 61 1 9.8
gi[115477529 050890536000 pyruvate dehydrogenase E1  Oryza sativa Japonica 76.9 2 5.6
component subunit beta
gi[297598102 050190894300 Fructokinase Oryza sativa Japonica 63.5 2 6.5
gi[115474041 0s079g0675000 Acyl-CoA dehydrogenase Oryza sativa Japonica 94.4 3 4
gi[115456099 050390808300 Remorin C Oryza sativa Japonica 68 2 8.5
qgi|115448577 putative pyruvate dehydrogenase Oryza sativa Japonica 75.2 2 3.0
E1 component alpha subunit
gi[226531758 hypothetical protein LOC100279994 Nucleosome assembly Zea mays 65.1 2 6.1
protein
gi[357139868 dihydrolipoyllysine-residue Brachypodium 65.1 3 2.8
acetyltransferase component 1 of distachyon
pyruvate dehydrogenase complex
gi[357164942 remorin-like isoform 1 Brachypodium 74.8 2 9.6
distachyon
gi[2565305 glycine decarboxylase P subunit Tritordeum sp 80 2 2.7
gi[115472339 0s07g0513000 ATP synthase gamma Oryza sativa Japonica 59.5 2 6.4
chain
gi[115449199 050290794700 Cytosol aminopeptidase Oryza sativa Japonica 755 2 37
family
Host proteins found only in non-transmissible virus preparations
gi[115469822 050690704600 porphobilinogen synthase Oryza sativa Japonica 483 2 6
gi[297804932 Hypothetical protein Adenosyl-homocysteinase Arabidopsis lyrata 723 2 5

ANCBI accession number as of Feb. 20, 2012.

PIf the gene was not annotated, functional homology to an annotated gene was determined using BLASTP [92].
“Protein identification was achieved using homology-based searching in MASCOT [93] because the genome of Avena sativa (oat) is not available. The species of the top

MS/MS match is reported.

9Number of unique peptides with different sequences matched to a homologous protein with a peptide identification probability >95% as specified by the Peptide
Prophet algorithm [90]. Each unique peptide match is based on at least 2 distinct spectra, but in some cases, many more. In the case of cysteine-rich repeat secretory
protein 55-like, more than 300 total spectra were matched, highlighting the limitations of a homology-based search strategy for protein identification [79].

doi:10.1371/journal.pone.0048177.t004
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were detected in the R. padi homogenate (Table 5). A new method
was created containing only these peptides, and three biological
replicate samples of digested homogenates from aphids reared on
infected or healthy plants were analyzed. The chromatographic
retention time for each peptide was highly reproducible among all
six samples (Table 5). The transitions are generally free from
interference when they were detected (Fig. S2, Table S2) in the
digested homogenates that were derived from aphids fed on
infected plant tissue. Only one peptide from thaumatin-like
protein 5, 33-kD secretory protein and pyruvate dehydrogenase
El and E2 was detected (Table 5), whereas two peptides from
cellulase were detected (Table 5, Figure S2). Until the oat genome
1s sequenced, we do not know exactly what protein we are
monitoring, i.e., a single plant protein isoform or a mixture of
proteins sharing the same peptide.

Total peak areas for the selected peptide ions and their CID
fragments were used to calculate a fold-change, and the log [2] of
the fold-change is reported so that a positive value indicates an
enrichment of the peptide in the extract from aphids fed on
CYDV-RPV infected plants, and a negative value indicates a
lower level of the peptide in the extract from aphids fed on CYDV-
RPV infected plants. Pyruvate dehydrogenase E1 and E2 were
found to associate with only transmissible virions (Table 4).
Peptides derived from both of these proteins were found to
accumulate to higher levels in aphids fed on CYDV-RPV infected
plant tissue (Table 5). In fact, the peptide from pyruvate
dehydrogenase E2, GLGMIAEEVK, was only detected in aphids
fed on infected plant tissue (Table 5) and not in aphids fed on
healthy plants. Cellulose synthase, thaumatin-like protein, and the
33-kD secretory protein co-purified with both transmissible and
non-transmissible virions (Table 4). Cellulose synthase was
detected at similar levels in aphids reared on healthy and infected
plants, with fold-changes consistent across two different peptides
from this protein (—0.3 and 0). In contrast, peptides specific to
thaumatin-like protein 5 and 33-kD secretory protein were found
to accumulate to higher levels in aphids that had fed on infected
plants (Table 5). These data suggest that the amount of these
proteins was increased in aphids fed on CYDV-RPV infected

monitoring mass spectrometry.
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tissue, with fold-changes of 2.0 and 1.6, respectively. Peptides from
remorin, cysteine-rich repeat secretory protein 53-like, structural
maintenance of chromosomes protein 3, predicted ribosomal
protein, and B-D-glucosidase were not detected. SRM is excellent
at reproducibly monitoring peptide signals; however, upon finding
interesting differences such as the ones described above, the next
step is validation and absolute quantification via the use of stable
1sotope labeled peptides.

Discussion

Successful virus purification depends on obtaining high titers of
virus in host plants and having methods to efficiently extract
biologically active virus from infected tissue. The latter is most
critical since virus particles must retain their infectivity while
facing the harsh oxidative environment during plant tissue
homogenization. Ideally, purification methods should be opti-
mized to obtain a high titer while maintaining biological activity
for each virus species under investigation. Purified BYDV (later to
be recognized as BYDV-MAYV) from Coast black oats was first
reported by Rochow and Brakke [36], using 0.1 M pH 7
phosphate buffer with no additives included in the homogeniza-
tion buffer. Pierpoint [37] identified a number of substances
(ascorbate, ethyl xanthate diethyldithiocarbamate, cysteine, 2-
mercaptobenzothiazole) that prevented oxidation of polyphenolic
compounds in homogenized, infected plant tissue (which can be
observed as browning of the plant homogenate). As a result,
reducing agents became commonplace additives to virus extrac-
tion buffers and, in many cases, with positive outcomes. In contrast
to our current study, the addition of sodium sulfite and EDTA
were necessary for successful purification of the potyvirus, peanut
mottle virus [38]. When purifying BYDV-PAV, Hammond (1983)
incorporated sodium sulfite in the extraction buffer to prevent
browning, and its addition did not affect infectivity nor did
reducing agents affect other luteovirids such as the potato leafroll
virus (PLRV) [14] or soybean dwarf virus (B. Tian, personal
communication). However these studies did not examine the virus
transmissibility in the absence of reducing agents so it is unknown

Table 5. Peptides from cereal yellow dwarf virus-RPV-interacting host proteins detected inside R. padi using selected reaction

Chromatographic retention time*©

acetyltransferase E2
component of pyruvate
dehydrogenase

RPV+ Healthy

Accession number?® Protein name Fold-change® Peptide 1 2 3 1 2 3
gi[224075617 cellulose synthase -03 SQTGDFDHNR 21.1 19.6 20.6 21.9 234 25.7

0 IPMFAYVSR 399 39.7 40.1 40.3 41.0 41.5
gi[56682582 Thaumatin-like protein 5 +2.0 FGGDTYCCR 53 5.2 53 5.6 5.7 6.2
gi[15239000 33-kD secretory protein +1.6 VLYSSCYVR 254 255 26 26.1 26.7 ND
gi[115448577 pyruvate dehydrogenase E1 +2.6 SDSIITAYR 7.1 7 8.2 7.7 7.7 8.2

component alpha subunit

gi[115471693 dihydrolipoamide NC GLGMIAEEVK 6.4 6.4 6.7 ND ND ND

“NCBI accession number as of Feb. 20, 2012.

did not detect the transitions in that sample.
doi:10.1371/journal.pone.0048177.t005

PLOS ONE | www.plosone.org

PFold-change reported is a log2(fold-change) for the peptide. Fold-change is therefore >0 for proteins that are found more abundantly in aphids fed on infected tissue
and <0 for proteins that accumulate less abundantly in aphids fed on infected tissue, p<<0.05 except for gi|224075617, which was not differentially detected within
aphids between the treatments. NC indicates we did not calculate a fold-change.

“Average time (in minutes) peaks were found to elute off the column in three replicates of aphids fed on infected (RPV+) or healthy (RPV-) tissue. ND indicates that we
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whether sodium sulfite imparts any negative (or positive) effects on
the transmissibility of other purified luteovirids. Those reviewing
plant virus purification protocols [24] cautiously warn against
adoption of a one-size-fits-all protocol for purifying plant viruses.
Together with the previous works, our data show such caution
should be duly noted by those purifying luteovirids. The vector-
virus specificity that defines the luteovirids undoubtedly reflects the
complex chemical nature of protein interactions mediated by the
CP and RTP. Care should be taken in understanding how the
chemistry of the purification protocol can impart biochemical
changes in the virion that will alter virus-host and virus-vector
protein interactions.

The action of sulfite on disulfides (e.g. cystines) can be
represented by the equilibrium equation: R.S.S.R + SO &
RS™ + RS.SO; . Above pH 9, the equilibrium constant does not
favor the total cleavage of the disulfide bond, and large excesses of
sulfite are required to drive the reaction to completion. However,
at lower pH values (e. g. pH 7 of the homogenization buffer used
in these virus preparations) the thiol predominates over the
thiolate ion resulting in more complex reaction kinetics and more
favorable equilibriums [39]. In general, the equilibrium constant
can be shifted to the right by any process that removes the thiol
and in the presence of divalent metal ions, known to stabilize
several icosahedral viruses [40], and all thiol and disulfide groups
can be readily converted to S-sulfonates by a process that reduces
the metal ion [41]. The reaction of sulfite with protein disulfides is
further complicated by an acute sensitivity to the ionic atmosphere
in the neighborhood of the disulfide bond. For example, anionic
disulfides have been shown to react much more slowly than
neutral or cationic disulfides [42]. For cystines (disulfides) having
two positively charged flanking amino acids, the rate constant for
reaction of the negative disulfide is 132,000 s™'M ™" as compared
to one having two neutral neighbors, 367 s 'M ™', a 10°fold
range in rate constants [43]. Furthermore, the rate of reaction can
be greatly affected by steric factors, and the disulfide bonds of
many proteins show great variability in their susceptibility to
cleavage by sulfite in the absence of denaturants such as guanidine
hydrochloride or urea [44,45,46,47]. Thus, it can be expected that
in the absence of denaturants, the thiols and disulfides most
susceptible to modification by sulfite would be those that are most
exposed and that have positively charged amino acids as their
nearest neighbors.

With these thoughts in mind, the three cysteines in the CP or
RTP of CYDV-RPV may provide some clues (Fig. S2) as to why
sodium sulfite treatment would affect the virus-plant interactome.
Two of the cysteines are flanked by at least one basic amino acid.
These are likely the most reactive cysteines in the CP or RTP with
respect to the formation of S-sulfonates and would readily
participate in thiol-disulfide exchange reactions initiated by the
sulfolysis of other disulfide bonds. Blocking the critical thiol by
converting it to a thiosulfonate or otherwise modifying critical
interactions via the formation of a non-native disulfide could have
negative consequences for the internalization of RPV into aphid
cells, as is observed for a wide range of other viruses (enveloped
and non-enveloped) that rely on disulfide bond formation for
internalization into and transport through host cells [48,49,50]. In
contrast to the sodium sulfite treatment, EDTA treatment did not
prevent entry of virus into aphid cells or transmissibility, but it did
appear to reduce the long term stability of the virus inside the
aphid. Hence, i vivo interactions between divalent cations and the
virus capsid may be required for long-term virion stability. Indeed,
other icosahedral plant viruses such as rice yellow mottle virus,
tomato bushy stunt virus, southern bean mosaic virus and cowpea

PLOS ONE | www.plosone.org

Molecular Basis of Polerovirus Acquisition

chlorotic mottle virus are stabilized by divalent cations such as
Ca?" and Mg®", [40,51,52,53,54].

These data support the hypothesis that transmission of CYDV-
RPV requires the formation of a critical disulfide bond pairing
either intramolecular, within the CP or RTP, or intermolecular
with a specific host protein, and that treatment with sodium sulfite
promotes a random process of thiol-disulfide exchange that creates
structures that interfere with normal virus transmission. Sodium
sulfite-treated virions did not enter into the HG or into the ASG
and thus, a partial overlap in the biochemical mechanisms for
virus entry may exist in these two aphid tissues. Previous work
using infectious mutants of other luteovirids supports the role of
cysteine residues within the capsid as contributing to virus-host
specificity and even aphid transmission. PLRV mutants with
cysteine deletions or modification of residues flanking cysteines
residues show phenotypes in a host-dependent manner Two
mutants D-P-K (which alters two cysteine-flanking residues) and
H-C-K (which deletes the cysteine residue) showed defects in
systemic infection in the host Physalis floridana, but not in Solanum
tuberosom, Nicotiana benthamiana, or Nicotiana clevelandii [11]. Aphid
transmission of the D-P-K mutant was severely impaired when
acquired from or inoculated into P. flonidana [11].

LC-MS/MS enabled us to detect numerous host proteins co-
purifying with virion particles in the sucrose gradients. The SRM
data indicate a complex picture on the roles of these plant proteins
in luteovirid transmission by aphids. How might host proteins also
participate in aphid transmission? As a result of natural selection,
aphid acquisition of CYDV-RPV by aphids may have been
favored from phloem cells with higher protein expression, a
phenotype that could have evolved as a response from virus
infection, the act of aphid feeding, or both in combination. Co-
ingestion of soluble plant proteins that associate with virions may
help stimulate endocytosis into the epithelial cells of the aphid HG
in a host-dependent manner. These data are consistent with
previous observations of host proteins as associated with insect-
transmitted viruses [21,22] and that addition of any soluble
protein into the diet acquired together with virus can enhance
transmission efficiency [22]. In tobacco BY-2 cells, sugar levels
tightly regulate pyruvate dehydrogenase EI and E2 promoters.
Promoter activity is markedly increased by sugar depravation [55].
We detected pyruvate dehydrogenase E1 and E2 at increased
levels in aphids fed on CYDV-RPV infected plants. In contrast,
cellulose synthase was detected at similar levels in aphids fed on
healthy or CYDV-RPV infected plants. This is consistent with a
more general role for the latter protein in aphid-plant interactions
that CYDV-RPV may exploit. In varieties of wheat that are
susceptible to the phytotoxic Russian wheat aphid, Diuraphis noxia,
the mRNA encoding for cellulose synthase is up-regulated 4 to7-
fold during aphid infestation [56]. Intriguingly though, evidence
suggests that the Russian wheat aphid is a poor vector for yellow
dwarf viruses [57,58]. Cellulose synthase is a member of the
glycosyltransferase family A protein family. These proteins
synthesize glycoconjugates by transferring a sugar moiety to a
donor molecule, such as a protein or lipid. Little is understood
about the role of protein glycosylation in non-enveloped viruses —
specifically plant viruses [59] and a role for glycosylation in
luteovirid transmission is not well understood [59,60].

Independent of a direct role in aphid transmission, cellulose
synthase and the other virus-associated host proteins may help to
orchestrate virion functions i planta. Most plant viruses, including
CYDV-RPV, move from cell-to-cell in host plants via plasmodes-
mata (PD, reviewed in [61]. Luteovirids are targeted to PD early
during infection [62]. PD permeability is regulated by carbohy-
drate metabolism via callose deposition [63]. Callose turnover
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regulates PD size exclusion limit, as ectopic expression of m-type
thioredoxin that is expressed in non-green plastids, which controls
callose deposition, causes an increase in plasmodesmal permeabil-
ity [63]. For cell-to-cell movement, plant viruses have evolved
specialized mechanisms to tap into the plants endogenous system
for controlling PD permeability for their own cell-to-cell transport.
We propose cellulose synthase may be involved in modification of
the cell-wall encasing the specialized PD to assist in cell-to-cell
virion translocation. A number of other plant viruses have been
known to directly interact with and use host enzymes involved in
carbohydrate breakdown for cell-to-cell movement through
plasmodesmata [21,64,65]. Susceptibility to virus infection is
decreased in a class I beta-1,3-glucanase-deficient mutant of
tobacco generated by stable transformation of tobacco with an
antisense construct. The mutant exhibited delayed intercellular
trafficking via PD of a tobamovirus (tobacco mosaic virus), of a
potexvirus (potato virus X), and of the movement protein 3a of a
cucumovirus (cucumber mosaic virus), as well displayed alterations
in callose deposition. Through interactions with host beta-1,3
glucanase, the triple gene block protein of PVX, TGB 12
modulates plasmodesmal permeability, probably to mediate cell-
to-cell spread [66]. Viruses that move from cell-to-cell as
ribonucleoproteins (RNPs) also recruit cell-wall modifying en-
zymes for cell-to-cell movement [64], suggesting that enzymatic
modulation of cell wall carbohydrates to alter PD permeability is a
strategy widely used by plant viruses for intercellular trafficking.

Several of the proteins found associated with CYDV-RPV have
well-described functions in nuclei, for example SMCI1, SMC3
[67], and NAP [68]. Luteovirids are positive-sense, single stranded
RNA viruses. Although the coat protein and the RTP of the
related luteovirid PLRV can localize to the nucleolar compart-
ment of plant cell nuclei, this localization is lost in the presence of
replicating VRNA [69]. Furthermore, in the early stages of
infection of oats with BYDV, infected cell nuclei become
morphologically distorted and filaments associated with cytoplas-
mic virions appear in the nucleoplasm and in nuclear pores [62].
Thus, a physical interaction between coat protein and these
proteins, i vivo, is an intriguing possibility. However, the latter
three proteins have been reported to have additional, non-nuclear
functions and/or localization [70,71,72]. Furthermore, aphid
SMC proteins are commonly found associating with purified
PLRYV in co-immunoprecipitation studies (Cilia, unpublished). It is
also possible that maturation of phloem sieve elements may release
these proteins into the sap and provide a mechanism for functional
protein interactions with luteovirids, or that these proteins are
transported into the phloem sap to carry out functions yet to be
defined. A detailed LC-MS/MS analysis of the pumpkin phloem
sap proteome revealed numerous ribosomal proteins and homo-
logues to NAP and many other proteins with nuclear functions
[26].

Excitingly, we found two remorin proteins to co-purify with
transmissible virus (Table 3). Consistent with remorin localization
in plant cell membranes [73], peptides derived from remorin were
never detected from aphid homogenates (data not shown).
Remorins are plant-specific proteins with unknown functions
[74] but have been receiving wide attention because of their
involvement in plant defense against viral, bacterial, and rhizobial
infections [reviewed in [75]]. In vivo, remorins cluster in the plasma
membrane within PD and lipid rafts [73]. Remorin proteins
accumulate in mature and aging tissues and in source tissue [76]
where mature, branched PD are in the majority. Remorin can
physically interact with the PVX movement protein TRIPLE
GENE BLOCK PROTEIN 1. Remorin association with PVX is
inversely proportional to the ability of PVX to move from cell-to-
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cell [73]. These data show that remorin proteins may function
In vivo to retain virus within individual cells. Remorin association
with luteovirids is particularly interesting because the luteovirid
RTP retains virus in the phloem. Phloem-retention of luteovirids is
critical for virus dispersal by aphids [13]. How this occurs is not
known, but one possibility could be via protein-protein interac-
tions between the C-terminal domain of the RTP and remorin.
Luteovirid mutants that are no longer restricted to the phloem
[13] will be particularly useful to probe direct interactions with
remorin proteins.

Conclusions

There is a paucity of tools to study vector biology and vector-
virus-host interactions at the molecular level; however, mass
spectrometry technologies are emerging as one of the most
powerful tools to develop a comprehensive understanding of virus-
vector-host interactions [9,18,22,77,78,79,80,81,82,83]. We used
mass spectrometry to describe several host proteins that associate
with virions and to show they may even be ingested by aphids
during feeding. The mounting body of evidence is that luteovirids
commandeer their hosts and vectors to ensure their own survival
and transmission. For instance, luteovirids move from companion
cells into sieve elements but natural selection has favored their
retention in the phloem of host plants and hence, dispersal by
aphids. Luteovirid infection may also exert changes in the phloem
proteome, changes that may also facilitate virus dispersal by
aphids. A critical next experiment would have to distinguish
between the following two hypotheses a) that virion-host protein
complexes are internalized into aphids or b) that the virus
manipulates the phloem to have a higher concentration of these
proteins during infection. Due to the dynamic nature of protein
trafficking in plants [61,63,84,85,86,87] and cell-type specific
transcriptional regulation [88], the latter experiment is not a trivial
undertaking. The current work has laid the groundwork for these
future experiments. The virus-host interactome we describe in this
study provides critical insights into the biochemical mechanisms
that luteovirids use for movement in plants and aphids. These
plant proteins (and associated biochemical pathways) are novel
targets for developing host-resistance to luteovirid infection in
cereals and other crops. Furthermore, the exciting, serendipitous
discovery that sodium sulfite reduces transmissibility of virions
provides biochemical evidence that intra or intermolecular
disulfide bonding may be required for luteovirid entry into aphid
cells and may also be exploited as part of a strategy to disrupt
aphid-virus interactions and ultimately to mitigate virus transmis-
sion.

Materials and Methods

Virus Purification

CYDV-RPV was purified from oat plants (4vena byzantina K.
Koch cv. Coast black) inoculated 7 to 8 weeks previously with
viruliferous R. padi as described [10]. Infection was determined by
yellowing and dwarfing symptoms. Tissue harvested was divided
into 200-300 g batches, chopped into 2.5 cm pieces and frozen at
—80°C until used. Virus was purified using a modified version of
the protocol of Hammond et al. [89]. Tissue was homogenized
using 0.1 M phosphate (KoHPOy,) buffer (pH adjusted to 7 using
0.1 M KH,PO,) at 2.5 ml g~ ' dssue. Tissuc was homogenized
with phosphate buffer containing 1% cellulase with and without
0.01 M EDTA and 0.5% sodium sulfite together or individually.
Sucrose gradients were fractionated using a density-gradient
fractionator (Teledyne-ISCO) at sensitivity 0.5 and chart speed
set at 60 cm/h. Two milliliter fractions were collected along the
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entire gradient for each gradient. The wvirus fractions were
collected as 4 ml gradient fractions and were concentrated by
centrifugation for 4 h at 113,613 xg in a type 701 rotor (Beckman
Cloulter). The remaining fractions were stored at —80°C until
needed. Supernatant was discarded and the pellet was resus-
pended overnight in 0.01 M phosphate bufter, pH 7. Purified
virus was equally divided among several tubes and stored at
—80°C. As a control, 500 g of healthy tissue was homogenized in
phosphate buffer containing 1% cellulase and purified following
the above protocol.

Evaluation of Purified Virions

Purified virus from each sample preparation after purification
was evaluated by negative staining. In addition, virus was
recovered from membranes after aphids fed for 24 h to assess
the stability of the virus. 300 Mesh copper carbon-coated formvar
grids were incubated for 30 min on a 10 ul drop of RPV coating
antibody diluted 1:500 in phosphate buffered saline (PBS). Excess
antibody was wicked off with a wedge of filter paper and grids
were rinsed in 3 drops of PBS, wicking off excess with filter paper
after each rinse. Antibody-coated grids were incubated for 1 h on
a 10 pl drop of virus. Virus was wicked off using filter paper and
grids were rinsed in 2 drops of PBS, followed by 3 drops of sterile
distilled water, wicking excess after each rinse. Grids were stained
by incubating for 3 min on a 20 ul drop of 2% aqueous uranyl
acetate, excess stain was wicked off and grids were stored dry in a
grid box. Grids were viewed on a Jeol 1200 TEM at the Electron
Microscope Facility for The Huck Institute of the Life Sciences at
The Pennsylvania State University.

Aphid Transmission Assays

For each purified virus preparation (buffer only; buffer including
EDTA and sodium sulfite; buffer including EDTA only; buffer
including sodium sulfite only), healthy R. padi aphids were allowed
a 24-48 h AAP on stretched Parafilm® membranes made by
standard protocol by stretching in two directions until very thin.
Approximately 75 ul of the virus preparation, at 20-60 ug/ml
concentration containing 15% sucrose was used in each
membrane. After 24 h, aphids were allowed a 3—4 day IAP on 7
day old oat seedlings (Coast black), 5 aphids per plant, 12-16
plants per treatment. Plants were fumigated with Orthene to kill
the aphids. The fumigated plants were placed in the greenhouse
and observed for symptom expression 3—4 weeks later. Infected
plants were evaluated by obvious yellowing and reddening of the
leaves, and dwarfing of the plant. In addition, a randomly selected
subset of the leaves (symptomatic and asymptomatic) was tested by
double-antibody sandwich enzyme linked immunosorbent assay
(DAS-ELISA) using anti-CYDV-RPV antibodies. Each type of
virus preparation was tested 2-4 times.

In addition to membrane feeding, virus was directly injected
into the hemocoel of the aphid to bypass the HG. For each
purified virus preparation, 10 nl of a 20-60 pg/ml virus prepa-
ration was injected into an aphid using a Microinjector IM300
(Narishige). Three aphids were placed onto a 7 day old oat
seedling (Coast black), 12-16 plants per virus treatment, for a 4
day IAP, after which plants were fumigated to terminate feeding.
Plants were evaluated for infection 3—4 weeks later as described
above. To test for synergistic effects of EDTA and sodium sulfite
treatment on CYDV-RPV transmission by R. padi, we performed a
log-linear analysis for a three-way contingency table on the
transmission results following microinjection using +/— EDTA,
+/— sodium sulfite and +/— transmission as the three variables.
Simulations and the experiment were run using the statistical
software package JMP (SAS).
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Virus Detection in Aphids

Healthy R. padi aphids were allowed a 24 h AAP on
membranes, as described previously, which contained 40 pg/ml
of purified virus in 15% sucrose buffered with 0.01 M phosphate
buffer, pH 7. The following virus treatments used were prepara-
tions containing 1) phosphate buffer only, 2) phosphate buffer
including EDTA only, and 3) phosphate buffer including Na;SOs
only. To examine an aphid’s ability to acquire virus, after 24 h, six
aphids were collected, divided randomly into three groups of two
for each treatment and stored at —80°C in 25 ul nuclease-free
water in an RNase-free microcentrifuge tube. The remaining
aphids were transferred to healthy oat seedlings (Coast black),
placing five aphids per seedling. Aphids were allowed a 3 day IAP
to test for transmissibility of the virus, and aphids were collected to
examine the treatment effects on virus uptake into the hemocoel.
For each virus treatment, six aphids were collected, divided
randomly into three groups of two for each treatment and stored
at —80°C in 25 ul nuclease-free water in an RNase-free
microcentrifuge tube. Total RNA was isolated, five ul of RNA
was used in an RT-PCR as described [14], with the exception that
primers specific for the coat protein of CYDV-RPV (RPV-CP For:
5'-ATGAGTACGGTCGTCCTTAGATCC-3"; RPV-CP Rev:
5-CTATTTTGGGTTTTGTAGCTGGAC-3") were used to
amplify a 614 bp fragment.

TEM was also used to detect virus within the aphid. R. padi were
allowed a 48 h AAP on membranes containing 40 pg/ml per virus
preparation. For each virus preparation, ten aphids were collected
after feeding, the head and cauda were removed using a razor
blade, and heads and abdomens were fixed for TEM in 1%
formaldehyde-2% gluteraldehyde in 0.02 M sodium cacodylate
(pH 7.2) containing 10 mM calcium chloride and 0.05% sodium
azide for 24 h. Aphids were subsequently prepared for TEM
accordingly [13]. The HGs of five aphids were examined per virus
treatment. Grids were viewed on a Jeol 1200 transmission electron
microscope (TEM) at the Electron Microscope Facility for The
Huck Institute of the Life Sciences at The Pennsylvania State
University.

Electrophoresis

25 ug of virus preparations were separated on 10-20% Novex
tricine gels (Invitrogen) according to the manufacturer’s instruc-
tions, at 125 V for 2 hr at room temperature in the SureLock
XCell minicell (Invitrogen). Gels were fixed for 30 min in 100 ml
of a solution containing 50% methanol and 7% acetic acid. After
30 min, the fixing solution was replaced with fresh fixing solution.
The gels were stained overnight with a 1:1 dilution of Sypro Ruby
stain (Invitrogen) in nanopure water at room temperature in the
dark. The gels were then washed for 30 min in a solution
containing 10% methanol and 7% acetic acid. Gels were scanned
on the Typhoon Variable Mode Imager (GE Healthcare) at
100 dpi and visualized with the 532 nm laser using the 610BP30
filter. The bands were excised from the gel using a bench top UV
transilluminator at a wavelength of 302 nm.

LC-MS/MS

Gel bands. Each gel band was subjected to an in gel tryptic
digestion and extraction as described [77]. Dried samples were
reconstituted with 12 uL. of 3% acetonitrile (ACN) with 0.1%
trifluoracetic acid. Nano-LC (nL.C) separation of tryptic peptides
was performed with a nanoACQUITY system (Waters), equipped
with a Symmetry Cig 5 pm, 20 mmx180 um trapping column
and a UPLC BEH Cjg 1.7 um, 15 cm x75 pm analytical column
(Waters). The samples were transferred to the trapping column
using a 5 UL partial loop injection with a 0.1% solution of formic
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acid (FA) in water at a flow rate of 7 pL./min for 3 min. Mobile
phase A consisted of 0.1% FA in water and mobile phase B
consisted of 0.1% FA in ACN. Following desalting and
concentration, the trapping column was subjected to a reverse
flush to the analytical column and separated with a gradient of 2—
40% mobile phase B over 60 min at a flow rate of 300 nL/min,
followed by a 5 min rinse with 95% of mobile phase B. The
column was re-equilibrated at initial conditions for 20 min.
Column temperature was maintained at 35°C. 100 fmol/uL
[Glu']-fibrinopeptide B in 25% ACN with 0.1% FA was used as
the lock mass compound and was delivered via the auxiliary pump
of the LC system at a flow rate of 300 nL./min to the reference
sprayer of the NanoLockSpray source of the mass spectrometer.
The ecluent from the analytical column was delivered to the
analytical sprayer of the same source through a PicoTip emitter
(New Objective, Woburn, MA) with 10 pm tip diameter.

Mass spectrometric analysis of tryptic peptides was performed
using a Synapt HDMS mass spectrometer (Waters, Manchester,
UK) or a 4700 Proteomics Analyzer (Applied Biosystems) as
described in [78] and [77], respectively.

In solution digests of purified virions. For analysis of
purified CYDV-RPV virions in solution, disulfide bonds were
reduced with 5 mM dithiothreitol (DTT) for 30 min, followed by
alkylation with 10 mM iodoacetamide (IAA) for 30 min, in the
dark. Reduction and alkylation were performed at 25°C. CYDV-
RPV virions were then digested with trypsin (1:200 ratio,
Promega) at 35°C for 16 h. The peptide mixture was desalted
using a C18 sep-pak (Waters) and stored at —80°C for 1 week
prior to MS analysis.

For nLC-MS/MS analysis on the LTQ-Orbitrap Velos
(Thermo-Fisher Scientific, San Jose, CA), the tryptic digest was
reconstituted in 10 uL of 2% ACN with 0.5% formic acid (FA).
The mass spectrometer was equipped with a “Plug and Play” nano
ion source device (CorSolutions LLC, Ithaca, NY). The nanoL.C
was performed using a Dionex UltiMate3000 MDLC system
(Dionex, Sunnyvale, CA). The gel extracted peptides (5-10 pL)
were injected using a “User Defined Program” onto a PepMap
C18 trap column (5 pm, 300 pm x5 mm, Dionex) at a 20 uL./min
flow rate for on-line desalting and then separated on a PepMap
C18 reverse phase (RP) nano column (3 um, 75 umx15 cm,
Dionex) which was installed in the “Plug and Play” device with a
10-um spray emitter (NewObjective, Woburn, MA) mounted in
front of the Orbitrap ion transfer tube. The peptides were then
eluted in a 60 min gradient of 10% to 40% ACN in 0.1% FA at
300 nL/min. The Orbitrap Velos was operated as described
previously [9]. For repeat injections of the same samples, an
exclusion list containing m/z values identified in the previous
DDA run were generated using Proteome Discovery 1.1 software
and applied to prevent resampling of the same ions. All data were
acquired using Xcalibur 2.1 software (Thermo-Fisher Scientific).

Protein Identification

Tandem mass spectra from purified CYDV-RPV  were
converted mascot generic format (MGF) peak list files using
Proteome Discovery 1.1. An in-house FASTA protein database
was created from all NCBI entries, including all the translations of
all the available cereal genomes, common contaminants, and
viruses, was downloaded on January 31, 2012. This strategy was
used as opposed to restricting the search to green plants to
minimize false matches due to the presence of virus gene products
or to the presence of other unanticipated sources of proteins (such
as from plant-infecting bacteria of fungi) in the samples. All data
were searched against this database using Mascot v2.3.02 (Matrix
Science, Boston, MA) as follows. Fixed carbamidomethyl and
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variable methionine oxidation were used as modifications.
Precursor ion tolerances were set to 30 parts per million (ppm),
and fragment tolerance was 0.8 Dalton (Da). ESI-Trap was
selected as the instrument type. The enzyme selected was trypsin
with 1 missed tryptic cleavage permitted.

Mascot *.dat files were created in Mascot and loaded into
Scaffold (version 3_00_05). Peptide and protein probabilities were
calculated using PeptideProphet and ProteinProphet algorithms
[90]. We reported protein accession numbers that could be
identified on the basis of at least one peptide with a Mascot score
exceeding the identity threshold and E-value <0.05. The FDR
was less than 1.0%. Spectral counts were normalized to the total
and compared between treated and non-treated virions, as well as
a healthy control. The healthy control consisted of the fraction in
the sucrose gradient corresponding to the virus sedimentation
position. Proteins were not reported if they were also detected in
the healthy control (Table S1). To minimize redundancy due to
effects of homology-based searching, only one protein per protein
family were reported. Rubisco was abundant in all virus and
healthy plant samples.

Selected Reaction Monitoring Mass Spectrometry

Parthenogenetically reproducing aphid colonies of R. padi were
maintained on CYDV-RPV infected or healthy caged oats at
20°C with an 18-h photo-period for 21 days. Aphids were
harvested from plants for protein extraction as described [77].
Proteins were extracted from aphids using the TCA-Acetone
method as described [77]. The pellets were dried and stored at
—80°C until used for mass spectrometry, approximately 2 weeks.

Protein pellets were prepared for mass spectrometry as
previously described [80]. Pellets were solubilized by adding a
volume of 50 mM ammonium bicarbonate (Sigma; St. Louis,
MO)/0.1% RapiGest SF (Waters Corp.; Milford, MA) solution.
Samples were left to stir overnight at 4°C and then centrifuged at
16,000 xg for 5 min to pellet insoluble debris. Protein concentra-
tion of the supernatant was determined using a Quickstart
Bradford assay (Biorad) and verified using 1-D SDS PAGE as
described [77]. For each sample replicate, 100 ug of protein was
diluted in 50 pul 50 mM ammonium bicarbonate/0.1% RapiGest
SI (Waters Corp., Milford, MA) and used as the starting material
for the digestion procedure. Samples were reduced with DTT at a
5 mM final concentration for 30 min at 50°C and then alkylated
with IAA at a 15 mM final concentration for 30 min at room
temperature, in the dark. For digestion, a 200 ng/ul trypsin
(Promega; Madison, WI) solution was prepared using 0.01% acetic
acid. Two pg of trypsin was added to each sample at a
trypsin:protein ratio of 1:50 and incubated at 37°C for 3.5 h,
with gentle vortexing every 15 min. To hydrolyze the RapiGest
surfactant, samples were acidified with HCI to a pH =2, final HCI1
concentration of 200 mM, incubated at 37°C for 45 min, and
centrifuged at 16,000xg for 10 min. The supernatant was
transferred to new tubes and frozen at —80°C until mass
spectrometry, approximately 48 h. Impurities were removed using
mixed mode RP SCX SPE cation exchange cartridges (Waters
Oasis lcc MCX cartridge).

Nano-flow liquid chromatography was performed using an
Eksigent 1D nanoL.C system (Dublin, CA) with direct column
mjection. Tips were pulled from silica capillary (75 pm L.D. x
360 um O.D.) in-house using a commercial COy laser puller
(Sutter Instruments Co., Novato, CA), and then packed to a length
of 15 cm with 4 pm C12 reverse phase particles (Phenomenex,
Torrance, CA). Two pL of the 1 pg/uL digested aphid protein
extracts were injected directly on the column and eluted with a
flow-rate of 300 nL/mn. The gradient ramped from 2% B
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(80:20 ACN/H,0) to 37% B across 50 min, and then increased to
80% B and held constant for 5 min. Initial conditions were
restored for the final 15 min of the run. Electrospray ionization
(ESI) was initiated by applying 2.2 kV via a liquid junction distally
from the ESI tip. The capillary voltage and temperature were
42 V and 275°C, respectively. MS analyses were performed using
a TSQ Vantage (ThermoFisher, San Jose, CA) operating in SRM
mode. For SRM-mass spectrometry, the doubly charged precursor
ions were monitored in Q1 with a resolution of 0.7 full width at
half-maximum (FWHM) and three to four singly charged y-ions
for each peptide were monitored in Q3 at 0.7 FWHM. Each
transition was monitored for 25 ms (dwell time) enabling a
maximum duty cycle of 2.5 s.

Targeted protein sequences were imported into Skyline [32]
and converted into trypsin fragments. Refinement was performed
as described [91]. Briefly, to optimize collection of SRM data, we
focused initial analysis on peptides from host proteins that could be
detected in the matrix of total protein homogenates extracted from
R. padi fed on CYDV-RPV infected tissues. From these samples,
MS/MS data were collected for Skyline-predicted tryptic peptide
ions from host proteins of interest. These data were imported back
into Skyline for refinement of the SRM method. During
refinement, we selected proteotypic peptides that ionized well
(34 abundant y-ions for each peptide) and showed reproducible
chromatographic retention properties and made a new SRM
method. The new, data-driven, refined SRM method was
exported to the mass spectrometer. Three biological replicates
were analyzed using the refined SRM method, and a Student’s T-
test was used to compare total peak areas. A normalization factor
of 0.92 was calculated by monitoring for peptides derived from
two different proteins that were not differentially expressed
between treatments and applied to the peptides derived from
healthy samples. Both raw and normalized peak areas for each
transition are reported (Table S2).

Supporting Information

Figure S1 (A) 1-D PAGE of proteins from purified virus showing
bands that were excised and digested with trypsin. Lane 1, Broad
range molecular weight standards (Biorad) in kDa; Lane 2,
transmissible virus; Lane 3; non-transmissible virus. The band
containing the RTP is encircled in red. Other bands subjected to
LC- MS/MS analysis are indicated with a red *. Multiple proteins
were found in each lane. These proteins were abundant
contaminants (reported in the text and Table S1) also found in
sucrose gradients separating healthy tissue. Tryptic peptides
matched to the full-length RTP in (B) non-transmissible virus
purified with sodium sulfite and EDTA and (C) transmissible virus
are highlighted in red. Virions were purified from the same
infected source tissue (oats), the only difference was addition of
sodium sulfite and EDTA in homogenization buffer. Peptides were
identified from the same region of the protein in both treated and
untreated virions indicating no cleavage of the RTP in the non-
transmissible virion preparations.

(TIF)

Figure S2 Clustal W alignment showing CYDV-PRV
cysteine residues in the RTP in the context of a multiple
alignment of twelve luteovirid species. C136 and C373 are

References
1. Hogenhout SA, Ammar el D, Whitfield AE, Redinbaugh MG (2008) Insect

vector interactions with persistently transmitted viruses. Annu Rev Phytopathol

46: 327-359.

PLOS ONE | www.plosone.org

13

Molecular Basis of Polerovirus Acquisition

highly conserved among luteovirids whereas C112 is unique to
CYDV-RPV. In CYDV-RPV, all three cysteine residues within
the RTP are flanked by at least one basic amino acid, making
them especially reactive and likely to be involved in disulfide
bonding.

(TIF)

Figure S3 SRM transitions of the peptides from host
plant proteins that were detected in tryptic digests of
pooled, whole-body R. padi protein samples (from data
shown in Table 5). One replicate per peptide is shown. Two
peptides from cellulose synthase show no statistically significant
fold-change in aphids reared on CYDV-RPV infected or healthy
plants (A) SQTGDFDHNR detected aphids fed on CYDV-RPV
infected plants or (B) healthy plants, (C) IPMFAYVSR detected in
aphids fed on CYDV-RPV infected plants or (D) healthy plants.
The peptide FGGDTYCCR from thaumatin-like protein 5
detected in aphids fed on CYDV-RPV infected plants in (E) or
healthy plants in (F). The peptide VLYSSCYVR from 33-kD
secretory protein detected in aphids fed on CYDV-RPV infected
plants (G) or healthy plants (H). The peptide VLYSSCYVR was at
the lower limit of detection in the samples derived from aphids
reared on healthy plants. The peptide SDSIITAYR from pyruvate
dehydrogenase E1 derived from samples of aphids collected from
CYDV-RPV infected plants (I) or healthy plants (J). One peptide
was detected from pyruvate dehydrogenase E2: GLGMIAEEVK
was only detected in samples of aphids reared on CYDV-RPV
infected tissues (K), and not in aphids reared on healthy tissue (L).
The next step to confirm these differences in aphids fed on healthy
or infected plants is validation and absolute quantification of these
peptides via the use of stable isotope labeled peptides.

(TIF)

Table S1 Plant proteins that were identified in the
sucrose gradient fractions from healthy oat plants.
(PDF)

Table S2 Raw and normalized peak areas, T-test
results, and retention time coefficient of variation for

plant peptides detected using SRM in aphids fed on
CRDV-RPYV infected or healthy plants.

(PDF)

Acknowledgments

The authors would like to acknowledge Sheng Zhang (Cornell) for
assistance with the Orbitrap-Velos mass spectrometer, Kern Reeve and
Jing Yang (Cornell) for discussions about the statistical analysis, Tom
Hammond (Cornell) for care of the plants, James VanEe and John Flaherty
(Cornell) for I'T support and Kent Loeffler (Cornell) for assistance with the
figures. We are grateful to the anonymous reviewers for helping us to
improve the manuscript with their insightful and thoughtful reviews.
USDA is an equal opportunity provider and employer.

Author Contributions

Conceived and designed the experiments: MC KAP MSB FG MJM TWT
SMG. Performed the experiments: MC KAP MSB KH TF FG DS.
Analyzed the data: MC KAP MSB FG MJM TT SMG. Wrote the paper:
MC KP MSB TT SMG.

2. Gray SM (2008) Aphid transmission of plant viruses. Curr Protoc Microbiol
Chapter 16: Unit 16B 11 11-16B 11 10.

3. Gray S, Gildow FE (2003) Luteovirus-aphid interactions. Annu Rev Phytopathol
41: 539-566.

October 2012 | Volume 7 | Issue 10 | e48177



22.

23.

24.

25.

26.

27.

28.

29.

. Gildow FE, Rochow WF (1980) Role of accessory salivary glands in aphid

transmission of barley yellow dwarf virus. Virology 104: 97-108.

. Li C, Cox-Foster D, Gray SM, Gildow I (2001) Vector specificity of barley

yellow dwarf virus (BYDV) transmission: identification of potential cellular
receptors binding BYDV-MAV in the aphid, Sitobion avenae. Virology 286:
125-133.

. Peiffer ML, Gildow FE, Gray SM (1997) Two distinct mechanisms regulate

luteovirus transmission efficiency and specificity at the aphid salivary gland.
J Gen Virol 78 (Pt 3): 495-503.

. Burrows ME, Caillaud MC, Smith DM, Benson EC, Gildow FE, et al. (2006)

Genetic regulation of polerovirus and luteovirus transmission in the aphid

Schizaphis graminum. Phytopathology 96: 828-837.

. Burrows ME, Caillaud MC, Smith DM, Gray SM (2007) Biometrical genetic

analysis of luteovirus transmission in the aphid Schizaphis graminum. Heredity 98:

106-113.

. Cilia M, Tamborindeguy C, Fish T, Howe K, Thannhauser TW, et al. (2011)

Genetics coupled to quantitative intact proteomics links heritable aphid and
endosymbiont protein expression to circulative polerovirus transmission. J Virol

85: 2148-2166.

. Yang X, Thannhauser TW, Burrows M, Cox-Foster D, Gildow FE, et al. (2008)

Coupling genetics and proteomics to identify aphid proteins associated with
vector-specific transmission of polerovirus (Luteoviridae). J Virol 82: 291-299.

. Kaplan IB, Lee L, Ripoll DR, Palukaitis P, Gildow F, et al. (2007) Point

mutations in the potato leafroll virus major capsid protein alter virion stability
and aphid transmission. J Gen Virol 88: 1821-1830.

. Lee L, Kaplan IB, Ripoll DR, Liang D, Palukaitis P, et al. (2005) A surface loop

of the potato leafroll virus coat protein is involved in virion assembly, systemic
movement, and aphid transmission. J Virol 79: 1207-1214.

. Peter KA, Gildow F, Palukaitis P, Gray SM (2009) The C terminus of the

polerovirus p5 readthrough domain limits virus infection to the phloem. J Virol

83: 5419-5429.

. Peter KA, Liang D, Palukaitis P, Gray SM (2008) Small deletions in the potato

leafroll virus readthrough protein affect particle morphology, aphid transmis-
sion, virus movement and accumulation. J Gen Virol 89: 2037-2045.

. Bruyere A, Brault V, Ziegler-Graff V, Simonis M'T, Van den Heuvel JF, et al.

(1997) Effects of mutations in the beet western yellows virus readthrough protein
on its expression and packaging and on virus accumulation, symptoms, and
aphid transmission. Virology 230: 323-334.

. Chay CA, Gunasinge UB, Dinesh-Kumar SP, Miller WA, Gray SM (1996)

Aphid transmission and systemic plant infection determinants of barley yellow
dwarf luteovirus-PAV are contained in the coat protein readthrough domain
and 17-kDa protein, respectively. Virology 219: 57-65.

. Reutenauer A, Ziegler-Graff V, Lot H, Scheidecker D, Guilley H, et al. (1993)

Identification of beet western yellows luteovirus genes implicated in viral
replication and particle morphogenesis. Virology 195: 692-699.

. Chavez JD, Cilia M, Weisbrod CR, Ju HJ, Eng JK, et al. (2012) Cross-linking

measurements of the potato leafroll virus reveal protein interaction topologies
required for virion stability, aphid transmission, and virus-plant interactions.

J Protecome Res 11: 2968-2981.

. Papura D, Jacquot E, Dedryver CA, Luche S, Riault G, et al. (2002) Two-

dimensional electrophoresis of proteins discriminates aphid clones of Sitobion
avenae differing in BYDV-PAV transmission. Arch Virol 147: 1881-1898.
Seddas P, Boissinot S, Strub JM, Van Dorsselaer A, Van Regenmortel MH, et
al. (2004) Rack-1, GAPDHS3, and actin: proteins of Myzus persicae potentially
involved in the transcytosis of beet western yellows virus particles in the aphid.
Virology 325: 399-412.

. Brizard JP, Carapito C, Delalande F, Van Dorsselaer A, Brugidou C (2006)

Proteome analysis of plant-virus interactome: comprehensive data for virus
multiplication inside their hosts. Mol Cell Proteomics 5: 2279-2297.
Bencharki B, Boissinot S, Revollon S, Ziegler-Graff' V, Erdinger M, et al. (2010)
Phloem protein partners of Cucurbit aphid borne yellows virus: possible
involvement of phloem proteins in virus transmission by aphids. Mol Plant
Microbe Interact 23: 799-810.

Salazar LF, Jayasinghe U (1997) Fundamentals of Purification of Plant Viruses.
In: Salazar LF, Jayasinghe U, editors. Techniques in Plant Virology at CIP.
Lima, Peru: International Potato Center.

Matthews REF, Hull R (2002) Matthews’ plant virology. San Diego: Academic
Press. p.75-107 p.

Gildow FE (1987) Virus-Membrane Interactions Involved in Circulative
Transmission of Luteoviruses by Aphids. In: Harris KF, editor. Current Topics
in Vector Research. New York: Springer-Verlag. 93-120.

Lin MK, Lee Y], Lough TJ, Phinney BS, Lucas W] (2009) Analysis of the
pumpkin phloem proteome provides insights into angiosperm sieve tube
function. Mol Cell Proteomics 8: 343-356.

Dafoe NJ, Gowen BE, Constabel CP (2010) Thaumatin-like proteins are
differentially expressed and localized in phloem tissues of hybrid poplar. BMC
Plant Biol 10: 191.

Dafoe NJ, Zamani A, Ekramoddoullah AK, Lippert D, Bohlmann J, et al. (2009)
Analysis of the poplar phloem proteome and its response to leaf wounding.

J Proteome Res 8: 2341-2350.

Petre B, Major I, Rouhier N, Duplessis S (2011) Genome-wide analysis of

cukaryote thaumatin-like proteins (TLPs) with an emphasis on poplar. BMC
Plant Biol 11: 33.

PLOS ONE | www.plosone.org

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

Molecular Basis of Polerovirus Acquisition

Filichkin SA, Lister RM, McGrath PF, Young MJ (1994) In vivo expression and
mutational analysis of the barley yellow dwarf virus readthrough gene. Virology
205: 290-299.

Wang JY, Chay C, Gildow FE, Gray SM (1995) Readthrough protein associated
with virions of barley yellow dwarf luteovirus and its potential role in regulating
the efficiency of aphid transmission. Virology 206: 954-962.

MacLean B, Tomazela DM, Shulman N, Chambers M, Finney GL, et al. (2010)
Skyline: an open source document editor for creating and analyzing targeted
proteomics experiments. Bioinformatics 26: 966-968.

Picotti P, Bodenmiller B, Mueller LN, Domon B, Aebersold R (2009) Full
dynamic range proteome analysis of S. cerevisiae by targeted proteomics. Cell 138:
795-806.

Prakash A, Tomazela DM, Frewen B, Maclean B, Merrihew G, et al. (2009)
Expediting the development of targeted SRM assays: using data from shotgun
proteomics to automate method development. J Proteome Res 8: 2733-2739.

. Tomazela DM, Patterson BW, Hanson E, Spence KL, Kanion TB, et al. (2010)

Measurement of human surfactant protein-B turnover in vivo from tracheal
aspirates using targeted proteomics. Anal Chem 82: 2561-2567.

Rochow WF, Brakke MK (1964) Purification of barley yellow dwarf virus.
Virology 24: 310-322.

Pierpoint WS (1966) The enzymic oxidation of chlorogenic acid and some
reactions of the quinone produced. Biochem J 98: 567-580.

Tolin SA, Ford RH (1983) Purification and serology of peanut mottle virus.
Phytopathology 73: 899-903.

Cecil R, McPhee JR (1955) A kinetic study of the reactions on some disulphides
with sodium sulphite. The Biochemical Journal 60: 496-506.

Hull R (1977) The stabilization of the particles of turnip rosette virus and of
other members of the southern bean mosaic virus group. Virology 79: 53-66.
Richmond V (1966) Isolation of the B and C chains from S-sulfonated alpha-
chymotrypsin. Biochimica et biophysica acta 127: 499-504.

McPhee JR (1956) Further studies on the reactions of disulphides with sodium
sulphite. The Biochemical Journal 64: 22-29.

Bailey JL. (1962) Techniques in protein chemistry. Amsterdam: Elsevier Pub. Co.
xii, 310 p.

van Rensburg NJ, Swanepoel OA (1967) Reactions of unsymmetrical disulfides.
II. Sulfitolysis of disulfide bonds linking proteins to small molecules. Arch
Biochem Biophys 121: 729-731.

5. Thannhauser TW, Konishi Y, Scheraga HA (1984) Sensitive quantitative

analysis of disulfide bonds in polypeptides and proteins. Anal Biochem 138: 181
188.

. Thannhauser TW, Konishi Y, Scheraga HA (1987) Analysis for disulfide bonds

in peptides and proteins. Methods Enzymol 143: 115-119.

Thannhauser TW, Scheraga HA (1985) Reversible blocking of half-cystine
residues of proteins and an irreversible specific deamidation of asparagine-67 of
S-sulforibonuclease under mild conditions. Biochemistry 24: 7681-7688.
Fenouillet E, Barbouche R, Jones IM (2007) Cell entry by enveloped viruses:
redox considerations for HIV and SARS-coronavirus. Antioxid Redox Signal 9:
1009-1034.

Zhang X, Boyce M, Bhattacharya B, Schein S, Roy P, et al. (2010) Bluetongue
virus coat protein VP2 contains sialic acid-binding domains, and VP5 resembles
enveloped virus fusion proteins. Proc Natl Acad Sci U S A 107: 6292-6297.
Schelhaas M, Malmstrom J, Pelkmans L, Haugstetter J, Ellgaard L, et al. (2007)
Simian Virus 40 depends on ER protein folding and quality control factors for
entry into host cells. Cell 131: 516-529.

Olson AJ, Bricogne G, Harrison SC (1983) Structure of tomato busy stunt virus
IV. The virus particle at 2.9 A resolution. J] Mol Biol 171: 61-93.

Robinson IK, Harrison SC (1982) Structure of the expanded state of TBSV.
Nature 297: 563-567.

Silva AM, Rossmann MG (1987) Refined structure of southern bean mosaic
virus at 2.9 A resolution. J Mol Biol 197: 69-87.

Speir JA, Munshi S, Wang G, Baker TS, Johnson JE (1995) Structures of the
native and swollen forms of cowpea chlorotic mottle virus determined by X-ray
crystallography and cryo-electron microscopy. Structure 3: 63-78.

. Fujiki Y, Tto M, Itoh T, Nishida I, Watanabe A (2002) Activation of the

promoters of Arabidopsis genes for the branched-chain alpha-keto acid
dehydrogenase complex in transgenic tobacco BY-2 cells under sugar starvation.
Plant Cell Physiol 43: 275-280.

Liu X, Meng J, Starkey S, Smith CM (2011) Wheat gene expression is
differentially affected by a virulent Russian wheat aphid biotype. J Chem Ecol
37: 472-482.

Damsteegt VD, Gildow FE, Hewings AD, Carroll TW (1992) A clone of the
Russian wheat aphid (Diuraphis noxia) as a vector of the Barley Yellow Dwarf,
Barley Strip Mosaic, and Brome Mosaic Viruses. Plant Disease 76: 1155-1160.
Karren JB (1993) The Russian Wheat Aphid in Utah: An Update. In: University
US, editor. Utah State University Extension.

Seddas P, Boissinot S (2006) Glycosylation of beet western yellows virus proteins
is implicated in the aphid transmission of the virus. Arch Virol 151: 967-984.
Revollon S, Strub JM, Fitchette AC, Wiss L, Gomord V, et al. (2010) A
reinvestigation provides no evidence for sugar residues on structural proteins of
poleroviruses and argues against a role for glycosylation of virus structural
proteins in aphid transmission. Virology 402: 303-314.

Cilia ML, Jackson D (2004) Plasmodesmata form and function. Curr Opin Cell
Biol 16: 500-506.

October 2012 | Volume 7 | Issue 10 | e48177



62.

63.

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

Gill CC, Chong J (1975) Development of the infection in oat leaves inoculated
with barley yellow dwarf virus. Virology 66: 440-453.

Benitez-Alfonso Y, Cilia M, San Roman A, Thomas C, Maule A, et al. (2009)
Control of Arabidopsis meristem development by thioredoxin-dependent
regulation of intercellular transport. Proc Natl Acad Sci U S A 106: 3615-3620.

. Chen MH, Sheng J, Hind G, Handa AK, Citovsky V (2000) Interaction between

the tobacco mosaic virus movement protein and host cell pectin methylesterases
is required for viral cell-to-cell movement. EMBO J 19: 913-920.

. Iglesias VA, Meins F, Jr. (2000) Movement of plant viruses is delayed in a beta-

1,3-glucanase-deficient mutant showing a reduced plasmodesmatal size
exclusion limit and enhanced callose deposition. Plant J 21: 157-166.
Fridborg I, Grainger J, Page A, Coleman M, Findlay K, et al. (2003) TIP, a
novel host factor linking callose degradation with the cell-to-cell movement of
Potato virus X. Mol Plant Microbe Interact 16: 132-140.

Hirano T (2006) At the heart of the chromosome: SMC proteins in action.
Nature reviews Molecular cell biology 7: 311-322.

Biro J, Farkas I, Domoki M, Otvos K, Bottka S, et al. (2012) The histone
phosphatase inhibitory property of plant nucleosome assembly protein-related
proteins (NRPs). Plant physiology and biochemistry : PPB/Societe francaise de
physiologie vegetale 52: 162-168.

Haupt S, Stroganova T, Ryabov E, Kim SH, Fraser G, et al. (2005) Nucleolar
localization of potato leafroll virus capsid proteins. J Gen Virol 86: 2891-2896.
Glanz S, Bunse A, Wimbert A, Balczun C, Kuck U (2006) A nucleosome
assembly protein-like polypeptide binds to chloroplast group II intron RNA in
Chlamydomonas reinhardtii. Nucleic Acids Res 34: 5337-5351.

Dong A, Liu Z, Zhu Y, Yu F, Li Z, et al. (2005) Interacting proteins and
differences in nuclear transport reveal specific functions for the NAPI family
proteins in plants. Plant Physiol 138: 1446-1456.

Lam WS, Yang X, Makaroff CA (2005) Characterization of Arabidopsis thaliana
SMC1 and SMC3: evidence that AtSMC3 may function beyond chromosome
cohesion. J Cell Sci 118: 3037-3048.

Raffacle S, Bayer E, Lafarge D, Cluzet S, German Retana S, et al. (2009)
Remorin, a solanaceae protein resident in membrane rafts and plasmodesmata,
impairs potato virus X movement. Plant Cell 21: 1541-1555.

Raffacle S, Mongrand S, Gamas P, Niebel A, Ott T (2007) Genome-wide
annotation of remorins, a plant-specific protein family: evolutionary and
functional perspectives. Plant Physiol 145: 593-600.

. Jarsch IK, Ott T (2011) Perspectives on remorin proteins, membrane rafts, and

their role during plant-microbe interactions. Mol Plant Microbe Interact 24: 7—
12.

Raffacle S, Bayer E, Mongrand S (2009) Upregulation of the plant protein
remorin correlates with dehiscence and cell maturation: A link with the
maturation of plasmodesmata? Plant Signal Behav 4.

Cilia M, Fish T, Yang X, McLaughlin M, Thannhauser TW, et al. (2009) A
comparison of protein extraction methods suitable for gel-based proteomic
studies of aphid proteins. J Biomol Tech 20: 201-215.

Cilia M, Howe K, Fish T, Smith D, Mahoney J, et al. (2011) Biomarker

discovery from the top down: Protein biomarkers for efficient virus transmission

PLOS ONE | www.plosone.org

15

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Molecular Basis of Polerovirus Acquisition

by insects (Homoptera: Aphididae) discovered by coupling genetics and 2-D
DIGE. Proteomics 11: 2440-2458.

Cilia M, Tamborindeguy C, Rolland M, Howe K, Thannhauser TW, et al.
(2011) Tangible benefits of the aphid Agyrthosiphon pisum genome sequencing for
aphid proteomics: Enhancements in protein identification and data validation
for homology-based proteomics. J Insect Physiol 57: 179-190.

Cilia ML, Bereman MS, Fish T, MacCoss M, Gray S (2012) Homopteran vector
biomarkers for efficient circulative plant virus transmission are conserved in
multiple aphid species and the whitefly Bemusia tabaci. Journal of Integrative
Agriculture 11: 249-262.

Cristea IM, Carroll JW, Rout MP, Rice CM, Chait BT, et al. (2006) Tracking
and elucidating alphavirus-host protein interactions. J Biol Chem 281: 30269
30278.

Cristea IM, Moorman NJ, Terhune SS, Cuevas CD, O’Keefe ES, et al. (2010)
Human cytomegalovirus pUL83 stimulates activity of the viral immediate-early
promoter through its interaction with the cellular IFI16 protein. J Virol 84:
7803-7814.

Cristea IM, Rozjabek H, Molloy KR, Karki S, White LL, et al. (2010) Host
factors associated with the Sindbis virus RNA-dependent RNA polymerase: role
for G3BP1 and G3BP2 in virus replication. ] Virol 84: 6720-6732.

Lucas W], Bouche-Pillon S, Jackson DP, Nguyen L, Baker L, et al. (1995)
Selective trafficking of KNOTTEDI1 homeodomain protein and its mRNA
through plasmodesmata. Science 270: 1980-1983.

Petricka JJ, Winter CM, Benfey PN (2012) Control of Arabidopsis root
development. Annu Rev Plant Biol 63: 563-590.

Rojo E, Sharma VK, Kovaleva V, Raikhel NV, Fletcher JC (2002) CLV3 is
localized to the extracellular space, where it activates the Arabidopsis CLAVATA
stem cell signaling pathway. Plant Cell 14: 969-977.

Yadav RK, Perales M, Gruel J, Girke T, Jonsson H, et al. (2011) WUSCHEL
protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex.
Genes & development 25: 2025-2030.

Sozzani R, Cui H, Moreno-Risueno MA, Busch W, Van Norman JM, et al.
(2010) Spatiotemporal regulation of cell-cycle genes by SHORTROOT links
patterning and growth. Nature 466: 128-132.

Hammond J, Lister RM, Foster JE (1983) Purification, identity and some
properties of an isolate of Barley yellow dwarf virus from Indiana. J] Gen Virol
64: 667-676.

Keller A, Nesvizhskii Al, Kolker E, Aebersold R (2002) Empirical statistical
model to estimate the accuracy of peptide identifications made by MS/MS and
database search. Anal Chem 74: 5383-5392.

Bereman MS, Maclean B, Tomazela DM, Liebler DC, Maccoss M]J (2012) The
development of selected reaction monitoring methods for targeted proteomics
via empirical refinement. Proteomics 12: 1134-1141.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, et al. (1997) Gapped
BLAST and PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Res 25: 3389-3402.

Perkins DN, Pappin DJ, Creasy DM, Cottrell JS (1999) Probability-based
protein identification by searching sequence databases using mass spectrometry
data. Electrophoresis 20: 3551-3567.

October 2012 | Volume 7 | Issue 10 | e48177



