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Abstract: Begomoviruses cause substantial losses to agricultural production, especially in tropical and
subtropical regions, and are exclusively transmitted by members of the whitefly Bemisia tabaci species
complex. However, the molecular mechanisms underlying the transmission of begomoviruses by
their whitefly vector are not clear. In this study, we found that B. tabaci vesicle-associated membrane
protein 2 (BtVAMP?2) interacts with the coat protein (CP) of tomato yellow leaf curl virus (TYLCV),
an emergent begomovirus that seriously impacts tomato production globally. After infection with
TYLCV, the transcription of BtVAMP2 was increased. When the BtVAMP2 protein was blocked
by feeding with a specific BtVAMP2 antibody, the quantity of TYLCV in B. tabaci whole body was
significantly reduced. BtVAMP2 was found to be conserved among the B. tabaci species complex
and also interacts with the CP of Sri Lankan cassava mosaic virus (SLCMV). When feeding with
BtVAMP2 antibody, the acquisition quantity of SLCMV in whitefly whole body was also decreased
significantly. Overall, our results demonstrate that BtVAMP2 interacts with the CP of begomoviruses
and promotes their acquisition by whitefly.
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1. Introduction

Geminiviruses (Geminiviridae) are a group of plant viruses characterized by a genome
of circular single-stranded DNA encapsidated in twinned virions. These viruses are
distributed in tropical and subtropical regions and cause economically important diseases
to food and fiber crops worldwide [1-3]. The family Geminiviridae is classified into nine
genera of which the genus Begomovirus is the largest, including 424 species to date [4,5].
Two begomoviruses are listed in the top 10 plant viruses of scientific/economic importance
globally, namely, tomato yellow leaf curl virus (TYLCV) and African cassava mosaic virus
(ACMV) [6]. TYLCV has quickly spread from the Middle East to the rest of the world
from the early 1960s with devastating economic losses to tomato production [7]. Cassava
(Manihot esculenta Crantz, Euphorbiaceae) is a staple food of nearly a billion people in
105 countries [8]. Cassava mosaic disease (CMD) is the main biotic and economically
important constraint on cassava cultivation. ACMV and a further nine cassava mosaic
begomoviruses (CMBs) in Africa, as well as Indian cassava mosaic virus ICMV) and Sri
Lankan cassava mosaic virus (SLCMV) in Asia, are the causal agents of CMD [3,9]. In
the past few years, similar to the invasive spread of TYLCV, SLCMYV has rapidly invaded
Cambodia, Vietnam, and China, causing great losses to the cassava industry [10-12].

Begomoviruses are exclusively transmitted by the whitefly Bemisia tabaci (Gennadius)
in a persistent circulative manner. Once acquired orally by whiteflies, begomoviruses
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follow the sequential path of stylet-midgut-haemolymph before entering the salivary
glands; finally, viruses are delivered into plants with the secretion of saliva during the
next feeding [13,14]. It is worth noting that B. tabaci is a species complex containing at
least 44 cryptic species with distinct genetic structure and biological traits but indistin-
guishable external morphology [15,16]. Different cryptic species of whitefly have different
transmission efficiencies of a given begomovirus, and different viruses may be transmitted
with contrasting efficiencies by a given whitefly species [17]. Among these, the invasive
Middle East-Asia Minor 1 (MEAML1) efficiently transmits TYLCV but not SLCMV [18-20].
In contrast, an indigenous B. tabaci species Asia II 1 efficiently transmits SLCMV and poses
a potential threat to cassava production in many regions [20].

The successful transmission of begomoviruses by B. tabaci depends on the interaction
of proteins between the virus and the whitefly vector. Recently, several proteins of B. tabaci
have been identified that affect the acquisition and transmission of begomoviruses [21].
The heat shock protein 70 (HSP70) and vesicle-associated membrane protein-associated
protein B (VAPB) negatively regulate the acquisition and transmission of viruses [22,23],
while midgut protein (MGP), cyclophilin B (CyPB), and collagen proteins play a positive
role [24-26]. Previous studies have shown that begomoviruses are delivered into the midgut
cells of B. tabaci via clathrin-mediated endocytosis where they are encapsulated in vesicle
structures [27-29]. Subsequently, Zhao et al. [30] found that cubilin (CUBN) and amnionless
(AMN) form the endocytosis receptor complex BtCubam in the B. tabaci midgut. TYLCV CP
could bind to BtCubam through the interaction with a specific structure domain of BtCUBN,
to facilitate the transport across the midgut barrier via clathrin-mediated endocytosis.
However, although vesicle structure is important for virus acquisition and transmission,
no vesicle protein has been reported to date that takes part in begomovirus transmission.

The coat protein (CP) of a begomovirus is the only protein that is known to be involved
in its transmission by vector(s) in the B. tabaci complex [31-34]. In this study, we used
co-immunoprecipitation (Co-IP) followed by LC-MS/MS analysis to identify the whitefly
interactors of TYLCV CP, and selected one protein, namely, vesicle-associated membrane
protein 2 (VAMP?2) for further analysis, as it is involved in vesicle-mediated transport
pathways [35,36]. Using biological and molecular assays, including Co-IP, glutathione
S-transferase (GST)-pull down, gene expression analysis, and virus acquisition and trans-
mission, we found that BtVAMP?2 interacts with the CP of begomoviruses including TYLCV
and SLCMYV, and supports virus acquisition. Our findings provide new insights for further
understanding the interaction mechanisms between B. tabaci and begomoviruses.

2. Materials and Methods
2.1. Plants, Insects, and Viruses

The plants used were cotton (Gossypium hirsutum L. cv. Zhemian 1793), tobacco (Nico-
tiana tabacum L. cv. NC89), and tomato (Solanum lycopersicon L. cv. Hezuo903). All plants
were planted in a greenhouse under natural lighting and maintained under controlled
conditions of 25 £ 3 °C, 14 h light/10 h darkness.

Whitefly B. tabaci MEAM1 (mtCOI GenBank accession number: GQ332577) and Asia
II'1 (mtCOI GenBank accession number: DQ309077) were cultured in cages in an artificial
climate chamber on cotton at 26 = 1 °C, 60% relative humidity, and a cycle of 14 h light/10
h darkness. The purity of the whitefly population was analyzed by mtCOI PCR-RFLP and
sequencing according to Qin et al. [37].

An infectious clone of TYLCV-SH2 (GenBank accession: AM282874) was provided by
the Institute of Biotechnology of Zhejiang University, and the construction method of infec-
tious clones of SLCMYV (GenBank accession: KT861468 for DNA-A and KT861469 for DNA-
B) was as previously reported [20]. TYLCV or SLCMYV infectious clones were inoculated to
2-3 true leaf stage tomato seedlings or 4-5 true leaf stage tobacco plants, respectively, to ob-
tain infected plants. About 4 weeks later, DNA extraction was performed using the Plant Ge-
nomic DNA Kit (Tiangen, Beijing, China), and then virus infections were detected in plants
by PCR using primers TYLCV-PCR-F (5-GTCGAAGCGACCAGGCGATA-3'), TYLCV-
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PCR-R (5-GGTTCTCATACTTGGCTGCCTCC-3'), SLCMV-PCR-F (5'-CAGCAGTCGTGCT
GCTGTC-3'), and SLCMV-PCR-R (5-TGCTCGCATACTGACCACCA-3').

2.2. Co-Immunoprecipitation (Co-IP) Analysis

After a 7 d acquisition on virus-infected plants, the proteins of B. tabaci were extracted
using cytoplasmic extraction buffer (Invent, Beijing, China). Then, anti-TYLCV CP mouse
monoclonal antibody (mAb) (kindly provided by Professor Wu Jianxiang, Institute of
Biotechnology, Zhejiang University) was added into the cytoplasmic proteins at a 1:100
(v/v) dilution and incubated overnight at 4 °C. Controls included were pre-immune serum
(Beyotime, Shanghai, China) or proteins of uninfected whiteflies. Protein G-Sepharose
beads (GE Healthcare, Boston, MA, USA) were subsequently added and the mixture
incubated at 4 °C for 4 h. The beads were then washed five times with 1x PBS. To elute co-
immunoprecipitated proteins, beads were boiled in SDS-PAGE buffer (FDBIO, Hangzhou,
China) for 10 min. Finally, the proteins were subjected to SDS-PAGE electrophoresis
and the resulting proteins then processed by LC-MS/MS, or by Western blot with anti-
BtVAMP?2 rabbit polyclonal antibody (pAb), which was produced by GenScript (Nanjing,
China) using synthetic peptides (DSGANLSTGEDGIVG) conjugated to keyhole limpet
hemocyanin as antigens. Specificity of the generated anti-BtVAMP2 antibody was tested
by Western blot and shown in Supplementary Figure S1.

2.3. LC-MS/MS Analysis

After Co-IP, Coomassie blue staining, and decoloring procedures, the protein gels
were cut down and an LC-MS/MS assay was performed as described previously [30,38].
Finally, the captured peptides were annotated according to the MEAM!1 protein sequence
information (http:/ /www.whiteflygenomics.org, accessed on 20 January 2020).

2.4. GST Pull-Down Assay

TYLCV CP and SLCMV CP genes were cloned into pGEX-6p-1 for fusion with
glutathione S-transferase (GST), respectively, with primers TYLCV CP-pGEX-6p-1-F (5'-
CGCGGATCCATGTCGAAGCGACCAGG-3'), TYLCV CP-pGEX-6p-1-R (5-CCGGAATT
CTTAATTTGATATTGAATCATA-3"), SLCMV CP-pGEX-6p-1-F (5'-CGCGGATCCATGTCG
AAGCGACCAGCAGA-3'), and SLCMV CP-pGEX-6p-1-R (5'-CCGGAATTCTTAATTGCTG
ACCGAATCGT-3'). The recombinant prokaryotic expression vector or no load (negative
control) were transferred into E. coli strain BL21 for expression. The expressed proteins
were combined with glutathione agarose beads (GE Healthcare, Boston, MA, USA) at
4 °C for 2 h. The beads were then washed five times with 1xPBS in 6 mL affinity chro-
matography columns (Sangon, Shanghai, China). Then, the GST or GST-CP proteins were
analyzed by SDS-PAGE electrophoresis and Coomassie blue staining assay after boiling in
SDS-PAGE buffer for 10 min. After that, the cytoplasmic proteins of whitefly were added
to the beads-bound GST or GST-CP proteins as prey proteins at 4 °C for 4 h. Next, these
mixtures were centrifuged and washed with 1xPBS five times, and then the beads-bound
proteins were eluted by boiling in SDS-PAGE buffer for 10 min. Finally, the proteins were
separated by SDS-PAGE electrophoresis and detected by anti-BtVAMP2 antibody.

2.5. Virus Quantity and Gene Transcription Analysis

B. tabaci were fed on virus-infected plants (or uninfected plants as a negative con-
trol) for 0, 24, 48, and 96 h. At each time point, ten females were collected for DNA
extraction following the methods of Pan et al. [28] to quantity the virus in B. tabaci by
quantitative real-time PCR (qPCR). The primers used for TYLCV and SLCMV quantifi-
cation were TYLCV-qPCR-F (5'-GAAGCGACCAGGCGATATAA-3'), TYLCV-qPCR-R (5'-
GGAACATCAGGGCTTCGATA-3'), SLCMV-qPCR-F (5'-ACGCCAGGTCTGAGGCTGTA-
3’), and SLCMV-qPCR-R (5-GTTCAACAGGCCGTGGGACA-3'). Additionally, at each
time point, thirty whiteflies were collected for extraction of total RNA using TRIzol (Am-
bion, Waltham, MA, USA), and EVO-M-MLYV reverse transcription kit II (Accurate Biology,
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Changsha, China) for cDNA synthesis. Finally, JPCR was used to analyze the BtVAMP2
transcription using primers VAMP2-qPCR-F (5-TGCTTAGCATTGGGAGTTGC-3') and
VAMP2-qPCR-R (5'-GTCTGGTGCTGCCATTCTTT-3'). For each analysis, 34 replicates
were conducted. All gPCR detections were performed using SYBR Green Premix Pro
Taq HS qPCR Kit (Accurate Biology, Changsha, China) and the CFX96 Real-time PCR
Detection System (Bio-Rad, Hercules, CA, USA). B-actin of B. tabaci (3-actin-qPCR-F 5/-
TCTTCCAGCCATCCTTCTTG-3' and p-actin-qPCR-R 5'-CGGTGATTTCCTTCTGCATT-3')
was used as the reference gene for transcript and virus quantification.

2.6. Membrane Feeding of Antibody

The whitefly adults were collected and released into glass tubes of which one end was
covered with a double layer of parafilm filled with antibody and the other end with a layer
of gauze [28]. BtVAMP2 antibody (0.713 mg/mL) was added into 15% sucrose at a 1:50
(v/v) dilution. At the same time, rabbit pre-immune serum (diluted to 0.713 mg/mL) was
added into 15% sucrose as a negative control. Whiteflies were left to feed on the antibody
and control solutions for 24 h.

2.7. Quantification of Virus in Whitefly after Feeding Antibody

After feeding antibody or pre-immune serum for 24 h, B. tabaci were transferred to
infected plants for virus acquisition. After 48 or 96 h, 10 females were collected per sample
for DNA extraction and virus quantification as described above.

2.8. Virus Transmission

After 24 h antibody feeding and 48 h TYLCV acquisition, 4 (female/male = 1:1)
MEAM1 adults were transferred in a clip-cage [39] onto a 2-3 true-leaf stage tomato
seedling to feed for 48 h. For transmission of SLCMYV, after a 96 h acquisition period,
10 females of Asia II 1 were collected and placed on a 4-5 true-leaf stage tobacco seedling
for 96 h. After removing the adult whiteflies, the plants were sprayed with a 500x diluted
solution of 20% acetamiprid to kill the eggs. After four weeks, the status of plant infection
was determined by PCR detection of viral DNAs, as described above. Each treatment was
repeated three times, and each replicate consisted of 7-8 plants.

2.9. Statistical Analysis

All gPCR data were calculated using 2 as normalized to whitefly S-actin. For
comparing the effect of feeding anti-BtVAMP?2 antibody on virus acquisition, the quantity
of virus in the whole body of whiteflies feeding with pre-immune serum was set to 1. Sta-
tistical analyses were conducted using IBM SPSS Statistics 20 software (IBM, Armonk, NY,
USA), and all data were analyzed by independent ¢-test (statistically significant differences
are indicated as: * p < 0.05, ** p < 0.01, and *** p < 0.001). For the comparison of transmission
efficiency, percentage data were arcsine square root transformed for statistical analysis, and
the data presented in the figure are raw data.

—ACT

3. Results
3.1. Interactions between TYLCV CP and BtVAMP2

Previous studies have shown that, during transportation in their vectors, bego-
moviruses were enclosed in vesicles [28,30]. To identify the putative proteins that bind to
the TYLCV CP in the MEAM1 whitefly, we conducted Co-IP (Supplementary Figure S2)
coupled with LC-MS/MS assay, and the proteins were listed in Supplementary Table S1.
Among the candidate proteins identified, vesicle-associated membrane protein 2 (BtVAMP2,
NCBI accession number: XP_018904064.1) was subjected to further analysis as it is anno-
tated to the vesicle-mediated transport pathway (GO:0016192) by gene ontology analysis.
However, it is hard to identify the band of BtVAMP2 in the gel picture (Supplementary
Figure S2) after Co-IP analysis via Coomassie blue staining. As the BtVAMP2 on the gel
picture should be close to 16 kDa, it is difficult to visualize in this gel picture. BtVAMP2



Cells 2021, 10, 1700

50f11

contains a coiled coil domain (58-88 aa), a transmembrane region (90-112 aa), and the
peptides of BtVAMP2 captured by Co-IP coupled with LC-MS/MS were located in the
68-84 aa region (Figure 1).

ATCGGCAGCACCAGACAGTGGGGCCAACTTGAGCACCGGAGRAGATGGCATCCTCGGAGGACCTAGH
M A A PD S GANUILSTGEUDGTIV G G P R

=

67 ACACCACAGCAAATCGCAGCTCAARAGAGGTTACAACAGACGCAGGCCCAACTTGATGAGGTCGTT

22T P Q Q I A A Q K R L Q Q@ T Q@ A Q VD E V V

133 CGATATTATGAAARACTAATGTTGARARAAGTACTTGAAAGAGATCAGARACTATCTGAATTAGATGAC

42 D I M K T N V E K V L E R D QQ KL S E L D D
coiled-coil domain

199 AGAGCAGACGCTCTTCAACAGGGETCCATCACAGTTCCAACAGCAAGCACGGARATTARAGAGGALA

67 R A D A L O O G A 5 O F E O O A G Fl E R K

peptides captured by LC-MS/MS analysis
265 TTCTGGCTTCAGAACTTAARAAATGATGATCATAATGGCGACTTATAGGTCTTGCCATTTTGGCTGTC
839 F W L © N L K 6 L. AT L A V
transmembrane domain

331 CGTCGTCRAATAAATTCATGCCGGACAAACAGGCGCAAGGACAACCACCGETGATGTACCTGCARGGA

111 V. V N K F M P D K Q A Q G Q P PV M Y V Q G

397 CCCCCGCCGCAAGCGCCTCCACAACCCGCGCCGGf*GGCCGCAGCTCRCACCAACTAA

133 P P P Q A P P Q P A P GA AU AU HTN

Figure 1. The deduced amino acid sequence of MEAM1 VAMP2. The underlined blue amino acids
indicate a coiled coil domain; the underlined red amino acids indicate a transmembrane domain. The
yellow boxed sequence represents the peptides captured by Co-IP coupled with LC-MS/MS assays.

Next, we conducted Co-IP, GST pull-down assays to examine further the interaction
between BtVAMP?2 and TYLCV CP. Co-IP assay showed BtVAMP?2 interacted with TYLCV
CP in vivo (Figure 2A), and GST pull-down assay showed that BtVAMP2 could be pulled
down by GST-TYLCV CP (Figure 2B).

A
Input | Protein extract + + +
p | Anti-TYLCVCP - -+
Mouse IgG - + -
Western blot | BtVAMP2 [——
B
Input | Protein extract + + +
Pull-down | S5T -t -
GST-TYLCVCP — - +
Western blot | BtVAMP2 IZI
GST-TYLCV CP
Coomassie blue
staining
GST _

Figure 2. Interaction analysis between BtVAMP2 of MEAM1 whitefly and TYLCV CP. (A) Co-IP
assay. Cytoplasmic proteins of MEAM1 were extracted following a 7 d virus acquisition and then the
proteins were incubated with either anti-TYLCV CP mouse mAb and protein G-Sepharose beads or
mouse IgG and protein G-Sepharose beads as a negative control. After Co-IP, anti-BtVAMP2 rabbit
pAb was used to detect BtVAMP2 by Western blot. (B) GST pull-down analysis. GST-TYLCV CP
or GST proteins were expressed and combined with the glutathione Sepharose beads, before being
added to the native cytoplasmic protein of MEAM1. Finally, anti-BtVAMP2 rabbit pAb was used to
detect whether the BtVAMP2 was pulled down.

3.2. Transcription of BEVAMP2 upon TYLCV Infections

To explore whether the transcription of BtVAMP2 was affected by TYLCV infection,
the quantity of virus and the transcription level of BtVAMP?2 in the whole body were
detected by qPCR. According to the results, with the increase of TYLCV quantity in
whiteflies (Figure 3A), the transcription of BtVAMP2 also gradually increased; BtVAMP2
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transcription levels were significantly higher statistically in TYLCV-viruliferous than non-
viruliferous whiteflies at 48 and 96 h (Figure 3B).

A B

30 7 —= Viruliferous ok
—=— Non-viruliferous

-= Viruliferous e
—e— Non-viruliferous
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N o w O
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Relative quantity of
TYLCV in whole body
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VAMPZ2 in whole body
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Oh 24h 48h 96h Oh 24h 48h 96h

Figure 3. Effect of TYLCV-infections on the transcription of BtVAMP2. (A) Relative quantity of
TYLCV in whitefly after different acquisition periods. (B) Relative transcription level of BtVAMP2
at different acquisition periods in MEAM1 whiteflies fed on TYLCV-infected or uninfected plants
(independent t-test, n = 4, * p < 0.05, ** p < 0.01).

3.3. Effect of Interfering BtVAMP2 on Virus Acquisition and Transmission

In order to confirm whether anti-BtVAMP2 antibody could suppress the binding of
TYLCV CP to BtVAMP2, MEAM1 whiteflies were allowed to feed on a diet supplemented
with BtVAMP2 antibody. The binding of TYLCV CP to BtVAMP2 was weakened as
shown by GST-pull down detection after 24 h feeding (Figure 4A). After feeding on the
BtVAMP2 antibody and infected plants, the quantity of virus in the whitefly whole body
was significantly decreased, indicating the binding between the virus and BtVAMP2 was
conducive to the acquisition of the virus (Figure 4B); however, the transmission efficiency
showed no difference (Figure 4C).

A
Inout |Pre-immune serum + — + - + -
PUl | Anti-BtVAMP2 -+ - + - 4
GST - - + 4+ - =
Pull-down | GST-TYLCV CP - - - - + +
Western blot | BtVAMP2 |- - i S8
. GST-TYLCV CP ———
Coomassie blue
staining
GST — ——
B C
1.51 1001 ——
3 c SR [ —
9 o ==
- =
z . g
58101 == § §
2o c O 0
c o += 250 4
g¢ 3=
2° 1] §°
5 5
& 0.0 T T - T T
0 P2 o™ NP2
e s oA e 5¢ - gN
P(e—'\mﬂ“’“ N\k\—B\ P‘e—'\ﬂ\m\,\“ N\k\—B\

Figure 4. Analyses of the virus quantity in whitefly and the transmission efficiency of TYLCV
by whiteflies after feeding with anti-BtVAMP2 pAb. (A) GST pull-down analysis shows that the
interaction between TYLCV CP and BtVAMP2 was reduced after feeding with anti-BtVAMP2 pAb.
(B) The TYLCV quantity was detected by qPCR after a 24 h antibody feeding and 48 h virus acquisition
(n = 3). (C) Four whiteflies (female/male = 1:1) were collected and their virus transmission ability
was measured (independent t-test for (B,C), n = 3, * p < 0.05).
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3.4. Verification of Interaction between BtVAMP2 and SLCMV CP

Next, we compared the amino acid sequences of BtVAMP?2 in Asia II 1 VAMP2 and
MEAML. The two sequences from different B. fabaci species have a pairwise similarity of
96% (Supplementary Figure S3). We thus examined whether the function of BtVAMP2 in
virus acquisition as demonstrated in MEAM1 was conserved in Asia II 1. According to a
previous study, Asia II 1 whitefly could effectively transmit SLCMV [20]. We performed
Co-IP and GST pull-down assays to examine the interaction between BtVAMP2 of Asia I 1
and SLCMV CP. Our results showed that the two proteins also interacted with each other
(Figure 5A,B).

A

Input | Protein extract + + +

P Anti-TYLCVCP - — 4+
Mouse 1gG - + -
Western blot | BtVAMP2 - —_—

Input | Protein extract + 4+ +
Pull- GST - 4+ -
uldown| Gstsiemver — 4
Western blot | BtVAMP2 - p—
GST-SLCMV CP —
Coomassie blue
staining
GST po—

Figure 5. Interaction analysis between Asia II 1 BtVAMP2 and SLCMV CP. (A) Co-IP analysis. The
cytoplasmic proteins of Asia II 1 whitefly fed on SLCMV-infected plants for 7 d were extracted
and incubated with either anti-TYLCV CP mAb and protein G-Sepharose beads, or mouse IgG and
protein G-Sepharose beads as a negative control. After Co-IP, anti-BtVAMP2 rabbit pAb was used to
detect BtVAMP2 by Western blot. (B) GST pull-down analysis. GST-SLCMV CP or GST was used
as bait protein, and the native cytoplasmic proteins of Asia II 1 whitefly were used as prey protein.
Anti-BtVAMP?2 rabbit pAb was used to detect whether BtVAMP2 protein was pulled down.

3.5. Transcription Level of BtVAMP?2 after SLCMV Infection

We detected the quantity of virus and the transcription of BtVAMP?2 in the whole
body of Asia Il 1 whiteflies after feeding on SLCMV-infected plants. The results showed
that the relative quantity of SLCMV was significantly increased after 48 h acquisition
(Figure 6A), and the expression of BtVAMP2 was higher than the one of non-viruliferous
whitefly (Figure 6B).

3.6. Effects of Interfering Asia II 1 BtVAMP2 Protein on Virus Acquisition and Transmission

After feeding BtVAMP2 antibody for 24 h, the binding of SLCMV CP to BtVAMP2
was weakened as detected by GST-pull down analysis (Figure 7A). The quantity of virus
in the whitefly whole body was significantly decreased after interfering with the binding
of BtVAMP2 (Figure 7B), but the transmission efficiency showed no significant difference
(Figure 7C). These results indicate that the role of BtVAMP?2 for virus acquisition appears
conserved in different whitefly-begomovirus combinations.
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Figure 6. Effect of SLCMYV infection on the transcription of BtVAMP2. Analyses were conducted with
Asia I 1 that fed consecutively either on SLCMV-infected or uninfected plants. (A) Relative quantity
of SLCMV in whitefly whole body. (B) Relative transcription of BtVAMP?2 in whitefly whole body
(independent t-test for A and B, n =34, * p < 0.05, * p < 0.01).

A

Input Pre-immune serum + - + — + -—
PUL T Anti-BtVAMP2 -+ -+ - %
Pull-down | S5T - -+t + = =
GST-SLCMV CP - - - - ¥ o+
Western blot | BtVAMP2 - - _
GST-SLCMV CP — —
Coomassie blue
staining
GST — e—
B C
> 1.5- S 80 -
= '%
9 g3
0 > *kK <50 -
w O wn >
3ol 2" T
=9 %9 40 J_
o -
5§ g2
g =% g © T
= o 20 A 1
5 &
O]
oo (N P2 ‘ cum MP2
ese™ . atvAN eseM™ AN
P‘e-'\mm\l“ P‘““ B P\’e’.\ mm\)\" A fh %)

Figure 7. Analyses of the relative quantity of SLCMYV in whitefly and the transmission efficiency of
SLCMYV by whiteflies after antibody treatment. (A) GST pull-down analysis shows that the interaction
between SLCMV CP and BtVAMP2 was reduced after anti-VAMP2 rabbit pAb-feeding treatment.
(B) After 24 h antibody feeding and 96 h virus acquisition, SLCMYV level in Asia II 1 whole body
was analyzed by qPCR. (C) Ten female whiteflies were collected and used for virus transmission
(independent t-test for (B,C), n = 3, *** p < 0.01).

4. Discussion

Previous studies have shown that the transport of begomoviruses in the whitefly
vector is associated with vesicle trafficking systems, and up to now only VAPB, a vesicle
membrane associated protein, has been interpreted as having an inhibiting function on
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virus transmission [23,27-29]. In this study, we demonstrated that protein BtVAMP2,
which is an integral component of membranes and predicted to participate in vesicle-
mediated transport pathways, could bind to the TYLCV CP (Figure 2A,B). Furthermore,
the transcription level of BtVAMP2 was significantly up-regulated after acquiring the
TYLCV virus (Figure 3B), while the quantity of TYLCV in the insect body decreased when
binding with BtVAMP2 was blocked by an antibody (Figure 4A,B). These results indicate
BtVAMP?2 interacts with TYLCV and plays a positive role in virus acquisition. A possible
reason for the lack of significant effect on virus transmission (Figure 4C) is that other
proteins may play a redundant role with BtVAMP?2 in the intracellular transport, therefore
interfering with BtVAMP2 alone is not enough to induce a change in transmission efficiency.

Our study showed that Asia II 1 VAMP2 exhibits affinity to SLCMV CP, and its
transcription level increased after SLCMYV infection (Figure 5and Figure 6). When BtVAMP2
was blocked by a specific antibody, the quantity of virus acquired by Asia II 1 decreased
but the virus transmission remained unchanged (Figure 7). These results suggest that the
function of BtVAMP?2 in different B. tabaci cryptic species is conserved for virus acquisition.
In recent years, the geographical distribution of SLCMYV has been expanding making it a
serious threat to cassava cultivation in parts of Asian countries [10-12]; however, there are
few studies on SLCMV-whitefly interaction. Our study is the first to reveal a transport
mechanism of SLCMYV in its vector at the whitefly protein level.

SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein recep-
tor) proteins play an indispensable role in the final membrane fusion steps in eukaryotic
membrane traffic and autophagy [35,36,40-42]. The proposed hypothesis suggests that
v-SNARES (on the vesicles) interact with t-SNAREs (on the target compartment) to form a
SNARE complex for membrane fusion. VAMP2 is a v-SNARE protein which with two other
t-SNARE proteins, syntaxin 1 and synaptosomal-associated protein 25 kDa (SNAP25), take
part in the assembly of a SNARE complex [35,36]. However, it has not been reported that
VAMP?2 plays a role in virus trafficking in insect vectors to date. In this study, we found
that BtVAMP2 positively regulates the quantity of virus in the whitefly body. Previous
studies showed BtCubam, a receptor complex, uptakes the virions in the whitefly midgut
with the assistance of clathrin-dependent endocytosis [30], and after being delivered into
epithelial cells, the virions were wrapped in the vesicle structures and then transferred
into the early endosome [29]. We propose that BtVAMP2 might take part in the process of
membrane fusion from vesicle to early endosomes to promote the transport of the virus.
BtVAMP?2 could bind to the virions which were wrapped in the vesicle structures, and
then release them into the early endosomes through binding to the t-SNARE proteins on
the target membrane. However, the hypothesis remains to be verified, as do the t-SNARE
proteins that cooperate with BtVAMP2 on the early endosomes to participate in the intra-
cellular transport of the virus. Transcriptome analysis showed that in whiteflies infected
with begomovirus, the differentially expressed genes include those involved in cell cycle,
DNA repair, immune responses, and cargo transport [43-45]. As a protein on the vesicle
membrane that takes part in the transport pathway, BtVAMP? is induced during viral
infection (Figure 3and Figure 6), which could help facilitate viral transport and the virus
to cross the membrane barrier. However, the specific mechanism of how virus infection
induces the up-regulation of BtVAMP? is still unclear. Whether there are cis elements as
well as trans factors that regulate BtVAMP?2 is worthy of further investigation.

To summarize, we have identified an interaction of VAMP2 with the CP of bego-
moviruses that promotes their acquisition by whitefly. Thus, our findings present a new
role of the protein VAMP2 and may facilitate further studies of the numerous other whitefly—
begomovirus interactions that lead to devastating crop yield losses globally.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/cells10071700/s1, Figure S1: Analysis of anti-BtVAMP?2 antibody; Figure S2: The candidate
proteins of MEAM1 whitefly that bind to TYLCV CP by Co-IP analysis via Coomassie blue staining;
Figure S3: Comparison of BtVAMP2 amino acid sequences of MEAM1 and Asia II 1; Table S1: The
candidate proteins of MEAM1 whitefly identified by Co-IP and LC-MS/MS analysis.
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