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32 ABSTRACT

33  Thevast mgority of plant viruses are transmitted by insect vectors with many crucial

34 aspects of the transmission process being mediated by key protein-protein interactions.
35 Y, very few vector proteins interacting with virus have been identified and functionally
36  characterized. Potato leafroll virus (PLRV) is transmitted most effectively by Myzus

37  persicae, the green peach aphid, in acirculative, non-propagative manner. Using an

38  affinity purification strategy coupled to high-resolution mass spectrometry (AP-MS), we
39 identified 11 proteins from M. persicae displaying high probability of interaction with
40 PLRV and an additional 23 vector proteins with medium confidence interaction scores.
41  Two of these proteins were confirmed to directly interact with the structural proteins of
42  PLRV and other luteovirid species via yeast two-hybrid with an additional vector protein
43  displaying binding specificity. Immunolocalization of one of these direct PLRV -

44  interacting proteins, an orthologue of the human innate immunity protein complement
45  component 1 Q subcomponent-binding protein (CLQBP), shows that MpC1QBP partially
46  co-localizes with PLRV within cytoplasmic puncta and along the periphery of aphid gut
47  epithelial cells. Chemical inhibition of CLQBP in the aphid leads to increased PLRV

48  acquisition and subsequently increased titer in inoculated plants, supporting the role of
49  ClQBP asanegative regulator of PLRV accumulation in M. persicae. We hypothesize
50 that theinnate immune function of CLQBP is conserved in aphids and represents the first
51 instance of aphids mounting an immune response to a non-propagative plant virus. This
52  study presentsthefirst use of AP-MSfor thein vivo isolation of functionally relevant

53  insect vector-virus protein complexes.
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55 IMPORTANCE

56  The control of vector-borne disease is recognized as one of the magjor agricultural and

57  human health challenges of today. Despite the importance of insect vectors, very littleis
58  known about the vector proteins that regulate transmission of viruses, especialy viruses
59 infecting plants. In this research, we adapt an emerging technique used to isolate host-

60  pathogen interactionsto identify insect vector-virus protein complexes. Using the aphid-
61  borne, plant-infecting virus Potato leafroll virus, we identified several vector proteins

62  interacting with this virus and go on to show that one of these proteins may be a part of
63  the aphid immune system that limits the amount of virusin the insect. Identifying and

64  understanding therole of thisand other insect proteins may be the first step to developing

65  new strategies to control these and other insect-borne viruses.


https://doi.org/10.1101/2020.12.04.412668
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.04.412668; this version posted December 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

66 INTRODUCTION

67 Transmitting over 100 different plant virus species, aphids are the most prolific
68  insect vectorsin agroecosystems (1). Transmission of viruses by insect vectors, such as
69  aphids, can be grouped into two general modes: circulative and non-circulative

70  transmission, depending on the length and nature of the association of the virus with

71  insect tissues. Circulative viruses traffic through insect vector tissues through a poorly
72  described process of transcytosis, whereas non-circulative viruses largely adhere to insect
73 mouthparts and some to the foregut (2). Moreover, plant viruses may or may not be

74  propagative, or replicate, in their insect vector tissues. One important group of viruses
75  vectored by aphids are the luteovirids (family Luteoviridae), which are transmitted in a
76  circulative, non-propagative mode. The luteovirid Potato leafroll virus (PLRV, genus
77  Polerovirus) and its primary vector, the green peach aphid, Myzus persicae (Hemiptera:
78  Aphididae) are problematic in potato growing regions of the world, particularly where
79  insecticides are not used to control aphid populations. PLRV is one of many viruses,

80  which lead to degeneracy of potato and economically significant crop loss. Aphid

81  populations rapidly become resistant to insecticides and thus, novel approachesto

82  manage aphid-borne viral diseases are critically needed.

83 Circulative transmission of PLRV requires the successive passage of the virus
84  through several membrane barriers of the aphid, most notably the gut and accessory

85  salivary glands. Electron micrographs have detailed the transmission of [uteovirids on the
86 cdlular level (3, 4). In the aphid gut, association of virus particles with receptors on the
87  apical plasmamembrane of epithelial cellsinitiates clathrin-mediated endocytosis (5).

88  Thevirions traffic through the endomembrane system of gut epithelial cellsin tubular
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89  vesiclesthat eventually fuse with the basal cell membrane, a process known as
90 transcytosis. Virions are then released into the hemocod (6). This aspect of the
91 transmission processisreferred to as acquisition. Luteovirid species show different
92  dffinity for various regions of the gut; PLRV and other virusesin the genus Polerovirus
93  areacquired through the posterior midgut (7) whereas those in the genus Luteovirus are
94  preferentialy acquired through for the hindgut. Once in the hemocoel, virions are
95  hypothesized to diffuse until encountering the accessory salivary glands, where they
96 adhereto the basal lamina and the process of transcytosis occurs again alowing virions to
97  bereleased into the salivary duct and spit into the host plant along with salivary
98  secretions during feeding (8). Each luteovirid speciesis only transmitted by one or afew
99  aphid vector species (9).
100 However, across all plant virus-vector systems, fewer than a dozen vector proteins
101 involved in transmission have been identified and functionally validated (10-16)
102  (reviewed in (17)). It is not understood to what extent these protein interactions are
103  conserved across different virus-vector systems. Virus receptor proteins expressed in the
104  vector are an excellent example. The ephrin receptor protein was recently identified asa
105  putative receptor for the luteovirids Turnip yellows virus, Beet mild yellowing virus, and
106  Cucurbit aphid borne yellows virus, al in the genus Polerovirus and transmitted by the
107  aphid M. persicae (18). However, a different protein, aminopeptidase-N, was shown to be
108  aputative receptor of Pea enation mosaic virusin its primary vector, Acrythos phon
109  pisum (19). While there appears to be specificity in the cell-surface receptors for the
110 luteovirids, it is possible that once virions enter cells the interactions may be more

111  conserved. For instance, the protein cyclophilin B has been implicated in the transmission
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112 of both the luteovirid Cereal yellow dwarf virus-RPV (CYDV-RPV, genus Polerovirus)
113 by the aphid Schizaphis graminum (20) and the begomovirus Tomato yellow leaf curl
114  virus(TYLCV, family Geminiviridae) transmitted by the whitefly Bemisia tabaci (11).
115 Thisisin contrast to the noncirculative viruses, where the same cuticle protein,
116  Myzus persicae cuticle protein 4 (also known as stylin-01), isinvolved in adhesion of
117  both Cucumber mosaic virus (CMV, Bromoviridae: Cucumovirus) (13) and Cauliflower
118 mosaic virus (CaMV, Caulimoviridae: Caulimovirus) (15) to aphid stylets, even though
119 CMV bindsthe stylet directly and CaMV uses the virus helper proteins P2 and P3 (21).
120  However, noncirculative viruses show less vector specificity than luteovirids and other
121  circulative viruses, as dozens of aphid vector species can transmit the same

122 noncirculative virus (22) .

123 Identifying vector proteinsinvolved in the transmission process remains

124  technically challenging duein part to the small size of insect vectors, the lack of genomic
125  resources for these vectors, the difficulty of extracting vector proteins (especialy cuticle
126  proteinsimportant for non-circulative viruses) and the relatively low amount of virus
127  present compared to relative levelsin plants (especially for non-propagative viruses).
128  Nevertheless, many in vitro approaches have been used to address this challenge

129  including far-western virus overlays (12, 23-27) and yeast two-hybrid (13, 14, 28, 29).
130  Others have looked for differentially expressed genes and proteins (30-34) or proteomic
131  phenotyping of vector and non-vector insects within the same species (35-37). Once
132  identified, functional analysis of these proteinsis another hurdle as genome editing is not
133  routineor trivial for aphids and other non-model organism insect vector species. The

134  possible roles of these candidate proteins are myriad: some may be defense response
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135  proteinsfrom the vector, while other proteins crucial for the virus to move through the
136  vector might beinvolved in other physiological functions. Moreover, plant viruses have
137  been shown to manipulate their vectors on many levels, from counter-defense on the
138  molecular level (16) to manipulating vector behavior and physiology (reviewed in (38)).
139  Identifying these vector proteins and the role they play in transmission could be the key
140  to developing strategies to block transmission. The activity of defense proteins can be
141  enhanced, proteinsthe virus needs to complete its passage through the insect can be

142  downregulated or edited to no longer bind to virus, and interfering with the virus' ability
143  to manipulate vector behavior can slow or prevent vectors from finding infected plant
144  hosts (discussed in (39)). Therefore, characterizing the role of vector proteinsin the

145  transmission processisof great importance to implement strategies to protect crops.

146 In this work, we used affinity purification coupled to high-resolution mass

147  spectrometry (AP-MS) to identify PLRV-M. persicae protein complexes formed within
148  aphid tissues. Previously, we applied this technique to capture and identify PLRV -plant
149  protein complexes directly from virus-infected mesophyll and phloem tissue (40-42). We
150  adapted this workflow to rapidly isolate PLRV-aphid protein complexes from viruliferous
151  aphids. Using a variety of cellular and molecular approaches, we probed the functional
152  role of complement component 1 Q subcomponent-binding protein (C1QBP), the most
153  enriched virus-interacting aphid protein identified by AP-MS, in the transmission of

154 PLRV by itsinsect vector. Collectively, our data provide evidence for the conserved role
155  of thisprotein in animal immunity.

156

157 RESULTS
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158  Extraction of polerovirus-vector complexesrequires different lysis buffer conditions
159 fromthat used for plants.

160 To determine an optimal buffer to use for capturing PLRV-associated protein

161  complexes from aphids, we used a far-western approach to compare four routinely used
162  extraction buffer compositions (40, 43) for their ability to extract PLRV-interacting aphid
163 (Fig.1A, Table1.). A denaturing buffer containing 2.5% SDS was used as a positive

164  control asthe strong detergent would extract the vast majority of proteins from the aphid.
165  Whole, non-viruliferous, M. persicae were cryogenically lysed in aMixer Mill using an
166  increased number of grinding cycles than that used for plant tissue (40). The resulting
167  powder was split equally and solubilized in the same volume of the different extraction
168  buffers. Visual inspection of centrifugation-cleared homogenates showed differencesin
169  pigmentation, suggesting that, to some degree, each buffer resulted in the extraction of a
170  different profile of molecules from the same pool of cryogenically lysed, tissue (Fig. 1A,
171 top pand). The CHAPS-based buffer, optimal for extracting membrane bound proteins
172 (43), resulted in a bluish-green hued homogenate, while extraction with the HEPES or
173  TBT-based buffers supplemented with the non-ionic detergents Triton-X 100 and Tween-
174 20, respectively, resulted in a yellowi sh-green tinted homogenate. Extraction with the
175  Tris-based buffer (Fig. 1A, top pand, TRIS) was a combination of bluish-green and the
176  reddish pigmentation observed when the same pool of tissue was extracted with SDS.
177 Similar to problems we encountered detecting virusin total protein extracts of
178  systemically infected potato tissue (42), detection of PLRV in viruliferous aphid tissue
179  extracts by western blot analysis using an antibody (o-PLRV) specific for the PLRV

180  structural proteins (40) was too faint and inconsistent to assess extraction efficiency (data


https://doi.org/10.1101/2020.12.04.412668
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.04.412668; this version posted December 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

181  not shown). Therefore, we used far-western analysis to gauge the number of vector

182  proteinsableto bind with gradient purified PLRV virion in each buffer condition (Fig.
183 1A, bottom panel). Protein extracts were separated (side-by-side) by one-dimensional
184 SDS-PAGE and transferred to a nitrocellulose membrane and incubated with gradient
185  purified PLRV. Aphid protein bands interacting with virus were subsequently detected
186  with an o-PLRV antibody (Fig. 1A, bottom panel, PLRV+ lanes). A parallel

187  nitrocellulose blot of the same volume of aphid homogenate incubated with only primary
188  and secondary antibodies served as a negative control (Fig. 1A, bottom panel, PLRV-
189  lanes). Using thistechnique, we identified bands where PLRV bound to similar-sized
190  vector proteins across several extraction conditions and also instances where PLRV

191  bound proteins that differed in molecular weight depending on buffer composition (Fig.
192 1A, bottom pand). The negative control blot incubated without virus shows that the
193  magority of virus-interacting bands are not the result of cross-reactivity with antibody.
194  Surprisingly, the HEPES-based buffer previously used for plants resulted in zero PLRV-
195  interacting vector protein bands detected above negative control background levels (Fig.
196 1A, bottom panedl, HEPES). Very few PLRV-interacting vector protein bands were

197  detected inthe TBT extracted homogenate, most below 37 kilodaltons (kDa) in size. Both
198  the CHAPS-based and Tris-based AP buffers resulted in the extraction of numerous

199  vector protein bands interacting with PLRV virion and/or structural proteins. The Tris-
200  based buffer had a similar protein banding profile as the SDS homogenate positive

201  control and additional PLRV -interacting proteins detected above ~60 kDa that were not

202  observed in the CHAPS buffer lane.

10
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The Tris-based buffer was chosen for protein extraction in our final affinity
purification workflow since it resulted in the greatest number of virus-interacting vector
proteins across a wide range of molecular weights. Extraction using this buffer resulted in
the faint detection of the PLRV structural proteins, the coat protein (CP, ~23 kDa) and
full-length readthrough protein (RTP, ~80 kDa) by western blot, in the undiluted
homogenate of viruliferous aphids compared to non-viruliferous aphids (Fig. 1B).
Affinity purification conducted using o-PLRV conjugated magnetic beads (42) resulted
in significant enrichment of both the PLRV CP and atruncated form of the RTP (~50
kDa) in the AP uate from viruliferous aphids compared to the undiluted input fraction
as shown by western analysis (Fig. 1B). Affinity purification of PLRV from aphids
showed a lower level and less diversity of viral structural protein isoforms than affinity
purification of PLRV from systemically infected potato homogenate extracted in the
HEPES-based buffer (Fig. 1B, Pot). Thisisindicated by the increased intensity of
protein bands corresponding to the PLRV CP and the detection of severa different forms
of the RTP, including the full-length monomeric form (~80 kDa), higher molecular
weight RTP multimers (>80 kDa), and several RTP truncations (~50-80 kDa) in the

potato affinity purification eluate.

Assessment of batch effects across independent affinity purification mass
spectrometry experiments

The AP-M S experiment was conducted in three independent trials. Each tria
consisted of three biological replicate a-PLRV affinity purifications from viruliferous

(V) aphids and non-viruliferous (NV) aphids, which served as negative controls for non-

11
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226  gpecific interaction of aphid proteins with beads and/or antibody. The first two

227  experiments are designated by the month in which the AP batch was conducted (April or
228  January). For the third trial, phosphatase inhibitor was added to the lysis buffer. This
229  experiment isdesignated as phosphatase inhibitor (Pholn). To determine the extent of
230  batch effects across our independent experiments and identify deviations in data quality
231  that may affect downstream interaction analyses, we compared the levels of three

232 traditionally used AP-M S quality control metrics (44) to assess technical variability

233 between AP samples (Fig. 2): 1. Abundance of 1gG peptides in the samples, 2. MS1 peak
234  areaanaysisof peptides derived from the bait, in this case CP and RTD, and 3. Thetotal
235  number of proteinsidentified per affinity purification.

236 To assess consistency in the amount of magnetic beads and/or efficiency of

237  antibody conjugation used in each replicate, the relative protein abundance of

238  immunoglobulin G (1gG) was quantified using M S1 peak areaintegration (Fig. 2A).

239  Within atrial, percent coefficient of variation (CV) of 1gG wasfairly low (April = 9.4%
240  CV; January = 13.1%; Phosphatase Inhibitor = 17.5%), indicating that, the level of

241  beadd/antibody were consistent across all viruliferous (V) and non-viruliferous (NV)

242  biological replicates within an experiment. Levels of 1gG in the phosphatase inhibitor
243  dataset were ~ 2-fold lower as compared to the other datasets.

244 MSL1 peak areaintegration of peptides specific to the CP and RTD domains of
245  PLRV show that levels of PLRV enrichment in a-PLRV APsfrom viruliferous aphids
246  weresignificantly higher compared to negative control APs from non-viruliferous aphids,
247  asexpected (Fig. 2B). However, relative variability of PLRV enrichment was high across

248  individual o-PLRV APsfrom viruliferous aphids within a dataset with %CVs = 52.5

12
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249  (April), 53.1 (January) and 28.9 (Phosphatase Inhibitor). Interestingly, despite exhibiting
250 a2-fold decreasein levels of 1gG, levels of PLRV in viruliferous biological replicatesin
251  the Pholn dataset had comparable levels of PLRV enrichment, indicating that the lower
252 amounts of beads and/or antibody in these samples did not affect the efficiency of PLRV
253 capture during affinity purification.

254 Finally, we looked at the average total number of proteinsidentified per

255  biological replicate (Fig. 2C). Percent CV calculations show a high degree of relative
256  variability across biological replicates within each dataset: 48.3% (April), 90.1%

257  (January), and 120.1% (Pholn). Differences in the number of proteinsidentified between
258 thedifferent datasets seem to correlate with the centrifugal speed at which the aphid

259  homogenate was clarified after extraction. The April dataset, where aphid homogenates
260  werecleared at the lowest centrifugation speed, had the highest number of protein

261 identifications across replicates. The Pholn dataset, in which biological replicates were
262  cleared at the highest centrifugation speed, had the lowest number of protein

263 identifications with the exception of the non-viruliferous, biological replicate 1 (Fig. 2C,
264  Phosphatase Inhibitor, NV1). The January dataset had one biological replicate of

265  viruliferous aphids (Fig. 3C, January, V1), which had the highest number of proteins
266 identified, but also had a very low enrichment of PLRV (Fig. 2B, January, V1). In

267  genera, these results show that more proteins were identified when centrifugal speeds
268  were slower and/or when bait capture was low, suggesting that variability in total protein
269 identification may have been aresult of increased non-specific binding to antibody and/or
270  beads.

271

13
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272  ldentification of viral and insect proteinsin complex with PLRV isolated from

273  viruliferousaphids by affinity purification.

274 Dueto the variability between datasets, we decided to perform label-free

275  quantification of the peptides from each dataset separately to identify vector proteins that
276  were significantly enriched with virus captured from viruliferous aphids compared to
277  non-viruliferous controls. Initially, we identified atotal of 106 vector proteins or protein
278  clusters and one non-structural viral PLRV protein, the P1 polyprotein, whose average
279  total spectral counts (SPC) were enriched > 2-fold or present/absent (+/-) in viruliferous
280  APsin oneor more of our three datasets compared to their respective non-viruliferous
281  controls (Table S1). Taking into consideration the high variability observed in bait levels
282  andtotal protein identification across AP samples, another filter criterion was that the
283  enriched prey protein had to be detected in at least two of the three viruliferous AP

284  biological replicates within a dataset. From this refined list of putatively enriched

285  proteins, the average total SPC of 11 vector proteins and the PLRV P1 polyprotein were
286  found to be significantly enriched in viruliferous APs by one or more statistical analyses:
287  T-test, One-way ANOVA, and/or had a high-confidence probability score of > 0.8 using
288 the AP-MS statistical tool Significance Analysis of INTeractome (SAINT), a program
289 that utilizes negative control AP datato identify non-specific interactionsin a semi-

290  supervised manner and computes confidence scores (probability) for putative interactions
291  (45-47). We categorized these as high probability candidate interactions (Table 2). We
292  identified a second category of 23 vector proteins (Table 3) with average total SPCs > 2-
293  fold enriched or +/- in viruliferous APs in only one AP dataset but had medium

294  confidence SAINT interaction scores (0.5 t0 0.79).

14
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295 Within the high probability interaction group, CLQBP was the only vector protein
296 identified as significantly enriched in viruliferous APs in multiple datasets: 19.2-fold
297  enrichment in the April dataset and present/absent (+/-) in the January dataset (Table 2
298 and Table S1). Zero spectral counts were detected in viruliferous APs in the dataset

299  where phosphatase inhibitor was added (Table S1), although some spectral counts were
300  detected in the APs of non-viruliferous aphids within the same dataset. The remaining 10
301  vector proteinsaswell asthe PLRV P1 polyprotein were found significantly enriched in
302  either the January or Pholn dataset. Five of these proteins were annotated as cuticular
303  proteins and had average total SPCs that were significantly enriched in the viruliferous
304  APswhere phosphatase inhibitor was added to the extraction buffer.

305 Since spectral-based counting is dependent upon machine selection of peptide
306  signalsfor MS*fragmentation, it is often biased towards under-sampling low abundant
307  peptides (48). Therefore, we used a second label-free quantification method, M S1 peak
308 integration, to measure the full precursor ion signal intensities (MS") for peptides

309  corresponding to a subset of these putative PLRV -interacting proteins to validate their
310  enrichment trends in viruliferous APs compared to their respective non-viruliferous

311 controls (Fig. 3, Table S2). Significant enrichment of C1QBP was confirmed in the APs
312  from viruliferous aphidsin the April and January datasets (Fig. 3A). Levels of C1QBP
313  werelow and equal in AP samples where phosphatase inhibitor was added. Two vector
314 proteins, paramyosin and a proteoglycan 4-like protein, both predicted to be high

315  probability candidate interactionsin the January or Pholn spectral counting datasets,

316  respectively (Table 2), did exhibit an average trend of M S1-based enrichment (1.4 to 3.8-

317  fold) in viruliferous APs compared to their respective non-viruliferous controlsin all
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318 threedatasets (Fig. 3B-C). Average co-enrichment for paramyosin was statistically

319 gignificant (P < 0.05, Student’ s t-test) when biological replicates from all three datasets
320  wereaveraged together (Fig. 3B, All) and P = 0.059 for the January dataset (Fig. 3B,
321  January, Student t-test). Similarly, when all biological replicates were analyzed together,
322  thesignificance of enrichment for the proteoglycan-like protein was P = 0.058 (Fig. 3C,
323 All, Student t-test). Comparable to what was observed by spectral-counting, M. persicae
324  cuticle protein 21 was significantly enriched (P < 0.05, Student t-test) only in the dataset
325  where phosphatase inhibitor was added (Fig. 3D, Pholn). However, an RR1-like cuticle
326  protein from our medium-confidence interaction group, even though it exhibited atrend
327  of enrichment in viruliferous APs in all three datasets, as the differences were not

328 dignificant (Fig. 3E). Lastly, significant enrichment of the PLRV P1 polyprotein was
329  confirmed by MS1 pesk integration in viruliferous APs in both the April and January
330 dataset (Fig. 3F), even though spectra-based counting indicated no sampling of P1 in the
331  April APs(Table 2). Thiswas most likely due to interference of a co-eluting peptide
332 within the same retention time window (data not shown) as indicated by background
333  signal detected in non-viruliferous AP controls even though aphids were fed on plants
334 that did not contain virus (Fig. 3F, NV).

335

336 Validation of direct interaction between luteovirid structural proteinsand vector
337 proteinsidentified by AP-M S using yeast-two-hybrid.

338 In aparallel experiment, a yeast-two-hybrid screen of a cDNA library constructed
339  from whole-body mRNA extracts of the green bug aphid S. graminum, a competent

340  vector of the yellow dwarf viruses, confirmed direct interaction of luteovirid structural
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341  proteins with orthologues of three M. persicae proteinsidentified in our AP-MS

342  experiment. S graminum proteins translated from vector expressed sequence tags (ESTYS)
343  fused to the activating domain (AD) of the yeast transcription factor GAL4, were

344  screened for interaction with GAL4 DNA binding domain (BD) protein fusions of the CP
345  or readthrough domain (RTD) from the luteovirids Barley yellow dwarf virus-PAV

346 (BYDV-PAV, genus Luteovirus), Cereal yellow dwarf virus-RPV (CYDV-RPV, genus
347  Polerovirus), and PLRV, which S graminum does not transmit. From thisinitial screen
348  and subsequent co-transformation experiments, a partial sequence of SQC1QBP (~98%
349  identity to C1QBP from R. madis, XP_026823488.1) was found to directly interact with
350 theCPof BYDV-PAV, CYDV-RPV, and PLRV asindicated by blue coloring and

351  growth on quadruple dropout media supplemented with X-o-gal. Negative controls

352  showed that AD-SgC1QBP did not interact with BD protein fusions of murine p53 and
353 laminC (Fig. 4A).

354 Two other S graminum proteins were also identified from this 'Y 2H screen that
355  overlapped in function with vector proteinsidentified as enriched in our AP-MS

356 experiment with PLRV: a RR1-type cuticle protein and papilin isoform X1 (Table 3). A
357 280 nuclectide (nt) EST coding for a cuticle protein belonging to the RR1 group and a
358 560 nt EST sequence showing similarity to an ectodermal papilin-like protein

359 (XP_015371026.1), on the amino acid level were identified during the screening of the
360  full body S. graminum cDNA library with the CP of CYDV-RPV. The S. graminum RR1
361 cuticular protein was found to directly interact with the CP of CYDV-RPV and BYDV-
362  PAV indicated by the blue-coloring of co-transformants grown on double dropout media,

363  but not the CP of PLRV, nor the RTD sequences of any of the viruses (Fig. 4B). The S
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364  graminum papilin-like protein was found to weakly interact (Fig. 4C, fainter blue

365  coloring) with both virus structural protein domains, CP and RTD, from BY DV-PAV,
366 CYDV-RPV, and PLRV. Again, no interaction was detected with the negative control
367  p53 and lamin C proteins with either of these vector proteins, indicating the interactions
368  tobe specific. Interestingly, homologs of both these proteins were assigned medium-
369  confidence interaction SAINT scores (0.66 and 0.67, respectively) in only one dataset of
370  our M. persicae AP-MS experiments (Table 3). Furthermore, 1abel-free quantification of
371  relative protein abundance by M S1 peak integration showed that, although the RR1

372  cuticle protein homolog had atrend of enrichment in all AP-MS datasets, high variability
373 inprotein levels across APs most likely reduced our ability to detect statistical

374  significance, a scenario that often occurs when protein interactions are low abundant,
375  weak and/or transient (49). Collectively, our data highlight the need for complementary
376  experimental approaches to validate these types of protein-protein interactions that may
377  fall short of accepted significance thresholds in challenging AP-M S experiments where
378 Dbait levels are low and variability (technical and/or biological) is high.

379

380 Measuring changesin therelative abundance of PL RV-interacting aphid proteins
381  after feeding on an infected host plant.

382 We used a shotgun proteomics approach to assess whether the abundance of aphid
383  proteins predicted to complex with PLRV by AP-MS (Tables 2 and 3) changed their
384  abundance during virus acquisition. Within this shotgun dataset, peptides from six of our

385 candidate PLRV-interacting M. persicae proteins were detected: CLQBP, paramyosin,
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386  collagen alpha-5 chain, cuticle protein 21, RR1 cuticle protein and basement membrane-
387  specific heparan sulfate proteoglycan core protein (HSPG2).

388 Quantification by spectral-based counting showed that the average relative

389  abundance of five of these proteins, including our highest confidence PLRV -interacting
390 protein, C1QBP, were unchanged between viruliferous and non-viruliferous aphids (Fig.
391 5), indicating that their increase in abundance in a-PLRV APs from viruliferous aphids
392  was not aconsequence of higher expression of a protein non-specifically interacting with
393 the antibody-coated magnetic beads. Conversaly, one of the vector proteins predicted to
394 form ahigh-confidence interaction with PLRV, collagen apha-5 chain, which exhibited
395  3.8-fold enrichment (average total SPC) in viruliferous APs where phosphatase inhibitor
396 wasadded (Table 2), also shows a 2-fold increase in expression in viruliferous insects
397  (Fig 5C). With our current data, it is unclear whether the enrichment of collagen alpha-5
398 chain that was detected in viruliferous APs is solely due to a greater abundance of this
399  protenin viruliferousinsects or if it is atrue interaction. Regardless, these results show
400 that acquisition of PLRV by M. persicae leads to the differential expression of this

401  protein.

402 Coallectively, the proteomics and yeast-two hybrid experiments are hypothesis-
403  generating tools. The most statitically enriched vector proteinin our AP-MS

404  experimentsis MpC1QBP, which also directly binds to the CP of luteovirids. We decided
405  totest the hypothesisthat MpC1QBP wasinvolved in PLRV transmission by M. persicae
406 by performing additional experiments to characterize this protein and test whether it

407  regulates virus transmission.

408
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409 C1QBP from M. persicae shares sequence similarity and conserved truncation sites
410  with C1QBP from humans and other insects.

411 C1QBPis highly conserved among aphid species with most sharing >90% amino
412  acid sequence identity with the C1QBP sequence from M. persicae, but the proteinisless
413  conserved among other distantly related hemipterans such as the Asian citrus psyllid and
414  planthopper species (Fig. 6). Human C1QBP (28% identity /43% similarity to

415 MpC1QBP) isamitochondrial matrix protein (p32) involved in abroad array of

416  pathways including immunity and cancer progression and has been shown to localize to
417  multiple cellular compartments (52-55). The yeast orthologue, MAM 33, is a molecular
418  chaperone that functionsin the assembly of mitoribosomal proteins, which regulate the
419 trandation of key proteinsinvolved in oxidative phosphorylation (56).

420 Global alignment with MpC1QBP of representative orthologous sequences across
421  kingdoms shows high conservation of residuesin the C-terminus of the protein (amino
422  acids 187- 243) but less so in the N-terminal region of these proteins (Fig. 7A). In

423  humans, the first 73 amino acids of the C1QBP N-terminus codes for a mitochondrial
424  targeting peptide that is cleaved after import into the mitochondrial matrix (57). The two
425  residuesimmediately following the known truncation position in human C1QBP (Fig.
426  T7A, red arrowhead) are highly conserved between human and insect sequences (D.

427  melanogaster, A. pisum, and M. persicae), with all four species having a histidine residue
428 immediately downstream of the truncation site followed by a serine in aphids or the

429  biochemically similar residue, threonine, in D. melanogaster and humans. These residues
430 arenot conserved at this position in CLQBP orthologues from yeast and plants. We did

431  not identify peptides corresponding to the MpC1QBP N-terminus upstream of this
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432  predicted truncation sitein any of our APs from viruliferous aphids (Fig. 7B), even

433  though tryptic peptides are predicted to be produced from thisregion. Thefirst tryptic
434  peptideidentified in our data, K.ELQQFLDNEIKSEEQTSDK.S, is located six residues
435  downstream of the predicted truncation site (Fig. 6B, red box). Furthermore, the S.

436  graminumY 2H screen also only identified an EST that produced a truncated form of
437  C1QBP (Fig. 6, blue arrowhead). These data suggest that PLRV most likely interacts
438  exclusively with the truncated form of C1QBP in vivo.

439

440 C1QBPand PLRV localize to distinct but overlapping subcellular compartmentsin
441 M. persicae midgut cels.

442 Whole-mount immunostaining of guts dissected from viruliferous aphids with an
443  antibody raised against the full-length version of human C1QBP (a-HsC1QBP) and o-
444  PLRV showed MpC1QBP signal could be detected by laser scanning confocal

445  microscopy throughout the alimentary canal (anterior midgut, posterior midgut, and

446  hindgut) and overlapped with o-PLRV signal in the midgut (Fig. 8A). The subcellular
447  localization pattern of o-HsSC1QBP signal was mainly observed as diffuse puncta within
448  the cytoplasm of midgut cells, which partialy co-localized with o-PLRV signal in some
449  areas (Fig. 9B-C, white arrows). In areas where puncta do not co-localize, fluorescence
450  from a-HsC1QBP and o-PLRV were often adjacent to one another suggesting that

451  subcelular compartments containing C1QBP may be coming into contact with those that
452  contain PLRV (Fig. 8C). Intriguingly, a-HsC1QBP labeled puncta could also be

453  observed aligned along the cell periphery, again partially co-localizing or adjacent to o-

454  PLRV labeled puncta (Fig. 8D-E, white arrowheads). Fluorescence was not observed in
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455  viruliferous guts stained with secondary antibodies only (Fig. 8F). Nor was fluorescence
456  signal from a-PLRV detected in non-viruliferous guts imaged with the same parameters
457  (Fig. 8G) indicating that a-PLRV signal was specific. Furthermore, the localization

458  pattern of oi-HSC1QBP in non-viruliferous guts was similar to that found in viruliferous
459  aphid cells (Fig. 8G). Our data support the hypothesis that CLQBP and PLRV arein
460  proximity to directly interact in aphid gut epithelial cells, potentially along the cell

461  periphery, plasma membrane and in the cytoplasm.

462

463  Localization of MpC1QBP to motile cellular compartmentsis conser ved.

464 In addition to mitochondria, human C1QBP has also been shown to localize to
465  several other subcellular compartments including endosomes and the plasma membrane
466  (58-62), two compartments within cells that PLRV usesto transverse the aphid gut. Such
467  detailed cellular studies are limited in aphids where ectopic expression of markersis
468  currently not possible. Therefore, to assess conservation of subcellular localization that
469  could be correlated with the localization patterns observed in aphid guts, we ectopically
470  co-expressed an MpC1lOQBP-Y FP fusion protein in the model plant Nicotiana

471  benthamiana with or without several previously described fluorescently tagged organelle
472  markers. COX4-mCherry (mitochondria), MAN49-mCherry (Golgi), and mCherry-

473  RAB7 (endosomes) (63). Ectopic expression in plants can provide insight into the

474  subcellular localization of MpC1QBP as many eukaryotic localization signals are

475  conserved (64). Moreover, plants are an attractive heterologous system for the study of
476  plant virus-interacting proteins, as plant virus structural proteins are expressed and

477  assembled in the plant host before encountering vector tissues.
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478 In live plant epidermal cells, MpC1QBP-Y FP signal was observed as punctate,
479  motile bodies throughout the plant cytoplasm (Fig. 9A). Co-expression of MpC1QBP
480  with the markers reveals this localization to also be multicompartmental (Fig. 9B-D),
481  with patterns similar to what has been shown for C1QBP in human cells. Fluorescence
482  from MpC1QBP-Y FP co-localized with the mitochondrial matrix marker COX4-

483  mCherry but was also observed independently in globular structures that came into

484  contact with mitochondria (Fig. 9B). Further analysis indicated that MpC1QBP-Y FP
485 localized in a partially overlapping pattern with the Golgi-marker MAN49- (Fig. 9C) and
486  thelate-endosomal marker mCherry-RAB7 (Fig. 9D). Together, these data show that
487  sequence signalsfor localization and possibly truncation of MpC1QBP are conserved
488  between aphids and human C1QBP and that intracellular C1QBP docking sites are

489  conserved in plants. We did not observe association of MpC1QBP-Y FP with the plant
490 plasmamembrane, a pattern that was observed in our immunolocalization experiment in
491  aphid guts (Fig. 8D-E).

492

493  C1QBP functionsasa negativeregulator of PLRV transmission.

494 To assess the function of CLQBPin PLRV transmission, we used a commercially
495  available, small molecule inhibitor of HSC1QBP, M36. The inhibitor, identified ina
496  pharmacophore screen by V. Yenugonda et a. (65), bindsto HsC1QBP and inhibitsits
497  mitochondria function in human glioma cells. M. persicae were exposed to a range of
498  M36 concentrations (0, 50, 100 and 200 uM) supplied through sucrose diet sachets. After
499 48 hours of feeding on the inhibitor, aphids were moved to detached PLRV-infected or

500 uninfected HNS leaves for a 24-hour acquisition access period (AAP) followed by a 72-
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501  hour inoculation access period (IAP) on 3-week-old potato (cv. Red Maria) seedlings. No
502  differencesin mortality were observed in the aphids as a result of the inhibitor treatments.
503  Thetiter of PLRV in these recipient plants was then measured four weeks post

504 inoculation (wpi) by double antibody sandwich enzyme-linked immunosorbent assay

505 (DAS-ELISA). Results show that the percent of inoculated plants becoming systemically
506 infected with viruswas not statistically different when using aphids exposed to M36

507 compared to aphids that were not exposed to inhibitor (Fig. 10A, Table S3). However,
508 plantsthat became systemically infected had higher titers of virus when aphids were

509  exposed to concentrations of M36 > 100 uM (Fig. 10B). When aphids were fed on diets
510 containing 50 uM of M36, PLRYV titer was variable and statistically similar to plants

511 inoculated with aphids not exposed to M36. Conversaly, plants inoculated with aphids
512 fed on 200 uM of inhibitor exhibited a 1.63 fold-increase in virustiter that was

513 statistically significant compared to the O and 50 uM M 36 treatment conditions (P <

514  0.05). Exposureto 100 uM of inhibitor resulted in an intermediate phenotype, with a non-
515  significant increase of titer relative to the control, but still less virus than in the 200 uM
516 treatment (Fig. 10B). No obvious effects on mortality or visual effects on feeding

517  behavior were observed at any of the concentrations of inhibitor.

518 To test whether the observed increase in inoculated plant titer correlated with an
519 increasein PLRV acquisition by the insects, aphids were exposed to 0 or 200 uM of

520 inhibitor in sucrose diet for 48 hours and then moved to a PLRV-infected HNS leaf for
521  24-hour AAP (asin the transmission assay). After the AAP, the guts of aphids were

522  cleared on fresh sucrose diet for 3 days to ensure detection of fully acquired and not

523 ingested PLRV. Thelevel of PLRV VRNA inindividual aphids (n=12-15) was then
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524 measured by RT-digital drop PCR (ddPCR). A high percentage of aphidsin both the
525  control and inhibited treatments acquired virus (90% vs. 86%, data not shown), but on
526  average, aphidsexposed to 200 uM inhibitor acquired a significantly higher number of
527 copiesof PLRV (P =0.015, 1.71-fold increase) compared to aphids fed on diet without
528 M36. Together, these data suggest that CLQBP acts as a negative regulator of PLRV in
529  theaphids, asinhibition of this protein by M36 leads to an increase in PLRYV titer in the
530 insects, and subsequently the aphid-inoculated plants.

531

532 DISCUSSION

533 Optimization of several different extraction buffer conditions shows that no single
534  extraction buffer tested captures all protein interactions formed between aphid proteins
535 and PLRV. We encountered high variability between the three different trials of the

536  experiment, even though there was significant capture of PLRV from viruliferous aphids
537 inall biological replicates. This variability may be due to technical considerations, such
538 assub-optimal clarification of aphid homogenate increasing the capture of non-specific
539 interactions, or biological reasons, such asthe potentially transient nature of the

540 interaction between some vector proteins and virus. Alternatively, variability in AP-MS
541 experiments could bethe result from true binding partners also having some high level of
542  non-specific “stickiness’ towards beads and/or antibody, thus making it hard to detect
543  truesignal above background (66). Other groups attempting to capture virus-vector

544  protein complexes by AP have resorted to chemical cross-linking to preserve more

545 trandent interactions (19).

546 Transient interactions may be better captured by yeast two-hybrid where
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547  recongtitution of GAL4 stabilizes the interaction. This may explain why the vector

548 proteins RR1 cuticle protein 5 and papilin isoform X1 were found to interact with

549 luteoviridsviaY2H and were enriched in our AP-M S experiments but considered lower
550 confidence interactors. Interestingly, in the Y2H experiments, the RR1 cuticle protein
551 from S graminumdirectly interacted with the CP from luteovirid species transmitted by
552 that aphid species but did not show interaction with PLRV CP, avirus S graminum does
553  not transmit, suggesting aphid-virus specificity or that the interaction is weaker/more
554 transent between PLRV and M. persicae. This specificity phenotype isin-line with a
555  previous study showing that vector competency of S. graminumwas linked to specific
556  proteinisoformsthat only differed by one amino acid from isoforms in non-competent
557 linesof an F2 population (35). Taken together, these data suggest that even low

558  confidence binding partnersidentified by AP-MS may be true direct binding partners of
559  virus, and this technique can be complemented and the interactions confirmed by Y 2H or
560  other direct interaction methods. Moreover, this technique also identified at least one
561  functionally relevant aphid protein interaction, MpC1QBP.

562 Addition of phosphatase inhibitor to the lysis buffer for the third AP-MS

563  experiment allowed us to observe which interactions may be dependent on

564  phosphorylation status. For instance, levels of cuticle protein 21 were significantly

565  enriched by MS1 peak integration in APs from viruliferous aphids only when

566  phosphatase inhibitor was added to the extraction buffer. However, RR1 cuticle protein-
567 5, which directly interacted with the luteovirid CPin avirus-specific manner via'Y 2H,
568  exhibited atrend of PLRV co-enrichment with or without phosphatase inhibitor,

569  suggesting that this characteristic may only apply to certain classes of aphid cuticle
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570 proteins. Conversdy, MpC1QBP and the viral non-structural polyprotein P1 were both
571  significantly co-enriched with PLRV in all APs from viruliferous aphids except those
572  where phosphatase inhibitor was added. These results suggest that interaction with PLRV
573  may be contingent on phosphorylation of the vector proteins, protein complex partners, or
574 thevirionitself. Phosphorylation and acetylation of luteovirid capsid proteins have been
575  previously shown (40, 67) although biological relevance of these post-translational

576  modifications still remainsto be determined.

577 Since PLRV is non-propagative in the aphid, the discovery of the P1 viral

578  replication protein in PLRV protein complexes isolated from aphids was a surprising
579 find. The aphids collected for AP were not subjected to gut-clearing prior to AP, thus our
580  results could simply indicate capture of virion-P1 complexes from ingested sap in the
581  aphid lumen. However, the ingestion of these complexes by the aphid raises the

582  possibility that P1 may be internalized into aphids during virus acquisition. Indeed, P1
583  wasfound directly bound to purified TuYV virions using chemical cross-linking mass
584  gpectrometry (68). Furthermore, the PLRV P1 protein suppresses aphid-induced jasmonic
585 acid signaling in N. benthamiana indicating arole for P1 in vector manipulation (69).
586  Onehypothesis our data generates is that P1 protein-PLRV virion complexes that are
587  acquired from infected plants. These P1-virion complexes may circulate through the

588  aphid and beinoculated into new host plants together, which may help nascent PLRV
589 infectionsto become established in new host plants. Immunolocalization of the P1

590 polyprotein within aphid cells would support this hypothesis.

591 While cuticle proteins have recently been identified as putative receptors for

592  nonpersistent viruses that bind cuticle-lined aphid mouthparts (13, 15), the exact role of
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593 cuticle proteinsin the transmission of circulative viruses remains elusive. Cuticular

594 proteinsare frequently identified in vector-plant virus interaction assays (23, 26). For
595 example, out of six western flower thrips proteins found to interact with TSWV in a study
596 by l. E, Badillo-Vargas et al. (23), half were annotated as cuticle proteins. Genes coding
597 for cuticle proteins were also the largest group found to be responsive to the tospovirus
598  Tomato spotted wilt virus (TSWV), with the mgjority of these genes being downregulated
599 inthelarval and prepupal stages of the insect when TSWV is acquired (30). An aphid
600 cuticle protein was also identified as binding Beet western yellows virus (BWYV, Genus:
601  Polerovirus) in vitro, another luteovirid that istransmitted by M. persicae (26). Authors
602  hypothesized that the interaction between luteovirids and cuticle proteins could represent
603  anancient, less efficient mode of virus transmission in aphids. In addition to comprising
604 the exoskeleton of the insect, cuticle proteins are present in the foregut and hindgut in
605  many hemipterans, locations within the alimentary canal where luteovirids are either

606  acquired or possibly excluded from moving into gut cells. Determining where viral

607  interaction with cuticular proteins occurs can be the key to understanding their function.
608  For instance, the cuticle protein CPR1 from the insect vector Laodel phax striatellus was
609  found to interact with the tenuivirus Rice stripe virus and co-localize with virion in insect
610  hemocytes (14). Knockdown of CPRL1 led to decreased virus accumulation in the

611  hemolymph and salivary glands, while transmission to plants was reduced. The authors
612  concluded that CPR1 might bind and stabilize RSV in the hemolymph to protect it from
613  degradation or facilitate passage to the salivary glands. Further tissue-specific interaction
614  or localization studies with the PLRV-interacting cuticle proteins identified in our study

615 aswell asfunctional assays could shed light on the role these proteins play in the
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616 transmission or PLRV, or polerovirusesin general.

617 Complement component 1 Q subcomponent-binding protein (C1QBP) was found
618  to bethe most enriched vector protein in o-PLRV APs from viruliferous aphids

619  compared to non-viruliferous controls in the absence of phosphatase inhibitor. A protein
620  orthologuein S graminumdirectly interacted in Y 2H assays with the CP domain of

621  multiple virus species from the family Luteoviridae, including PLRV, indicating a more
622  conserved role for CLQBP in circulative transmission. The CLQBP proteinis

623  evolutionary conserved; with sequences being found in other distantly related eukaryotic
624  species (70). Phylogenetic analysis indicates that CLQBP from aphids is more closely
625  related to human C1QBP that has evolved multiple functions and is less related to

626 CLlQOBPin plants and yeast, which so far has only been shown to function in oxidative
627  phosphorylation (56).

628 The putative function of human C1QBP has been extensively studied due to the
629  finding that its expression is highly elevated in cancer cells (54), and bialleic mutations of
630  C1QBP in the human population are associated with a mitochondrial disorder that leads
631  to cardiomyopathy (71). Structurally, C1QBP forms a donut-shaped homotrimer (72). Its
632  conserved eukaryotic function is as amolecular chaperone involved in ribosomal

633  biogenesisin mitochondria (56, 71). However, in humans, the protein is multifunctional,
634  having rolesin innate and adaptive immunity, inflammation, infection, apoptosis, pre-
635 mRNA splicing, macrophage cell adhesion and cancer cell metastasis (73-78). CLQBP
636  wasfirst identified as a binding partner of C1q (79), a component of the complement
637  pathway in human blood which binds antibody-antigen complexes and activates the

638  complement system (80). However, HSC1QBP also binds directly to capsid proteins of

29


https://doi.org/10.1101/2020.12.04.412668
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.04.412668; this version posted December 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

639  numerous viruses, including rubella (81), human immunodeficiency virus type 1 (82),
640 and herpes simplex virus 1 (83). Collectively, our interaction experimentsindicate the
641  ability of C1QBP to bind viruses may also be evolutionarily conserved in insects.

642 During circulative transmission, luteovirid virions are acquired into aphid gut
643  cellsviareceptor-mediated endocytosis and trafficked across the cell in clathrin-coated
644  vesiclesthat can betubular in structure (5). A. Garret et al. (6) showsthat virions are
645  sometimes observed in lysosomes or multivesicular bodies (MVBS), but the exact role
646  these organelles havein transmission still remains uncharacterized. It is also unknown
647  whether virus-containing vesicles contact the mitochondria, the primary location of

648 C10OBPin human cells. Therefore, based on what has been published about luteovirid
649  trafficking, it isdifficult to say in which subcellular compartment MpC1QBP and PLRV
650 areinteracting in the aphid gut epithelial cell cytoplasm, and whether thislocalization is
651  necessary for the normal transcytosis of virions. Considering that live-cell imaging

652  studies of eukaryotic cells have shown that most organelles are not static, discrete

653  compartments but rather dynamic entities that actively associate with one another (84),
654  thehypothesisthat virus-containing vesicles do come in contact with other organelles as
655  they traverse the aphid cell, is plausible. The development of robust subcellular markers
656  inaphidsisdefinitely needed to determine conclusively what subcellular compartments
657 MpCLlQBP and PLRV occupy.

658 Asfor the function of MpC1QBP in luteovirid transmission, we can turn to the
659  known roles of C1LQBP in human innate immunity for clues. Virus binding to vector
660  proteins may be an effort by the virusto hijack vector machinery to facilitate its

661 transmission or an effort by the insect to defend against the virus. On the surface of cells,
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662 HsC1QBP can act asareceptor for viral entry into cells (85-87). Infection of human cells
663  with Sendai virusleadsto are-localization of C1QBP to the mitochondria, where it

664  dampensthe RIG-I and MDAS-dependent (MAVS) antiviral defense response by binding
665  key signal transduction molecules, which resultsin the promotion of viral replication
666  (88). In the case of HSC1QBP binding to rubellavirus, it was found that inhibition of

667  CL1QBP slows microtubule-directed redistribution of mitochondria and reduces rubella
668  virusreplication (89). Thisled the authors to hypothesize that rubella capsid protein

669  binding to C1QBP helps traffic mitochondria near sites of rubella virus replication to help
670  supply energy. Thus, in human cells, some viruses have evolved to commandeer the

671  function of C1QBP to support propagation. In the case of MpC1QBP interaction with
672 PLRV, exposureto the CLQBP chemical inhibitor M36 had the opposite effect and lead
673 toanincrease of PLRV titer in aphids. For a non-propagative virus, ways this may be
674  achieved include an increase in the rate of virus acquisition or an enhanced stability of
675 theacquired virusin aphid tissues. Our data supports the role of MpC1QBP as a negative
676  regulator of PLRV accumulation in the aphid. Restricting the amount of virusin the

677  insect would be consistent with the role of a defense protein. Therefore, it is possible that
678  theinnate immune function of C1QBP is conserved in aphids.

679 However, because PLRV is non-propagative in its aphid vector, we would not
680  expect theinsectsto launch an immune response to the virus. Nevertheless, this does not
681  preclude aphids from recognizing luteovirids as a pathogen based on their icosahedral
682  geometry typical of viruses. Therefore, we hypothesi ze that MpC1QBP recogni zes the
683  pathogen-associated molecular pattern (PAMP) of the luteovirid capsid and activates or

684  participatesin some immune response that leads to the reduced transmission of PLRV. If
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685 MpCLlQBP does act as a sentind for viral invaders, then thisisin line with our shotgun
686  proteomics datathat shows MpClQBP is expressed in non-viruliferous aphids, and its
687  level isunchanged in response to PLRV. It is unknown what innate immune pathway
688 MpCLlQBP would be a part of, asinsects do not have the classical complement pathway
689  of higher organisms, athough proteins with C1g-like domains have been detected in

690 insects, including the pea aphid (90). Aphids also lack the immunodeficiency (IMD)

691 pathway common in other insects, though homologues for the constituents of other

692  conserved innate immune pathways, such as JAK-STAT and Toll, have been found in
693  aphid genomes (91). It should be noted that, even though our imaging was limited to the
694  gut, our interaction and functional studies were conducted using whole aphids. Therefore,
695 theinhibitory function of MpC1QBP in other parts of the aphid involved in circulative
696  transmission, such as the hemolymph (insect blood) and the accessory salivary glands,
697  cannot be distinguished.

698 Comparing the acquisition data to the transmission data for inhibition of

699 MpCLlQBP, it isinteresting that an increase in the amount of virus acquired by the insects
700  did not necessarily correlate with an increase in percent transmission. In our experiments,
701  the consequence of inhibited aphids acquiring more virus does not seem to be more

702  transmission, but rather higher virustiter in the plants that do become infected. A

703  possible explanation is that, in the conditions used for our experiment, a high percentage
704  of aphidsin the control treatment still acquired enough virus to launch a systemic

705 infection in the plant, but aphidsin the inhibitor treatment may have injected moreinitial
706  virusinoculum, resulting in higher systemic titer in the infected plants. This observation

707  may explain why PLRV has yet to evolve some mechanism to avoid binding CLOBP
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708  since, even though it is anegative regulator, CLQBP does not adversely affect

709  transmission rate and ultimately, virus spread. In fact, as obligate biotrophs, viruses must
710  carefully regulate their replication to not kill their host. Therefore, therole of CIQBPIn
711  reducing virustiter in the insect and plant may not only protect the insect from too much
712  virus, but also indirectly benefit or protect the plant host.

713 A limitation of our study is our inability to measure how much M 36 entered into
714  aphid cells. Importantly, no aphid mortality was observed during feeding on M36

715  inhibitor. Functional genomicsin aphidsisamajor chalengein the field. Gene silencing
716  isincomplete in aphids, and the timing of silencing experiments are complex when

717  coupled to studying phenotypes in virus transmission. Thus, working with inhibitors that
718  havewell characterized modes of action in other animalsis an attractive alternative that
719  alows usto probe protein function in virus transmission. However, inhibition of C1QBP
720 by the M36 inhibitor could have had other unknown effects on the aphid. For example, if
721  M36 increased aphid feeding, we would have also observed an increase in virus

722  acquisition and transmission. Additional experiments, such as electrical penetration graph
723  (EPG) assays, would be necessary to discern between these two possible scenarios.

724

725 MATERIALSAND METHODS

726  Plants, Insectsand Virus

727 A parthenogenetically-reproducing clone of M. persicae Sulzer (red strain) (92) was

728 maintained on Physalisfloridana at atemperature of 20°C with a photoperiod of 16-hour
729  day/8-hour night. Colonies of Schizaphis graminum genotypes SC and F (93) were reared

730  on oats (cv. Coast Black) at 20°C in 24-hour light conditions. A cDNA infectious clone
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731  of Potato leafroll virus (PLRV) developed by L. F. Franco-Lara et al. (94) was used to
732 inoculate hairy nightshade (Solanum saccharoides, HNS) via agroinfiltration (95), which
733  wasused as asource of virusinoculum for all subsequent experiments. PLRV-infected
734  HNS plants were used ~3-4 weeks post-infiltration when the disease symptom of

735 interveina chlorosis was visible on most leaves. Hairy nightshade plants were grown in
736  growth chambers with a set temperature of 20°C and a photoperiod of 16-hour day/8-
737  hour night. Nicotiana benthamiana used for microscopy and western analysis were grown
738  under the same conditions described in (96).

739

740  Extraction of virus-vector protein complexes

741 M. persicae were allowed a 48-hour acquisition access period (AAP) on PLRV-infected
742  or healthy HNS under 24-hour light conditions. After collection, aphids were stored at -
743  80°Cfor further use. Aphids pooled from 1 to 3 separate collections were cryogenically
744  ground using aMixer Mill MM 400 (Retsch). Approximately 2-4 g of tissue were ground
745 in10 mL MM 400 metal canisters with one 12 mm stedl ball for 6 sets of 3 minutesat a
746  vibrational frequency of 30 Hz with afive-minute liquid nitrogen cooling period in

747  between grinding cycles. After cryogenic lysis, the resulting powder was stored at -80°C
748  for far-western analysis and affinity purification.

749 For optimization of lysis buffer conditions by far-western blotting, cryogenically
750  lysed powder from aphids fed on healthy HNS was split equally and solubilized in the
751  following bufferson ice: filter sterilized CHAPS buffer = 1X phosphate buffered saline
752  (PBS, pH7.4), 40 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate

753  (CHAPS), 10 mM calcium chloride; HEPES buffer = 50 mM HEPES-KOH (pH 7.4), 110
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754 mM KOAc, 2 mM MgCl»y, 0.4% TritonX-100; TBT buffer = 50 mM HEPES-KOH (pH

755  7.4), 200 mM tris(hydroxymethyl)aminomethane (Tris, pH7.5), 110 mM KOAc, 2 mM

756  MgCly, 0.4% TritonX-100, 0.1% Tween-20, 350 mM sodium chloride; TRIS buffer = 50

757  mM Tris (pH7.5), 150 mM sodium chloride, 0.4% TritonX-100; SDS =50 mM Tris (pH
758  6.8), 2.5 % Sodium dodecyl sulfate, 10% glycerol. All buffers were supplemented with
759 0.5 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich) and a 1:100 (v/v)

760  dilution of Halt™ EDTA-free protease inhibitor cocktail (Pl) (Pierce). One milliliter of
761  buffer was added to 200 milligrams of powder and incubated on ice for 10 minutes, with
762  vigorous vortexing every 2 minutes. Samples were then centrifuged at 16,100 x g for 10
763  minutesat 4 °C. Supernatant was moved to a fresh tube, photographed and stored onice
764  for far-western analysis.

765

766  Far-western analysis

767  The supernatants from the different lysis buffer extractions described above were diluted
768  1:4in4x Laemmli sample buffer (Bio-Rad) supplemented with beta-mercaptoethanol
769  following manufacture sinstructions. Samples were incubated at 95°C for 10 minutes
770  followed by centrifugation at 16,100 x g for 1 minute at room temperature. Forty uL of
771  the CHAPS, HEPES and TBT extractions and 20 uL from the TRIS and SDS samples
772  were separated side-by-side on two separate pre-cast 4-20% TGX gradient gels (Bio-Rad)
773 by SDS-PAGE and proteins transferred to nitrocellulose following the protocol described
774  in (40). Blots were then blocked for 15 minutesin TBS with 2% (v/v) Tween 20 (-T)

775  followed by an overnight block in 5% non-fat dried milk in TBS-T (0.1%), gently

776  rocking at room temperature. Blots were washed briefly in 1x TBS-T (0.1%) and
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777  incubated with 10 mL of 1x TBS-T (0.1%) supplemented with 8.6 ug of gradient purified
778 PLRV (97) or TBS-T (0.1%) without virus (negative control) overnight at 4°C, with

779  gentlerotation. The next day, blots were washed four timesin TBS-T (0.1%) for 10

780  minutes each at room temperature and then incubated for 1 hour at room temperature
781  with a1:2500 dilution (TBS-T 0.1% supplemented with 0.1% BSA) of the PLRV

782  primary antibody described in (42). Antibody was removed and blots washed again as
783  described above. A 1:2500 dilution of akaline phosphatase conjugated o-rabbit

784  secondary antibody (Sigma) in TBS-T 0.1% supplemented with 0.1% BSA was applied
785  and blots incubated for 2 hours at room temperature followed by the washing procedure
786  described above with the addition of afinal 10 min, room temperature wash in TBS.

787  Blotswereincubated with 1-Step™ NBT/BCIP substrate solution (Thermo Scientific) for
788  exactly 1 minute 47 seconds and washed quickly with deionized water to stop

789  development.

790

791  Affinity purification

792  For each biological replicate, four grams of cryogenically-lysed M. persicae tissue

793  (viruliferous or non-viruliferous) was solubilized in 20 mL of the TRIS extraction buffer
794  described above. For APs with the phosphatase inhibitor, the protease inhibitor cocktail
795  was replaced with the same amount of Halt™ Protease and phosphatase inhibitor single-
796  usecocktail, EDTA-free (Pierce). Total protein was extracted following the lysis protocol
797  outlined in (40) with afew exceptions. Samples were incubated at 4°C for ~20 minutes
798  onicewith occasional vortexing. Tissue was then homogenized in buffer, onice, with a

799  Polytron (Brinkmann Instruments) for two, 10-second pulses at setting “2” separated by a
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800  30-second incubation onice. Lysates were then rotated at 4°C for 10 minutes. The

801 resulting homogenate was moved to aglass Corex centrifuge tube and centrifuged for 10
802 minat 4°CinaBeckman Avanti J-25 | centrifugein a JA-20 rotor to remove cell debris.
803  The speed of centrifugation varied for each AP experiment. The April samples were

804  centrifuged twice at 3500 rpm (1,480 x g) and once at 6000 rpm (4,355 x g). For the

805  January dataset, biological replicates 1 (IMPH1 and JIM PW1) were centrifuged once at
806 6000 rpm (4,355 x g). All other January biological replicates and APs from the

807  Phosphatase Inhibitor dataset were centrifuged once at 8000 rpm (7,740 x g). Each

808  independent dataset consisted of three biological replicate APs for viruliferous and non-
809 viruliferous controls. Biological replicates were separate collections of pooled aphids fed
810 onagroup of systemically infected or healthy HNS plants.

811 For all APs analyzed by mass spectrometry, after centrifugation, the aqueous

812 layer wasremoved and diluted 1:2 in fresh TRIS extraction buffer on ice. Five milligrams
813  of a-PLRV conjugated M-270 epoxy Dynabeads™ (Invitrogen) were rotated with 10 mL
814  of the diluted aphid homogenate for 1 hour at 4°C and beads washed with TRIS

815  extraction buffer as described in (40) . Final wash buffer was completely removed from
816  magnetic beads and captured proteins were subjected to on-bead reduction, alkylation and
817  trypsindigestion following the protocol outlined in (42). Smaller volume APs (1 mg

818  beadsper 2 mL of diluted homogenate) were donein parallel for each of the three

819 independent AP datasets and analyzed by Western analysis to gauge the enrichment of
820 PLRV structural proteins (40).

821

822  Mass spectrometry and data analysis

37


https://doi.org/10.1101/2020.12.04.412668
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.04.412668; this version posted December 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

823 For AP samples, tryptic peptides were reconstituted and analyzed on an Orbitrap
824  Fusion Tribrid mass spectrometer (Thermo Scientific) following the parameters described
825  in(42). Each affinity purification sample was analyzed a total of three times. For two of
826  theanalytical replicates, the fragment ions were analyzed in the linear trap using “rapid”
827  scanrate. For the third analytical replicate, fragment ions were analyzed in the Orbitrap.
828  Two analytical replicates for the April dataset were analyzed months prior to the January
829  and Phosphatase Inhibitor datasets but athird analytical replicate from the April dataset
830 (MS? captured in the linear trap) was analyzed alongside all samples from the two other
831 datasets.

832 Protein identification of resulting mass spectrometry data from APs was

833  conducted as described in (42) with afew exceptions. The protein search database was
834  generated from amino acid sequences corresponding to al coding gene sequences from
835  the Myzus persicae G006 genome assembly v1.0 obtained from AphidBase

836 (https://bipaa.genouest.org/sp/myzus persicae g006/) on the Bioinformatics Platform for

837  Agroecosystems Arthropods (BIPAA) website prior to itsformal release aswell as

838  sequences from all known species of Luteoviridae and common mammalian AP

839  contaminant proteins downloaded from NCBI. Mascot search parameters were changed
840  dlightly from those outlined in (42) so that the mass measurement accuracy was set at 0.5
841 Daor 0.02 Dafor fragment ions for analytical replicates where M S? spectra were

842  collected in the linear trap or Orbitrap, respectively.

843 Mascot search results for APs were imported into Scaffold-Q+ version 4.8.9 for
844 labe free quantification by spectral counting using the protein cluster feature with the

845  following identification filter thresholds: two-peptide minimum and a 1% false discovery
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846  rate on both the peptide and protein level. Vector proteins with significant overlapping
847  shared-peptide evidence that were identified as a cluster were treated as a proxy for a
848  singleidentification, and total spectral counts were calculated on the level of the whole
849  cluster with the protein reference number listed corresponding to the protein with the
850  most unique peptides assigned in the cluster. Precursor ion (MSL1) peak areas for peptides
851  corresponding to selected proteins (Table S2) were measured using Skyline (98).

852  Statistical analysis of AP-M S datasets was done using the T-test and ANOV A featuresin
853  Scaffold-Q+ and Significance Analysis of Interactome (SAINT) Express probability

854  scoring through the crapome.org web interface (47).

855 Shotgun MS analysis comparing C1QBP protein levels between viruliferous and
856  non-viruliferous aphids reared on physalis was conducted and data analyzed exactly as
857  described in (51) for comparing proteins differentially regulated in physalis- and turnip-
858 reared M. persicae.

859

860  Yeast-two-hybrid

861  Total mMRNA was purified from a pool of S. graminum aphids, genotype F2-A3, an

862  efficient vector of CYDV-RPV (93), reared on RPV-infected plants using the RNeasy
863  Plant extraction kit (Qiagen) followed by capture with oligo-dT magnetic-beads

864 (PolyATtract(R) mRNA Isolation Systems, Promega). A full-body cDNA library was
865  constructed from the S gramiunum RNA in the BD Matchmaker AD cloning vector

866 (pPGADT7-Rec, BD Biosciences Clontech) following the manufacturer’ sinstructions, and
867  transformed in yeast strain AH109. The transformed cells were plated on synthetic

868  dropout (SD) selection medialacking leucine (SD-Leu). Transformants were recovered
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869  and pooled in freezing medium as 1 mL aliquots with a concentration above 2 x 10’

870  cellgmL were stored at -80°C. The coat protein (CP) and readthrough domain (RTD)
871 genesof BYDV-PAV, CYDV-RPV and PLRV were cloned separately into a DNA-BD
872  fusion vector (pGBKT7, BD Biosciences Clontech) and transformed in yeast strain Y 187.
873 The S. gramiunum cDNA library was screened by separately mating with the

874 Y187 luteovirid coat protein strains following manufacture guidelines. Briefly, one

875  aliquot of AH109-library (> 2 x 10" cells) was combined with each Y 187-bait culture and
876  incubated for 24 hours at 30°C in 45 mL 2x YPDA supplemented with Kanamycin (50
877  ug/mL, Kan). The mating mixture was centrifuged and resuspended in 10 mL of 0.5x
878 YPDA/Kan (50 pg/mL) and plated on SD selection media lacking tryptophan, leucine,
879  and higtidine (SD-Trp/-Leu/-His). Positive clones (yeast colonies growing on SD/-Trp/-
880  Leu/-Hismedia) were subcultured on SD/-Trp/-Leu/-His/-Ade containing X-a-Gal (0.4
881 mg/mL) to detect strong, positive interactions. Plasmid was extracted from positive

882  clones, re-transformed into DH5a. E. coli cells by heat shock, and cloned cDNA

883  sequencesidentified by Sanger sequencing using pGAD Rec T7-specific primers. The
884  resulting sequences were compared against EMBL and GenBank sequences using

885 BLAST. The ability of candidate proteins from the S. graminum cDNA library to interact
886  with PAV, RPV or PLRV CP or RTD proteins was confirmed using the co-

887  transformation approach. Co-transformation with DNA-BD fusions of human lamin C
888  and the murine p53 was used as negative controls.

889

890  Sequencealignment and phylogenetic analysis

891  Orthologous protein sequences for MpC1QBP were identified usng NCBI BLAST,
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892  which calculates percent identity and similarity. Sequence alignments were generated
893  using the Clustal Omega Multiple Sequence Alignment web interface

894  (https://www.ehi.ac.uk/Tools/msal/clustalo/) and visualized with BoxShade

895  (https://embnet.vital-it.ch/software/BOX_form.html). Phylogenetic analysis was

896  performed using the one-click mode of the Phylogeny.fr web tool

897  (https.//www.phylogeny.fr/) without Gblocks curation. NCBI or citrusgreening.org

898  accession numbers for protein sequences used are: XP_026823488.1 (Rhopal osiphum
899  maidis), XP_025194941.1 (Meanaphis sacchari), XP_027842714.1 (Aphis gossypii),
900 NP_001233078.1 (Acyrthosiphon pisum), XP_015380335.1 (Diuraphis noxia),

901 XP_025410594.1 (Sphaflava), DcitrP057835.1.1 (Diaphorina citri), RZF37806.1

902 (Laodephax striatellus), XP_014240636.1 (Cimex lectularius), XP_018897713.1

903 (Bemisiatabaci), XP_012542024.1 (Monomorium pharaonis), ETN58839.1 (Anopheles
904 darling), NP_611243.1 (Drosophila melanogaster), NP_001203.1 (Homo sapiens),

905 NP_001320214.1 (Arabidopsisthaliana), KZV10545.1 (Saccharomyces cerevisiae).
906

907 Immunolocalization in aphids

908 Adult and late instar M. persicae were caged on detached PLRV-infected or uninfected
909 HNSleavesfor 48 hoursin 24-hour light conditions. Guts from aphids exposed and not
910 exposed to PLRV were dissected into PBS. Guts were fixed in 4% formaldehyde for 30-
911 45 minutes before being permeabilized with 0.1% (v/v) Triton X-100 for 2 hours. Guts
912  werewashed with PBS-T (PBS, 0.5% (v/v) Tween 20) 3 times and blocked for 2-3 hours
913 inPBST, 1% (m/v) BSA. After blocking, guts were incubated with cross-absorbed -

914 PLRV diluted 1:1000 in blocking buffer (PBS-T, 1% BSA), 1:50 polyclonal antibody
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915 against full-length human C1QBP (a-HsC1QBP) derived from mouse (Sigma-Aldrich),
916  or both overnight at 4°C. Guts were washed 5 timesin PBS-T and incubated in secondary
917  antibody, 1:500 donkey a-rabbit-Cy3 (Millipore Sigma), or 1:250 donkey o-mouse-Cy2
918  (Jackson ImmunoResearch), diluted in blocking buffer for 1 hour. Guts were washed 5
919 timesin PBS-T and then mounted on slides in Flouromount plus 4’ ,6-diamidino-2-

920  phenylindole nuclear stain (DAPI, Southern Biotech) and sealed with a cover dlip. Guts
921 werevisualized with aLeica TCS SP5 laser scanning confocal microscope. Cy2 was
922  excited with the 488-nm line of amultiline Argon laser with emission spectra collected
923 by aphotomultiplier tuber (PMT) detector in the range of 545-550 nm (Fig. 8B, D) or a
924  hybrid detector (HyD) in the range of 500-530 nm (Fig. 8C, E). Cy3 was excited with the
925  561-nm line of multiline Argon laser with emission spectra collected by aHyD in the
926  range of 604-631 nm. DAPI was excited by a 405-nm ultraviolet laser with emission
927  spectracollected by a HyD in the range of 445-479nm. All scans were conducted

928  sequentially with line averaging of 6 or 8. Non-viruliferous guts stained with a-C1QBP
929 and a-PLRV aswell as viruliferous guts stained with only secondary antibodies were
930 used as negative controls. The experiment was repeated independently twice.

931

932  Ectopic expression in plants

933  Thefull-length coding sequence of C1QBP without a stop codon was amplified from M.
934  persicae cDNA with Phuson™ High-Fidelity DNA polymerase (Thermo Scientific)
935 following manufacture’ s guidelines with the following primers, Forward: 5’-

936 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAATACTTTAATCAGATCG

937 andReverse 5" —
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938 GGGGACCACTTTGTACAAGAAAGCTGGGTGAAAAAATTTCCTTAAATCA -3.

939  Underlined nucleotides correspond to the MpC1QBP sequence fused to attB Gateway™
940 cloning Sites. The resulting amplicon was cloned into the pEarleyGate 101 destination
941  vector (99) using Gateway™ technology (Invitrogen) as described in (96) to create the
942  p35s:MpC1QBP-Y FP construct. This construct was transiently expressed via

943  agroinfiltration with the organelle markers, COX4-mCherry, Man49-mCherry or

944  mCherry-Rab7 (63) in N. benthamiana epidermal cells and imaged 3 days post-

945 infiltration with aLeica TCS SP5 laser scanning confocal microscope as described in
946  (96).

947

948 Chemical Inhibition of C1QBP

949 M. persicae aphids were collected and starved for 1-2 hours before being placed on

950 artificial sucrose diet (51) containing 0, 50, 100, or 200 uM of a small molecular inhibitor
951  of human C1QBP (65) resuspended in water, diluted in sucrose diet and 0.1% dimethyl
952  sulfoxide (DM SO) in amembrane feeding sachet. After 48 hours of feeding on the

953 inhibitor, aphids were moved to detached PLRV-infected or uninfected HNS leaves for a
954  24-hour AAP. Then, aphids were moved to 3-week-old potato cv. Red Maria seedlings, 5
955  aphids per plant, 12-15 plants per treatment, for a 72-hour inoculation access period

956  (IAP). After the IAP, aphids were removed with an application of pymetrozine

957  (Endeavor) and bifenthrin (Talstar P). Two- and four-weeks post inoculation potato

958 plants were assessed for systemic PLRV infection and titer. Four leaf discs were taken
959  from the youngest fully emerged leaf on the apical stem of the potato plants and used for

960  double antibody sandwich enzyme-linked immunosorbent assays (DAS-ELISA) with a

43


https://doi.org/10.1101/2020.12.04.412668
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.04.412668; this version posted December 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

961 commercially available PLRV antibody kit (Agdia). The transmission assay was repeated
962  independently three times.

963 For virus acquisition experiments, aphids were fed on sucrose diets containing O
964  or 200 uM of inhibitor for 48 hours and then moved to a PLRV-infected HNS leaf for 24-
965  hour AAP (asin thetransmission assay). After the AAP, aphids were moved to fresh
966  sucrosediet for 3 days gut clearing to remove any residual PLRV in their gut lumen so
967 any detected PLRV was acquired across the midgut of the insects. After gut-clearing,
968 individual aphids (n = 12-15) were collected and flash frozen at -80 °C. RNA was

969  extracted from the aphids using the RNeasy Mini Kit (Qiagen) and cDNA was

970  synthesized from 0.1 ug of aphid RNA using the iScript cDNA SynthesisKit (Bio-Rad).
971 PLRV titer in undiluted cDNA was quantified by digital drop PCR using EvaGreen

972  Supermix and the QX100 droplet digital PCR system as previously described (51).

973

974  Statistical Analysis

975  PLRV transmission efficiency after aphid exposure to the inhibitor was analyzed using
976  logistic regression. The model predicts whether an inoculated plant will become infected
977  based on different predictors. A one-tailed likelihood ratio test showed that experiment
978  could be removed from the model (P = 0.578). Therefore, the model hasthe sole

979  predictor: treatment. The full model, model diagnostics, test statistics, and P-values are
980 reported in Table S3. PLRYV titer in inoculated plants was analyzed with alinear mixed
981 effectsanalysisof variance using Satterthwaite’' s method. Inhibitor concentration was
982  used asafixed effect and experiment as arandom effect. Linear contrasts were

983  performed using Dunnett’ stest. For PLRV titer in the insects, the differencesin titer
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984  between the two treatments was compared using a one-side, unpaired Student’ st test.
985  Lettersrepresent statistically different groups (P < 0.05). All error bars represent + one
986  standard error. All indicated analyses were performed in R version 3.6.3 (https.//www.r-
987  project.org/).
988
989 MSDataAvailability
990  Heck, M. (2020) Isolation of aphid-Potato leafroll virus (PLRV) proteins complexes
991 from viruliferous insects using affinity purification-mass spectrometry. Available from
992  ProteomeXchange.org using the project identifier PXD022167.
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1380 FIG 1 Comparison and validation of extraction conditions for isolating PLRV -vector
1381  protein complexes. (A) Four different affinity purification buffer compositions (CHAPS,
1382 HEPES, TBT and TRIS) were tested by far western analysis for their ability to extract
1383  PLRV-aphid protein complexes compared to total protein extraction using an SDS
1384  denaturing buffer (far right lane). The top panel shows variation in the color of the
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1385  resulting protein homogenate from cryo-milled aphid tissue extracted in each buffer.
1386  Bottom panel shows vector protein bands binding to WT PLRV as determined by one-
1387  dimensional separation of extracts followed by incubation with purified WT PLRV (+)
1388  and subsequent detection with an in-house PLRV antibody. Negative controls (-) were
1389  made by omitting incubation with WT PLRV on a parallel western and these lanes
1390  superimposed onto theimage of the PLRV (+) blot (gray lines). (B) Western blot analysis
1391  of o-PLRV affinity purification experiments from M. persicae aphid protein complexes
1392  extracted using the TRIS buffer composition show significant enrichment of the PLRV
1393  coat protein (CP) and atruncated form (Truncated) of the structural readthrough protein
1394  (RTP) inviruliferous (V) M. persicae aphids compared to the undiluted affinity

1395  purification input fraction and a negative control affinity purification using non-

1396  viruliferousinsects. Enrichment of the PLRV structural proteinsin an AP from

1397  systemically infected potato tissue (Pot) is shown as a positive control. Molecular

1398  weights corresponding to the full length form of the RTP (FL RTP) and RTP multimers
1399  arealsoindicated.
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1406 FIG 2 Assessment of variability in a-PLRV affinity purifications from aphids using
1407  affinity purification mass spectrometry quality control metrics. (A-B) Bar graphs show
1408 the average relative protein abundance of (A) Immunoglobulin G (1gG) and (B) the
1409  PLRV structural proteins (CP/RTP) quantified from integration of M S1 (precursor ion)
1410  peak areas (unit-less) for protein specific peptides detected in o-PLRV APs from non-
1411  viruliferous (NV, gray bars) and viruliferous (V, black bars) aphid pools (n =3 analytical
1412  replicates per biological replicate) across the three independent datasets (April, January
1413  and Phosphatase Inhibitor added). The number of peptides used for quantification of
1414  protein abundance are: 1IgG =9 and CP/RTP =7 (Table S2). (C) Bar graph showsthe
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average number of total proteinsidentified in each biological replicate sample (n =3
analytical replicates) by MS. Centrifugal speed (RCF) of homogenate clarification step is
given. For each panel, error bars represent + one standard error. Lower case |etters
represent significant differences (P < 0.05) calculated by (A) ANOVA and (B) Kruskal-
Wallis with Tukey-HSD and Conover (Holm adjustment) post hoc tests, respectively.
Lines represent percent coefficient of variance (CV).
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1424  FIG 3 Labe-free quantification of vector and viral protein enrichment in o-PLRV
1425  affinity purifications from viruliferous M. persicae using MS1 peak integration. Bar
1426  graphsshow relative protein abundance measured by integration of MSL1 (precursor ion)
1427  peak areas (unit-less) of protein specific peptides corresponding to a selected group of
1428  (A-E) vector and (F) vira proteins found to have significantly enriched total spectral
1429  countsin a-PLRV affinity purification biological replicates from viruliferous aphids
1430 (Table1 and 2). The number of peptides used for MS1 quantification are (A) CLQBP = 6,
1431  (B) Paramyosin = 21, (C) Proteoglycan-4 like = 4, (D) Cuticle protein 21 = 6, (E) RR1
1432  cuticleprotein 5 = 3 and (F) the PLRV P1 polyprotein = 3. The MS1 integration datais
1433  shown as an average of n = 3 biological replicate o-PLRV APs from non-viruliferous
1434  aphids (NV, gray bars) and viruliferous aphids (V, black bars) compared within each of
1435  thethree independent datasets: April, January and phosphatase inhibitor added (Pholn).
1436  Theaverage protein abundance for all three datasets combined (All, n =9 biological
1437  replicates) isaso shown. Error bars represent + one standard error. Lines above bars
1438 indicatefold enrichment in o-PLRV affinity purifications from viruliferous aphids
1439  compared to affinity purifications from non-viruliferous aphids with statistical
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1440 significance (e =P <0.06, * = P <0.05, ** = P < 0.01) calculated by Student’ st-test
1441  (normal data) or Welch’'s T-test (non-normal data) within an AP dataset.
1442
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1444

1445 FIG 4 ldentification of Schizaphis graminum proteins directly binding to luteovirid
1446  structural proteins using yeast-two-hybrid (Y 2H) assay. Interactions between (A)

1447 C1QBP, (B) RR1-type cuticle protein and (C) papilin-like protein from S.s graminum
1448  (Sg) with the coat protein (CP) or readthrough domain (RTD) of the luteovirids BY DV -
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PAV (PAV), CYDV-RPV (RPV), and PLRV. Vector and viral proteins were co-
expressed as GAD-T7-Rec and DNA-BD fusions, respectively. Co-transformed cells
were grown on yeast quadruple-dropout (QDO) medium (SD/-Ade/-Hig-Leu/-Trp)
and/or double-dropout (DDO, SD/-Leu/-Trp) supplemented with X-o-Gal. Co-
transformation of GAD-T7-Rec-vector protein constructs with lamin C or murine p53
fused to DNA-BD were used as negative controls.
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1459 FIG 5 PLRV interacting proteinsin viruliferous compared to non-viruliferous aphids do
1460  not change expression in aphids upon virus acquisition. Graphed are the average total
1461  spectral counts (SPC) of (A) C1QBP, (B) Paramyosin, (C) Collagen alpha-5 chain, (D)
1462  Cuticle protein 21, (E) RR1 cuticle protein and (F) HSPG2 in viruliferous (PLRV +,
1463  black bars) or non-viruliferous (PLRV -, gray bars) M. persicae aphids (n = 3-4 pools of
1464  aphids). Values above black barsindicate fold enrichment in viruliferous aphids

1465  compared to non-viruliferous controls and significantly different groups via Student’ st-
1466  test (* = P <0.05) and error bars represent = one standard error.
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1471 FIG 6 Phylogenetic analysis of C1LQBP orthologous protein sequences using maximum
1472  likdihood indicates CLQBP from insectsis more closdly related to CLQBP from humans
1473  thanyeast or plants. The analysisincluded 18 protein sequences representing aphids,
1474  insects and other diverse model organisms. Branch points and bootstrap values were
1475  obtained from 100 iterations using the PhyML 3.1/3.0 aLRT algorithm and TreeDyn for
1476  treedrawing. Valuesin parentheses represent the percent identity/percent smilarity in a
1477  pairwise sequence comparison with the M. persicae C1QBP sequence using BLAST
1478  Global Align. Accession numbers for all sequences used in thisanalysis are listed in
1479  Materials and Methods.
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1481

1482

1483  FIG 7 Multiple sequence alignment of C1QBP proteins from diverse organisms shows
1484  conservation of an N-terminal truncation site and the C-terminal region of the protein.
1485  (A) Selected orthologous C1QBP protein sequences from aphids (M. persicae and A.
1486  pisum), fruit flies (D. molenogaster), humans (H. sapiens), yeast (S. cerevisiae) and
1487  plants (A. thaliana) were aligned using Clustal Omega Multiple Sequence alignment and
1488  visualized using BoxShade. Black boxes indicate identical residues whereas gray boxes
1489  highlight residues that are similar. The red arrowhead highlights the known site of N-
1490 terminal truncation of the human form of C1QBP. The blue arrowhead indicates the
1491 residue corresponding to the start of the truncated S. graminum C1QBP protein that was
1492  identified interacting with the luteovirid BY DV-RPV by yeast-two-hybrid screening. (B)
1493  Visual representation of the peptide coverage for the M. persicae C1QBP protein found
1494  to besignificantly co-enriched with PLRV. Y ellow blocks indicate the tryptic peptides
1495  detected by nanoflow LC-MS/M S after analysisin Scaffold. The green block highlights a
1496  deamidated asparagine residue. The alanine residue corresponding to the known site of
1497  N-terminal truncation in human C1QBP is highlighted by ared box.
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1503  FIG 8 Immunolocalization of C1QBP and PLRV in M. persicae gut epithelial cells.
1504  Panels show representative single-plane confocal micrographs of guts dissected from
1505  viruliferous or non-viruliferous aphids that were immunolabeled with both a-HsC1QBP
1506 (Cy2, green) and a-PLRV (Cy3, red). The overlap of the fluorescent signals from o-
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1507 HsC1QBP and a-PLRV is shown in the column labeled Merge with co-localization
1508  appearing in yellow. Nuclei stained with DAPI appear blue. Brightfield images and the
1509  Brightfield (BF) overlay are also shown. (A) 10x magnification of the anterior midgut
1510 (ag) and posterior midgut (pg) of asingle viruliferous gut shows localization of o-

1511 HsC1QBP throughout the entire midgut while the fluorescence indicating o-PLRV is
1512  strongly detected in the posterior midgut. (B-E) Within individual posterior midgut cells
1513  from different guts, points of co-localization of o-HSC1QBP and a-PLRV could be
1514  observed as diffuse puncta (B-C) always within the cytoplasm (white arrows) or (D-E)
1515  sometimes at the cell periphery (white arrowheads). (F) Incubation of a viruliferous gut
1516  with only Cy2-conjugated and Cy3-conjugated secondary antibodies and (G) non-

1517  viruliferous gut with both o-HSC1QBP and o-PLRV represent our negative controls. The
1518 Cy2signad inpanels (C) and (E) was imaged using ahybrid (HyD) detector and aPMT
1519  detector in al other images. Scale bars equal the length indicated.

1520

1521
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FIG 9 Heterologous expression of M. persicae C1QBP in plants shows localization to
multiple, motile organelles similar to localization in human cells. Panels show
representative single-plane confocal micrographs of live N. benthamiana epidermal cells
constitutively expressing (A) MpC1QBP-Y FP alone or with the organelle markers (B)
COX4-mCherry (mitochondria), (C) MAN49-mCherry (cis-Golgi) or (D) mCherry-
RABY7 (trangitory late endosomes). The fluorescence from MpC1QBP-Y FP and mCherry
are false colored green and red, respectively. The overlap of the fluorescent signals from
Y FP and mCherry is shown in the column labeled Merge with co-localization of the
indicated fusion proteins appearing in yellow. The brightfield overlay (BF Overlay) is
also shown. Chloroplast autofluorescenceisfalsely colored blue. The inset in each panel
isamagnified view of the area highlighted by the red box. White arrows indicate
globular, MpC1QBP-Y FP fluorescence that was observed fusing with mitochondrial-
localized MpC1QBP-Y FP. White arrowheads mark the sites of partial co-localization of
MpC1QBP-Y FP with the MAN49-mCherry labeled cis-Golgi. White asterisks highlight
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1538 mark some sites of MpC1QBP-Y FP and mCherry-RAB7 co-localization. Scale bars
1539  within the main panels show the length indicated while inset scale bars equal 1 um.
1540

1541
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1545 FIG 10 Transmission efficiency and virustiter in plants and aphids after aphid exposure
1546  tothe M36 chemical inhibitor of CLOBP. M. persicae aphids were exposed to 0, 50, 100
1547  and 200 uM of the M36 chemical inhibitor for 48 hours before transmitting PLRV from
1548 infected HNS leaves to potato seedlings. The number of infected potato plants and PLRV
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titer within those plants was assessed via DAS-ELISA after four weeks. (A) Bar graph of
transmission efficiency of aphids exposed to the inhibitor, expressed as percent plants
infected out of total plantsinoculated (n = 51). Different letters indicate significantly
different treatments (P < 0.05) by logistic regression analysis. Error bars represent + one
standard error. (B) Box plot of PLRV titer in infected potato plants (n = 5-9) inoculated
by aphids exposed to various concentrations of inhibitor. Letters indicate significantly
different treatments (P < 0.05) by alinear mixed effects ANOVA. (C) After 48 hours of
aphid exposure to 0 or 200 uM of inhibitor and a 24-hour AAP on PLRV-infected HNS
leaves, aphids were moved to sucrose diet for 3 days gut clearing and the copies of PLRV
were quantified in each individual aphid (n = 12-15) by digital droplet PCR. Letters
represent significantly different treatments by a one-tailed, unpaired Student’ s t-test. B-C.
Dots represent titer values colored by treatment. The thick black line indicates the
median, with the box spanning the first and third quartiles. Lines reach out to the
minimum and maximum values. Outliers are indicated with ablack dot.

TABLES

Table 1. Lysis buffer compositionstested for extraction of PLRV-
interacting vector proteins

Buffer name® Buffer components’

1X phosphate buffered saline (pH 7.4), 40 mM

CHAPS CHAPS, 10 mM CaCl,

HEPES 50 mM HEPES-KOH (pH 7.4), 110 mM KOAc, 2 mM

MgCly, 0.4% TritonX-100

50 mM HEPES-KOH (pH 7.4), 200 mM Tris (pH7.5),

TBT 110 mM KOAc, 350 mM NaCl, 2 mM MgCl,, 0.4%
TritonX-100, 0.1% Tween-20

50 mM Tris( pH 7.5), 150 mM NaCl, 0.4% TritonX-

TRIS 100

50 mM Tris (pH 6.8), 2.5% Sodium dodecyl sulfate,

SDS 10% glycerol

®Names given to protein extraction bufferstested in Fig. 1.

°All buffers were supplemented with 0.5 mM phenylmethylsulfonyl and a 1:100
dilution of Halt™ EDTA-free protease inhibitor cocktail. Abbreviations for chemicals
are described in materials and methods.
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1612 Table 2. Viral and vector proteinsexhibiting high probability of interaction with
1613 PLRV in APsfrom viruliferousaphidsusing spectral counting

1614  ®Functiona annotation of prey protein sequences obtained from NCBI protein BLAST.
1615  PThe dataset(s) the indicated protein was found to be significantly enriched in APs from
1616  viruliferous aphids compared to their respective non-viruliferous negative controls.
1617  “p-value from a one-way analysis of variance by ranks calculated in Scaffold Q+

1618  comparing the mean total spectral counts detected in PLRV APs from non-viruliferous
1619  and viruliferous APs (n=3) across the three independent datasets. ** p-value < 0.01, *p-
1620 vaue< 0.05.

1621  “Fold enrichment calculation based on the ratio of the average total spectral counts
1622  detected in APs from viruliferous aphids to non-viruliferous negative controls within the
1623  indicated dataset. (+/- indicates presences/absence; nd = not detected).

1624  °T-test p-value calculated in Scaffold Q+ comparing the average total spectral counts
1625  detected in APs from viruliferous aphids to non-viruliferous negative controls within a
1626  dataset. **p-value< 0.01, *p-value < 0.05.

1627  'Significance Analysis of INTeractome (SAINT) probability score indicating interaction
1628  confidence of prey protein in APs from viruliferous aphids compared to negative controls
1629  within adataset. **High confidence interaction score (30.8), * medium confidence
1630 interaction score (0.5-0.79).

1631

1632
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Table 3. Vector proteinsexhibiting medium confidence interaction scoreswith
PLRV using spectral counting

Functional annotation of prey protein sequences obtained from NCBI protein BLAST.
PThe dataset(s) the indicated protein was found to be significantly enriched in APs from
viruliferous aphids compared to their respective non-viruliferous negative controls.
“Fold enrichment calculation based on the ratio of the average total spectral counts
detected in APs from viruliferous aphids to non-viruliferous negative controls (n=3)
within the indicated dataset. (+/- indicates presences/absence; nd = not detected).

5 gnificance Analysis of INTeractome (SAINT) probability score indicating interaction
confidence of prey protein in APs from viruliferous aphids compared to negative controls
within a dataset. *Medium confidence interaction score (0.5-0.79).

SUPPLEMENTARY DATA FOOTNOTES

Table S1: Viral and vector proteinsfound to be>2-fold enriched in PLRV affinity
purifications from viruliferous aphidsin one or moreindependent AP-M'S
experiments

®Prey proteins (or clusters) are grouped based on the number and significance of AP-MS
dataset(s) they were found to be enriched >2-fold or present/absent (+/-) in APs from
viruliferous aphids compared to respective negative controls.

PColumn indicates the dataset(s) prey proteins (or clusters) were found to be significantly
enriched in APs from viruliferous aphids compared to their respective non-viruliferous
negative controls.

“Protein accession corresponding to the viral and Myzus persicae protein sequences
within our M S search database that was based on version 1.0 of the M. persicae (clone
G006) genome assembly obtained from BIPAA AphidBase and viral sequences from
NCBI. Bracketed integers denote the identification of a protein cluster and the number of
proteins belonging to that cluster. Integers in parentheses indicate the number of
additional proteins that share the same exact peptides identified by MS.

9Functional annotation of prey protein sequences obtained from NCBI protein BLAST.
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1701  °Protein identifier for corresponding reference sequencein NCBI.

1702  fProtein molecular weight based on amino acid sequence.

1703  °TRUE denotes a protein cluster or protein that shares some but not all peptide sequences
1704  with other proteins identified.

1705  "Highlights the AP category the indicated prey protein (or cluster) was determined to be
1706  significantly enriched (p-value < 0.05) by Student T-test in Scaffold Q+ using total

1707  spectral counts.

1708  'Highlightsthe AP category theindicated prey protein (or cluster) was determined to be
1709  significantly enriched (p-value < 0.05) by ANOVA in Scaffold Q+ using total spectral
1710  counts.

1711  *Quantitative M'S data representing the set of APs performed and analyzed in April 2015.
1712  Biological replicates (n=3) corresponding to PLRV APs from non-viruliferous (N) and
1713  viruliferous (V) M. persicae are denoted as AMPH and AMPW, respectively, in this
1714 table

1715  "Quantitative M S data representing the set of APs performed and analyzed in January
1716 2016 where phosphatase inhibitor cocktail was added to the AP lysis buffer. Biological
1717  replicates (n=3) corresponding to PLRV APs from non-viruliferous (N) and viruliferous
1718 (V) M. persicae are denoted as Pholn_H and Pholn_W, respectively, in thistable.

1719  P9Average value of total spectral counts for PLRV APs from non-viruliferous and

1720  viruliferous M. persicae within the indicated dataset.

1721  "Fold enrichment calculation based on the ratio of the average total spectral counts

1722  detected in APs from viruliferous aphids to non-viruliferous negative controls within the
1723  indicated dataset. (+/- denotes presences/absence; nd = not detected).

1724  °T-test p-value calculated in Scaffold Q+ comparing the average total spectral counts
1725  detected in APs from viruliferous aphids to non-viruliferous negative controls within a
1726  dataset.

1727  'Significance Analysis of INTeractome (SAINT) probability score indicating interaction
1728  confidence of each prey protein in APs from viruliferous aphids compared to non-

1729  viruliferous negative controls within a dataset. High confidence interaction scores are
1730  30.8, medium confidence interaction score are between 0.5 and 0.79, low or no

1731  confidence scores are < 0.5. Scoresin red indicate the SAINT probability of interaction
1732 when the total spectral counts detected in each of the indicated APs from viruliferous
1733  aphids were compared to all non-viruliferous negative controls, including ones from the
1734  other two datasets.

1735

1736  Table S2. Peptides measured by M S1 peak integration

1737  *NCBI reference number corresponding to protein sequences with peptide spectral

1738  matchesin our AP samples.

1739  "Protein symbol of viral and vector proteins whose levels were analyzed by M S1 peak
1740  integration, including immunoglobulin G (IgG) that was coupled to the magnetic beads.
1741  “Amino acid sequence of peptide ions deduced from M S2 fragmentation that were used to
1742  quantify protein levelsin AP samples by M S1 quantification. The residue position of the
1743  start and end of each peptide within the corresponding sequence in our protein databaseis
1744  shown in brackets. The amino acid residues before and after trypsin cleavage are given as
1745 areference. Missed 1 indicates amissed cleavage site. Modified residues are underlined
1746  and bold faced.
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°Average peptide retention time given in minutes.

'Charge state of peptide precursor ion analyzed.

9Sum of the integrated M S1 peak areafor all precursor isotopeions ([M]+[M+1]+[M+2])
minus background measured in each analytical replicate of an affinity purification (AP)
sample using Skyline M S1 full-scan filtering and manual peak boundary refinement. The
datais segregated into the three independent AP-M S experiments: the April, January and
Phophatase Inhibitor datasets.

"Sample names for non-viruliferous (NV) and viruliferous (V) AP analytical replicates
written as AP_biological replicate number_analytical replicate number. The
corresponding raw M S file available via ProteomeX change with identifier PXD022167 is
given in brackets.

Table S3. Logistic Regression Analysisof PLRV Transmission by M. persicae
Aphids after Exposureto the C1QBP Chemical Inhibitor

®Model output isthe categorical variable “ InfectionState” with levels 0 = uninfected and
1 = PLRV-infected indicating whether the inoculated plant became systemically infected.
b Treatment” is a quantitative variable indicating the concentration of the chemical
inhibitor delivered to the aphids.

“Exp” isacategorical variable representing the different trials of the experiment.
Abbreviations: SE, standard error; df, degrees of freedom; Ho, null hypothesis
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