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Tomato yellow leaf curl virus (TYLCV) poses serious threat to tomato production worldwide, and the vector,
Bemisia tabaci, plays a key role in the transmission of this virus. However, the molecular mechanisms underlying
the transmission remain poorly understood. In this study, firstly, we identified the whitefly proteins that pre-
sumably interact with TYLCV coat protein (CP) using split-ubiquitin yeast two-hybrid system. Next, we con-
ducted GST pull-down and immunofluorescence to examine the potential interaction between TYLCV CP and one

of the proteins identified, namely vesicle associated membrane protein-associated protein B (VAPB), an protein
abundantly expressed in whitefly midgut. Further experiments demonstrated that VAPB was significantly up-
regulated upon virus acquisition, and silencing VAPB led to a significant increase of relative virus quantity in
whitefly haemolymph and salivary glands, as well as an increase of TYLCV transmission efficiency. These
findings indicate an important role of VAPB in the transmission of TYLCV by whiteflies.

1. Introduction

Plant viral diseases represent a major constraint to the production of
many crops, and one of the most destructive viral diseases is tomato
yellow leaf curl disease (Moriones and Navas-Castillo, 2000; Scholthof
et al., 2011; Navas-Castillo et al., 2011). As a notorious viral disease in
tomato production worldwide, tomato yellow leaf curl disease can be
caused by many viruses in the genus Begomovirus, among which tomato
yellow leaf curl virus (TYLCV) has been found to be most widely dis-
tributed (Cohen and Antignus, 1994; Diaz-pendon et al., 2010; Navas-
Castillo et al., 2011). TYLCV is transmitted by whiteflies of the Bemisia
tabaci cryptic species complex in a persistent circulative manner
(Hogenhout et al., 2008; Ghanim et al., 2001). Once acquired orally by
whitefly, TYLCV follows a sequential path of stylet-midgut-haemo-
lymph-salivary gland, and in this journey inside whitefly, virus has to
cross two major physiological barriers, namely midgut and salivary
gland, to be transmitted successfully by vector (Ghanim et al., 2001;
Brown and Czosnek, 2002; Hogenhout et al., 2008; Rosen et al., 2015;
Czosnek et al., 2017). As midgut is the first barrier virus encounters,
advances in understanding the process of virus transport across the
midgut are instrumental in deciphering the nature of TYLCV-whitefly
interactions at cellular and molecular levels. However, the process of
TYLCV transport across the midgut cells remain hitherto understudied,
and only a limited number of cellular factors has been identified, viz.
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vesicle trafficking systems, clathrin-mediated endocytosis and early
endosome network (Uchibori et al., 2013; Pan et al., 2017; Czosnek
et al., 2017; Xia et al., 2018).

For insect-borne viruses, productive transmission entails specific
interactions of viral proteins with cellular proteins of the vector to fa-
cilitate virus transport in and out of insect tissues (Gray and Banerjee,
1999). For begomoviruses including TYLCV, the coat protein (CP) is the
only structural protein known to be involved in the virus transmission
by whitefly (Harrison et al., 2002; Czosnek et al., 2017). CP is located
on the surface of virions, and in the virus circulative journey inside
whitefly, CP is in contact with various tissues and proteins of whitefly
(Ghanim et al., 2001; Czosnek et al., 2017). For whitefly, a few cellular
proteins have been reported to potentially interact with begomovirus
CP, e.g., a member of the small heat-shock protein BtHSP16, GroEL
produced by the endosymbiont Hamiltonella or Arsenophonus, heat
shock protein 70, a midgut protein, cyclophilin B, a peptidoglycan re-
cognition protein BtPGR, collagen and a thioredoxin-like protein
(Ohnesorge and Bejarano, 2010; Gottlieb et al., 2010; Rana et al., 2012,
2015, 2019; Gotz et al., 2012; Kanakala and Ghanim, 2016; Wang et al.,
2016; Saurav et al., 2019). While these proteins have been shown to be
associated with begomovirus CP, none of them has been ascribed to
specific cellular processes such as vesicle trafficking. Since the role of
vesicle trafficking systems of whitefly in virus transport has been ap-
preciated, it is urgent to learn about the underlying molecular
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mechanisms such as the protein-protein interactions involved.

In this study, firstly, using split-ubiquitin yeast-two hybrid (Y2H)
assay, we identified a number of whitefly proteins that presumably
interact with TYLCV CP, including one vesicle-associated protein
named vesicle associated membrane protein-associated protein B
(VAPB), which was expressed dominantly in whitefly midgut. Secondly,
we examined the putative interaction of VAPB with TYLCV CP in vitro
and in vivo. Next, we characterized the transcription and expression of
whitefly VAPB upon virus acquisition. Finally, with the aid of dsRNA
micro-injection, we experimentally investigated the role of VAPB in
virus acquisition and transmission by whiteflies. Our findings provide
new insights into the nature of TYLCV-whitefly interactions.

2. Materials and methods
2.1. Insect, virus and plants

A population of MEAM1 whiteflies (mtCOI GenBank Accession code:
GQ332577) was collected from the field and then maintained on cotton
plants (Gossypium hirsutum L. cv. Zhemian 1793) in insect proof cages in
the laboratory. For virus, infectious clones of TYLCV isolate SH2
(GenBank accession code: AM282874) were provided by Professor Xue-
Ping Zhou (Institute of Biotechnology, Zhejiang University). Infectious
clone was agro-inoculated into tomato plants (Solanum lycopersicom L.
cv. Hezuo903) when they reached the stage of 3—4 true leaves, and then
the virus-inoculated plants were further cultured to the stage of 7-8
true leaves to obtain TYLCV-infected plants for experiments. Un-in-
fected tomato plants used as control were also cultivated to the stage of
7-8 true leaves for further experiments. All insect rearing and ecolo-
gical experiments were conducted in climate chambers at 26 + 1°C,
60% relative humidity and a photoperiod of 14 h light/10 h darkness.

2.2. Split-ubiquitin Y2H system

We used the Y2H system based on split-ubiquitin (Dualsystems
BioTech, Switzerland) to screen for proteins in whitefly that potentially
interact with TYLCV CP. Fig. 1 illustrates the experimental procedure.
Firstly, the full-length of TYLCV CP gene was inserted into the bait
plasmid pDHB1, and the whitefly cDNA library was constructed and
ligated into the prey plasmid pPR3-N. Then, the bait plasmid pDHB1-
TYLCV CP was transformed into NMY51 yeast strain, and the trans-
formation was then verified using synthetic defined minimal medium
lacking leucine (S.D./-Leu). The expression of TYLCV CP in the yeast
was confirmed by western blot with anti-TYLCV CP mouse monoclonal
antibody (mAb) (provided by Professor Jian-Xiang Wu, Institute of
Biotechnology, Zhejiang University). Next, the whitefly cDNA library
was transformed into the NMY51 yeast strain in which the expression of
TYLCV CP was verified. The growth of yeast strain on double dropout
medium (DDO: S.D./-Leu/-Trp) and triple dropout medium (TDO:
S.D./-His/-Leu/-Trp) with 1 mm 3-aminotriazole (3-AT) was observed.
Positive clones were picked out from the TDO with 1 mm 3-AT, and
then verified on quadruple dropout medium (QDO: S.D./Ade/-His/-
Leu/-Trp). Afterwards the detection of beta-galactosidase activity was
conducted using the yeast beta-Gal assay kit (Thermo Scientific, USA).
Finally, plasmids from the positive clones were extracted and trans-
formed into E. coli strain DH5a, and then sequenced to identify can-
didate proteins that potentially interact with TYLCV CP in whitefly. The
sequences obtained were annotated using BLAST (http://blast.st-va.
ncbi.nlm.nih.gov/Blast.cgi). For verification of the interaction, the full
length of VAPB was amplified and cloned into pPR3-N, and then ver-
ification of interaction was conducted with the methods described
above. Table S1 presents primers used here.

2.3. Analysis of VAPB transcription level

For analysis of VAPB transcription level in whitefly midgut, 100
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Fig. 1. Schematic diagram of workflow for the split-ubiquitin Y2H assay
system.

midguts were obtained via dissecting 100 female whitefly adults and
collected as the test material of one replicate, and three replicates were
analysed. For analysis of VAPB transcription level in whitefly carcass,
midguts of 30 females were removed and the remains, i.e., carcass,
were collected as the test material of one replicate, and three replicates
were analysed. For analysis of VAPB transcription level in whitefly
whole body, 30 adults were killed and collected as the test material of
one replicate, and three replicates were analyzed. Total RNA was iso-
lated using TRIzol (Invitrogen, USA). Reverse transcription was
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conducted using PrimeScript™ RT reagent kit with gDNA eraser
(TaKaRa, Japan) following the manufacturer's manual. QPCR was per-
formed on CFX connect Real-Time PCR system (Bio-Rad, USA) using the
TB Green™ Premix Ex Taq™ II (TaKaRa, Japan). Primers used are listed
in Table SI.

2.4. GST pull-down assay

The full length of TYLCV CP gene was cloned into pGEX-6p-1 for
fusion with GST tag, and the fragments of VAPB with transmembrane
region eliminated (VAPBATM) and the SCS2 domain of VAPB was
amplified and cloned into pMAL-c5x for fusion with MBP tag respec-
tively. Primers used here are listed in Table S1. Recombinant protein
was expressed in E. coli strain Rosetta and purified. The fusion protein
GST-TYLCV CP and GST (control) was then bound to glutathione
agarose beads (GE Healthcare, USA) for 2hat 4 °C and then washed.
MBP-VAPBATM, MBP-SCS2 and MBP (control) were purified and de-
salinated, and then they were incubated with the glutathione agarose
beads bounded with GST-TYLCV CP or GST for 4 h at 4 °C, respectively.
Next, the mixture was washed by 1 x PBS for 3-5 times, and then the
beads-bound proteins were eluted by boiling in PAGE buffer (FDbio,
China) for 10 min. Finally, the proteins were separated by SDS/PAGE
gel electrophoresis and detected by anti-MBP rabbit polyclonal antibody
(pAb) (Abcam, UK) and anti-GST mouse mAb (Cell Signaling Tech-
nology, USA) respectively.

2.5. Immunofluorescence detections of TYLCV and VAPB in whitefly
midguts

Immunofluorescence detections of proteins were performed as fol-
lows: briefly, midguts were obtained by dissection of female whiteflies
and fixed for 2 h with 4% paraformaldehyde in 1 x PBS. After washing
3 times in 1 X PBS, midguts were blocked and permeabilized using
0.4% Triton X-100 in 3% BSA for 2h, followed by incubation with
primary antibodies (overnight at 4 °C). The next day, after washing 3
times in 1 X PBS, midguts were incubated with secondary antibodies
for 1-2h at room temperature, and then washed 3 times in 1 X PBS.
Finally, midguts were mounted in fluoroshield mounting medium with
DAPI (Abcam, USA) and examined under LSM 780 (ZEISS, Germany).
Detection of whitefly VAPB was conducted with anti-VAPB mouse mAb
(Abcam, UK) and Alexa Fluor 549 conjugated goat anti-mouse sec-
ondary antibody (Earthox, China), and detection of TYLCV CP was
conducted with anti-TYLCV CP rabbit pAb (provided by Professor Jian-
Xiang Wu, Institute of Biotechnology, Zhejiang University) and goat
anti-rabbit secondary antibody conjugated with Alexa Fluor 647
(Invitrogen, USA) for co-localization analysis, or anti-TYLCV CP mouse
mADb and goat anti-mouse secondary antibody conjugated with Alexa
Fluor 549 (Earthox, China) for virus quantity analysis. The fluorescence
intensities and plot profile analysis of fluorescent gray value were
generated by ImageJ software.

2.6. Synthesis of dsSRNA and micro-injection

DsRNA synthesis was conducted using T7 high yield transcription
kit (Vazyme, China) following the manufacturer's instruction. Briefly,
template with T7 promoters at both ends was amplified using specific
primers for VAPB and GFP (control), and the purified PCR products
were used in the synthesis. Primers used for the synthesis of DNA
templates are listed in Table S1. DsRNA was purified and the quality
was determined by agarose gel electrophoresis. Micro-injection was
performed using FemtoJet (Eppendorf, USA), and on average 6 nL of
purified dsRNA (2 pug/uL) was injected into the thorax of each of the
adult whiteflies. Following micro-injection, whiteflies were allowed to
recover via feeding on cotton plants for two days, and then for virus
acquisition. To assess the levels of VAPB transcription and expression in
control and treated whiteflies, gQPCR and Western blot analysis were
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Table 1
BLAST search of NCBI database for candidate binding partners of TYLCV CP in
whitefly.

Accession Protein Name

XP_018905345.1 Vesicle-associated membrane protein-associated protein B-
like

PDZ and LIM domain protein Zasp-like isoform X5

Zinc finger with UFM1-specific peptidase domain protein-like
Cytochrome b5-like isoform X2

Charged multivesicular body protein 7

Protein D3-like

Probable cytochrome P450 6al3 isoform X1

XP_018897111.1
XP_018900655.1
XP_018902946.1
XP_018899115.1
XP_018905767.1
XP_018917964.1
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Fig. 2. Verification of interaction between VAPB and TYLCV CP in vitro. (A)
Schematic presentation of VAPB structure. (B) VAPB transcription levels in
whitefly midgut and carcass. Female whitefly adults that had emerged within
one week were used for dissection and analysis. Data are presented as
mean * SEM, n = 3 (Student's t-test, ***P < 0.001). (C) Split-ubiquitin yeast
two hybrid assay. 1: pDHB1-largeT + pOst-Ap53(positive control), 2: pDHB1-
CV-CP + pOst-NublI (positive control), 3: pDHB1-CV-CP + pPR3-N-VAPB, 4
pDHBI1-largeT + pPR3-N (negative control), 5: pDHB1-CV-CP + pPR3-N (ne-
gative control). Yeasts were plated on DDO and QDO, and clones were picked
out for beta-Gal assay. (D) The interaction between GST-TYLCV CP and MBP-
VAPBATM via GST pull-down analysis. (E) The interaction between GST-TYLCV
CP and MBP-SCS2 via GST pull-down analysis.

conducted as described in 2.3 and 2.9. Immunofluorescence described
in 2.5 was performed to determine the VAPB level in the midgut of
silenced whiteflies.

2.7. Virus acquisition and transmission by whiteflies

For VAPB level analysis following virus infection, whitefly adults
that had emerged within one week were collected and caged on the
same branch of a TYLCV-infected tomato plant for Oh, 24h, 48h or
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Fig. 3. Co-localization of TYLCV CP (green) and VAPB (red) in whitefly midgut cells. Female whiteflies that had fed on TYLCV-infected tomato plants for 48 h were
collected, and their midguts were dissected for immunofluorescence detection of VAPB and TYLCV CP. Whitefly VAPB was detected with anti-VAPB mouse mAb and
Alexa Fluor 549 conjugated secondary antibody (red), and TYLCV CP was detected with anti-TYLCV CP rabbit pAb and secondary antibody conjugated with Alexa

Fluor 647 (green). Nucleus was stained with DAPI (Alexa Fluor 405, blue).

96 h, respectively, to acquire virus, and an un-infected tomato plant
was used as control. Following dsRNA micro-injection and recovery,
control and treated whiteflies were respectively caged with two sym-
metrical leaves of a TYLCV-infected tomato plant for 24 h. For virus
transmission, whiteflies that had acquired virus for 24 h were collected
and allowed to feed on a true leaf of un-infected tomato seedlings (3—4
true leaf stage) for 48 h. Whiteflies were then removed, and plants were
sprayed with imidacloprid (50 mg/L) to kill the eggs. Thirty days later,
TYLCV infection in plants was examined by diagnostic PCR. For each
treatment, ten plants were used. Primers used for TYLCV detection are
listed in Table S1.

2.8. Analysis of quantity of virus in whitefly whole body and tissues

For analysis of quantity of virus in whitefly whole body, 10 females
were collected as the material of one replicate, and three replicates
were conducted. For midgut, 10 midguts of females were obtained by
dissection and collected as the material of one replicate and three re-
plicates were analyzed. For haemolymph, the abdomen of female
whiteflies were punctured individually in 10 uL 1 X PBS, and then the
midgut was removed, 8 pL of the mixture of haemolymph and PBS was
collected and subjected to DNA extraction using lysis buffer. For sali-
vary glands, a pair of salivary glands from individual female whiteflies
was dissected and collected. The number of samples analyzed for hae-
molymph and salivary glands were 31 and 26-29 respectively. The
details of DNA extraction by lysis buffer were the same as reported
previously (Pan et al., 2017). qPCR was conducted as described in
section 2.3. Primers used are listed in Table S1.

2.9. Western blot

To analyze the quantity of VAPB and TYLCV CP at protein level, 100
whiteflies were collected as a sample. Total protein was extracted by
RIPA (Beyotime, China) and subjected to Western blot analysis using
anti-VAPB mouse mAb, anti-TYLCV CP mouse mAb and anti-B-actin
mouse mAb (Earthox, China) depending on design of the experiment.
The concentration of total protein was monitored using BCA protein
assay (Thermo Scientific, USA), and equal amount of total protein was
loaded for each of the samples.
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2.10. Statistical analysis

Prior to analysis, all raw time data were calculated using the 22
method as normalized to whitefly S-actin. Comparison of the quantity of
virus in whitefly whole body and tissues, gene transcription levels of
VAPB and fluorescence intensities of CP or VAPB were performed using
Student's independent t-test. Difference was considered significant
when P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001).
Nonparametric Chi-square test was used to compare the transmission
efficiency of TYLCV by whiteflies. All the statistical analyses were
performed using SPSS 20.0 (SPSS Inc., USA).

3. Results

3.1. Identification of whitefly proteins that potentially interact with TYLCV
CpP

Fig. 1 shows the workflow of split-ubiquitin yeast two hybrid (Y2H)
system used to identify proteins in whitefly that potentially interact
with TYLCV CP. We constructed a whitefly ¢cDNA library with three
open read frames, the capacity of which was greater than 3.0 x 10° cfu.
The practical amplification base of this library was more than 1.5
million cfu and the inserted fragments of whitefly genes were 500-3000
bp in length, indicating the fine quality of the cDNA library we con-
structed (Fig. S1A). The expression of bait plasmid pDHB1-TYLCV CP in
yeast was verified by Western blot analysis (Fig. S1B). Co-transforma-
tion of the pDHB1-TYLCV CP and the prey plasmid pOst1-NublI (posi-
tive control) in yeast resulted in growth of yeast on all selective media,
whereas the co-transformation of pDHB1-TYLCV CP and prey plasmid
PPR3-N (negative control) did not grow on the TDO and QDO (Fig.
S1C), suggesting that the bait plasmid pDHB1-TYLCV CP was func-
tionally well expressed in the split-ubiquitin Y2H system. The trans-
formation efficiency in our assay was 1.584 x 10°. Totally, after
screening of whitefly cDNA library using this Y2H system, 19 positive
clones were isolated and 7 candidate whitefly proteins were identified
(Table 1).

3.2. Verification of the interaction between VAPB and TYLCV CP in vitro

Previous studies show that viruses in the whitefly midgut cells were
enclosed in vesicles (Uchibori et al., 2013; Xia et al., 2018). In the
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candidate proteins identified, we found a vesicle-associated protein
VAPB (XP_018905345.1) with a SCS2 domain (10-145aa) and a trans-
membrane region (226-245aa) (Fig. 2A), which was subjected to fur-
ther analysis due to its putative role in intracellular vesicle trafficking.
According to the MEAM1 whitefly midgut transcriptome database
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA407873/), VAPB is
well expressed in whitefly midgut. To further examine the VAPB level in
whitefly midgut, qPCR analysis was conducted. As shown in Fig. 2B,
when compared with whitefly carcass, whitefly midgut has a much
higher transcription of VAPB. Then, we examined the interaction be-
tween VAPB and TYLCV CP in Y2H and found a strong association
between them (Fig. 2C). Next, we performed GST-Pull down assay to
further verify the interaction between VAPB and TYLCV CP. To increase
the solubility of protein when expressed in prokaryotic cells, we
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Fig. 4. Effect of TYLCV infections on the transcription and expression of VAPB.
Analyses in A-D were conducted with whiteflies that fed consecutively on
TYLCV-infected and un-infected plants for 0 h, 24 h, 48 h and 96 h respectively.
Analyses in E-I were conducted with whiteflies that fed on TYLCV-infected and
un-infected plants for 24 h. (A) Quantity of virus in whitefly whole body. (B)
Level of VAPB transcription in whitefly whole body. (C-D) Western blot ana-
lysis of VAPB expression and TYLCV CP in the whole body of un-infected
whitefly (C) and TYLCV-infected whitefly (D). B-Actin was used as control. (E)
Quantity of virus in whitefly midgut. (F) Level of VAPB transcriptions in
whitefly midgut. (G) Immunofluorescence detection of VAPB and TYLCV levels
in whitefly midgut. Whitefly VAPB and TYLCV CP were detected with their
corresponding mouse mAb, respectively and Alexa Fluor 549 conjugated sec-
ondary antibody (red). Nucleus was stained with DAPI (Alexa Fluor 405, blue).
The midguts shown here were selected from representative images in Fig. S2.
(H-I) Fluorescence intensities of TYLCV CP (H) and VAPB (I) in whitefly
midgut. Representative images that were used to generate the data here are
provided in Fig. S2. For A-B and E-F, three replicates were analyzed for each
combination of whitefly status and time interval, and data are presented as
mean * SEM, n = 3; For H-I, six midguts were used for analysis, data are
presented as mean * SEM, n = 6 (Student's t-test, *P < 0.05, **P < 0.01,
**p < 0,001).

eliminated the transmembrane region of VAPB (VAPBATM), and then
the MBP-VAPBATM fusion protein or MBP-SCS2 domain were ex-
pressed in Escherichia coli strain Rosetta and purified. GST pull-down
analysis showed that the interaction between TYLCV CP and VAPB was
independent of the transmembrane region (Fig. 2D and E).

3.3. Co-localization of VAPB and TYLCV CP

The Y2H and GST pull-down analysis indicates interaction between
VAPB and TYLCV CP in vitro, and to further investigate whether TYLCV
CP had a co-localization with VAPB in vivo, immunofluorescence de-
tection of VAPB and TYLCV CP in whitefly midgut was performed.
VAPB and TYLCV CP were labeled with Alexa Fluor 549 (red) and Alexa
Fluor 647 (green) respectively, and the result showed a clear co-loca-
lization of VAPB and TYLCV CP within whitefly midgut cells (Fig. 3),
suggesting that VAPB and TYLCV CP may interact in vivo.

3.4. Transcription and expression of whitefly VAPB upon TYLCV
acquisition

To explore the patterns of VAPB transcription and expression in
whitefly upon virus acquisition, whiteflies were allowed to feed on
TYLCV-infected tomato for four different virus acquisition access per-
iods (AAP), then, the quantity of virus and level of VAPB transcriptions
and expressions in whitefly whole body were analyzed. Real-time PCR
data showed that the relative virus quantity in whiteflies increased with
the increase of acquisition access period (Fig. 4A). At the same time,
VAPB transcription in viruliferous whiteflies also increased with the
increase of acquisition access period and was significantly higher than
control at two time points (Fig. 4B). Analysis of protein level of VAPB
showed a similar pattern (Fig. 4C and D). Furthermore, to explore
whether or not the level of VAPB in whitefly midgut could be regulated
by virus infection, the midgut of whitefly females that have con-
secutively acquired virus for 24h were dissected and subjected to
analysis of VAPB transcription. As shown in Fig. 4E and F, following
virus acquisition, VAPB transcription in the midguts of viruliferous
whitefly showed a significant up-regulation. Further, fluorescent signals
of VAPB in the midguts of TYLCV-infected whiteflies were significantly
stronger than those in the midguts of non-viruliferous whiteflies
(Fig. 4G-I).

3.5. Effect of silencing VAPB on virus acquisition and transmission by
whitefly

We used RNA interference triggered by dsRNA to explore the role of
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Fig. 5. Level of VAPB, quantity of virus in whitefly and efficiency of TYLCV transmission by whiteflies receiving dsRNA treatment. (A) The relative gene transcription
level of VAPB in whitefly following dsRNA treatment. (B) Expression level of VAPB following dsRNA treatment. 3-Actin was used as control. (C) Detection of VAPB in
the midgut of dsGFP or dsVAPB-treated whiteflies. VAPB was detected with anti-VAPB mouse mAb and Alexa Fluor 549 conjugated goat anti-mouse secondary
antibody (red), nucleus was stained with DAPI (Alexa Fluor 405, blue). The midguts shown here were selected from representative images in Figure S3 (D)
Fluorescence intensities of VAPB in the midgut of control and treated whitefly. Representative images that were used to generate the data here are provided in Figure
S3. (E) Relative quantity of virus in whole body (WB), midgut (MG), haemolymph (HL) and salivary gland (SG) of whitefly. The virus levels presented here were
calculated using 22 as normalized to whitefly B-actin. (F) Efficiency of virus transmission by whiteflies that were given 48 h for TYLCV acquisition after dsVAPB
treatment. Three replicates were conducted for each of the treatments presented in (A), WB, MG in (E), six midguts were analyzed for D, and 26-31 samples were
analyzed for HL and SG in (E). Three replicates with each containing 10 test plants were conducted for F (Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001 for

A and D-E; Nonparametric Chi-square test for F, P = 0.325, 0.500 and 0.185 for replicate 1, 2, 3 respectively).

whitefly VAPB in virus acquisition and transmission. The silencing ef-
ficiency of VAPB was about 91%, showing the high validity of the
dsRNA micro-injection (Fig. 5A). Western blot was conducted to ex-
amine the decreased expression of VAPB in silenced whiteflies (Fig. 5B).
The levels of VAPB in control and treated whitefly midguts were ana-
lyzed by immunofluorescence, also suggesting a decreased VAPB level
in whitefly midgut following dsRNA micro-injection (Fig. 5C and D).
Interestingly, silencing of VAPB did not significant change the quantity
of virus in the whole body and midgut of whitefly, but resulted in
significant increases of virus titer in the haemolymph and salivary
glands (Fig. 5E). Silencing VAPB also increased the efficiency of TYLCV
transmission by whiteflies in each of the three independent experiments
(Fig. 5F).

4. Discussion

In whitefly, vesicle trafficking system in midgut cells has been
shown to play an important role in the transport of TYLCV across the
midgut basal membrane to haemolymph (Uchibori et al., 2013; Xia
et al.,, 2018). However, during virus intracellular vesicle trafficking,
whitefly proteins associated with this process remain largely unknown.
Herein, we used split-ubiquitin Y2H system to investigate the putative
binding partners of TYLCV CP in whitefly. A vesicle associated mem-
brane protein-associated protein (VAP), namely VAPB, was identified
and subjected to further study. Consistent with the MEAM1 whitefly
midgut transcriptome database (https://www.ncbi.nlm.nih.gov/
bioproject/PRINA407873/), our data show that VAPB is abundant in
whitefly midgut. GST-Pull down verified the interaction between VAPB
and TYLCV CP in vitro, and immunofluorescence assay demonstrated
their co-localizations in vivo. The level of VAPB following virus acqui-
sition was significantly up-regulated, while silencing VAPB led to in-
crease of the relative virus quantity in whitefly haemolymph and

salivary glands as well as virus transmission efficiency.

As regulators of soluble N-ethylmaleimide-sensitive fusion protein
attachment protein receptors, VAP porteins are involved in the in-
tracellular vesicle trafficking (Weir et al., 1998). Over-expression of
protein VAP-A prevented the export of insulin-dependent glucose
transporter 4 to the cell surface in L6 myoblasts (Nishimura et al., 1999;
Foster et al., 2000). The N-terminal protein p48 of Norwalk virus forms
a complex with VAP-A, and this complex disrupts the trafficking of
vesicular stomatitis virus G glycoprotein to the cell surface (Ettayebi
and Hardy, 2003). Weir et al. (1998), probably for the first time, de-
monstrated the involvement of VAP in mammalian vesicle fusion
during exocytosis. Skehel et al. (2000) described a role of VAP in the
function of mammalian neurons. A mutation in VAPB causes familial
amyotrophic lateral sclerosis type 8 (Nishimura et al., 1999), and the
involvement of human VAPB in Hepatitis C virus replication was re-
ported by Hamamoto et al. (2005).

In view of the general nature of VAP proteins described above and
the virus transport path of stylet-midgut-haemolymph-salivary gland in
whitefly (Ghanim et al., 2001; Brown and Czosnek, 2002; Hogenhout
et al., 2008; Rosen et al., 2015; Czosnek et al., 2017), as well as higher
virus levels in haemolymph and salivary gland of VAPB silenced
whiteflies, we proposed that whitefly VAPB may function in the vesicle
trafficking systems within whitefly midgut cells and prevents the vir-
ions from crossing the midgut escaping barrier in a yet unknown
fashion. Based on this inference, it is understandable that whitefly ex-
hibited better transmission capacity upon silencing VAPB. At the same
time, in our experiments, it is interesting that though a significant in-
crease of virus quantity in whitefly haemolymph and salivary glands,
the quantity of virus in whitefly whole body and midgut was not sig-
nificantly changed following whitefly VAPB being silenced. Considering
the path of virus movement in the whitefly body, one may expect that
an increase of virus in the haemolymph and salivary glands would
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likely lead to a decrease of virus in the midgut as more virus would be
expected to have crossed the midgut basal membrane. For this, we
propose that in this case a relatively small decease of virus in the
midgut would be unnoticeable because many more virions were present
in vector midgut upon virus acquisition, and the relative virus quantity
in the midgut was 10-30 times higher than that in the haemolymph and
salivary glands (Fig. 5B). This distribution of the virus is in line with
previous reports that after AAPs of 12-48 h, most viruses accumulate in
the vector digestive tract (Czosnek et al., 2017). Together, our findings
provide a new insight into the role of protein VAPB and may facilitate
future research on whitefly proteins in virus transmission.

In addition to VAPB, six candidate proteins, presumably involved in
various cellular processes, were identified in this study (Table 1). For
example, the PDZ and LIM domains are modular protein interaction
motifs associated with cytoskeleton and signal transduction
(Schmeichel and Beckerle, 1994; Tsunoda et al., 1997; Sadler et al.,
1992; Turner and Miller, 1994; Roof et al., 1997; Xia et al., 1997;
Hagmann et al., 1998), and zinc finger with UFM1-specific peptidase
domain protein is a deubiquitylating enzyme that may promote cellular
responses to genotoxic stress (Haahr et al., 2018). Exploration of the
roles of these proteins in the transmission of begomoviruses by white-
flies is likely to further advance our understanding of begomovirus-
whitefly interactions. In addition, for Y2H screening, transformation
efficiency should be in the range of 1.5 x 10° to 2.5 x 10° clones/ug
DNA. In our assay, the transformation efficiency was 1.584 x 10°, ap-
proaching the minimal of the range. In the future, attempts may be
made to raise the transformation efficiency so that more whitefly pro-
teins potentially interacting with virus CP can be discovered.
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