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ABSTRACT

Whiteflies not only damage plants through feeding but also serve as vectors
transmitting plant viruses. Whitefly-transmitted begomoviruses threaten a wide range of
crops worldwide. Tomato yellow leaf curl Thailand virus (TYLCTHV) and Tomato leaf
curl Taiwan virus (ToOLCTWYV) are two most prevalent viruses in tomato fields in
Taiwan. Coat protein (CP), the only structural protein of begomoviruses, is
hypothesized to interact with a putative receptor in the midgut of Bemisia tabaci. In vivo
binding assay demonstrated recombinant TYLCTHV CP specifically bound to the
midgut cells of B. tabaci. The objective of this study was to determine if preacquisition
of TYLCTHV CP competes the putative receptor in the midgut of B. tabaci hence
suppresses the acquisition and vector transmission of TYLCTHV. Preacquisition of
recombinant TYLCTHV CP decreased the accumulation level of TYLCTHV in the
midgut cells of B. tabaci but did not reduce the acquisition of TYLCTHV in B. tabaci.
Further, preacquisition of recombinant TYLCTHV CP suppressed the whitefly
transmission of TYLCTHV. Similar experiments were conducted to investigate if
preacquisition of TYLCTHV CP (homologous to ToLCTWV CP) would reduce virus
accumulation and acquisition in B. tabaci, and the whitefly transmission of TOLCTWV.
The results demonstrated that preacquisition of recombinant TYLCTHV CP did not
influence the accumulation and acquisition of TOLCTWYV in B. tabaci and did neither
reduce the whitefly transmission of ToLCTWV. In conclusion, TYLCTHV CP
functioned as an attachment protein and preacquisition of TYLCTHV CP reduced the
whitefly transmission of TYLCTHYV. The failure that using TYLCTHYV CP to inhibit the
whitefly transmission of TOLCTWYV suggested that the interaction between TYLCTHV

CP and the putative receptor in the midgut of B. tabaci is specific. Understanding the



CP-midgut interaction would unveil the mechanism of whitefly transmission of

begomoviruses and warrant further study to develop strategies for disease control.

Key words: begomoviruses, Bemisia tabaci, recombinant viral protein, vector

transmission, immunofluorescence assay



CONTENTS

= SO UURRTRRIR - {1 I
B2 BB B o iii
ABSTRACT ettt ettt et et et b e e nte e b re e nne e v
CONTENTS ettt ettt et e st e e e e be e st e et e e e nneenae e e Vi
LIST OF FIGURES ... oot viil
Chapter 1 INErOQUCTION ......cviiiiiiiiiii e 1
Chapter 2 Materials and Methods ...........ccooeriiiiiniiiiee e 4
2.1 INSeCts, VIruses, and PIaNntS .......ccocvoeiiereiie e e 4
2.2 Construction of expression plasmids of viral proteins ............c.ccocvvviiienenn 4
2.3 Expression and purification of recombinant proteins..........cccccoeevveveieennenn. 5
2.4 SDS-PAGE...... s 6
2.5  INVIVO DINAING BSSAY ....cvviuviiiieiiisiieiieee e 6
2.6 Competition for the virus binding site in MIAQUES..........cccooereniiiniiiciee 7
2.7  Inhibition of TYLCTHV aCQUISITION .....cveiiiiiiiiiiiiieeeiee s 8
2.8  Inhibition of TYLCTHV tranSmiSSION .........cccccoveririinieiinienese s 9
2.9  Inhibition of TOLCTWYV acquisition and transmission ...........c.ccocevevvrvenenn. 9
210 SEALISTICS ....veveeiiteitieieei ettt bbb 11
Chapter 3 RESUITS ..ot 12
3.1  Expression and purification of recombinant proteins..........ccccccoevvevevveennne. 12
3.2 TYLCTHYV CP bound to the midgut cells of B. tabaci............c.cc.cceevvvennnnn. 12

3.3  TYLCTHV CP competed with TYLCTHYV for the midgut binding site in B.

3.4 Influence of TYLCTHV CP on the acquisition of TYLCTHYV by B. tabacil4

Vi



3.5 Influence of TYLCTHYV CP on whitefly transmission of TYLCTHV ......... 14

3.6  TYLCTHV CP did not compete with ToLCTWYV for the midgut binding site

IN B tADACT. ... e 15

3.7 Influence of TYLCTHYV CP on the acquisition of TOLCTWYV by B. tabacil6

3.8 Influence of TYLCTHYV CP on whitefly transmission of TOLCTWV ......... 16

3.9 Inhibition efficiency of TYLCTHV CP on whitefly transmission of
TYLCTHY and TOLCTWY ..o 17

Chapter 4 DISCUSSION........ciieiiieieiieesteeie st este e teeste e saeste e e s e e steeseesraesreeneesraeeeans 18
REFERENGES ... .ottt 22

Vil



LIST OF FIGURES

Figure 1. Analysis of recombinat viral proteins by SDS-PAGE..............ccoiiviinsiinnncane 28
Figure 2. In VIVO DINING @SSAY. ...vvivveiiieiieieiieeie ettt nbe e st 29
Figure 3. Recombinant TYLCTHV CP competed with TYLCTHV for the midgut
binding site in BEMISia tabacCi...........cccooeiiiiiiiiiicce 30
Figure 4. Relative abundance of TYLCTHV in Bemisia tabaci after feeding
recombinant viral proteins and the virus sequentially. ............c.ccooveiirnnen, 31
Figure 5. Transmission rate of TYLCTHYV after Bemisia tabaci feeding recombinant
viral proteins and the virus sequentially. ..........cc.coovieieiinnie, 32
Figure 6. Recombinant TYLCTHV CP competed with ToLCTWV for the midgut
binding site in BEMISIa tabaCi.........cccceveiiiiiiiie s 33
Figure 7. Relative abundance of ToLCTWV in Bemisia tabaci after feeding
recombinant TYLCTHYV CP and the virus sequentially. ..........c.ccocoevvvennne. 34
Figure 8. Transmission rate of TOLCTWYV after Bemisia tabaci feeding recombinant
TYLCTHYV CP and the virus sequentially. ..........ccccooeiveiiiieieeiece e 35
Figure 9. Inhibition efficiency of TYLCTHV CP on whitefly transmission of

TYLCTHYV and TOLCTWV. ...oiiiiiiietiee s 36

viii



Chapter 1  Introduction

Tomato yellow leaf curl disease associated with a group of closely related tomato
yellow leaf curl viruses threatens the tomato production in tropical and subtropical areas
(Czosnek and Ghanim, 2011). Typical foliar symptoms of infected tomato plants include
yellowing leaflets, upward curling leaf edges, and leaf mottling. Severe growth
reductions such as reduced size of leaves, stunting, and decreased tomato yields are also
found on infected tomato plants (Navas-Castillo et al., 2011). The group of tomato
yellow leaf curl viruses belongs to the genus Begomovirus of the family Geminiviridae
(Brown et al., 2012). Predominant tomato-infecting begomoviruses detected in Taiwan
are Tomato yellow curl Thailand virus (TYLCTHV) and Tomato leaf curl Taiwan virus
(TOLCTWYV). Most infected tomato plants in Taiwan were either infected with
TYLCTHYV or mix-infected with TYLCTHYV and TOLCTWYV (Tsai et al., 2011).

Begomoviruses can be divided into two groups, monopartite and bipartite, based
on their genomic structures (Brown et al., 2012). Bipartite begomoviruses contain two
circular, single-stranded DNA segments (referred to as DNA-A and DNA-B) with
similar size; monopartite begomoviruses contain single DNA segment homologous to
DNA-A. In bipartite begomoviruses, there are six genes in DNA-A. AV1 and AV2 genes
are on the viral sense strand. AV1 gene encodes the coat protein (CP) which is the only
structural protein of begomoviruses (Wartig et al., 1997). CP is responsible for not only
viral encapsulation but also virus movement and vector transmission (Czosnek, 2008;
Yaakov et al., 2011). The exact function of AV2 gene is uncertain (Fondong, 2013). AC1,
AC2, AC3, and AC4 genes on the complementary sense strand encode replication
associated protein, transcription activator protein, replication enhancer protein, and

RNA silencing suppressor, respectively (Fondong, 2013). The BC1 and BV1 genes on



DNA-B encode the movement protein (MP) and nuclear shuttle protein (NSP),
respectively. Both MP and NSP play vital roles in the pathogenesis of bipartite
begomoviruses in host plants. NSP binds to viral DNA and transport it from the nucleus
to the cytoplasm (Gafni and Bernard, 2002). MP alters the structure of plasmodesmata
and thereby facilitates the viral DNA transport to adjacent cells (Lazarowitz and Beachy,
1999). Both structural and non-structural proteins are important for morphogenesis and
pathogenesis of viruses.

Begomoviruses are transmitted by Bemisia tabaci and barely by mechanical
inoculation but not transmitted through seeds (Ghanim et al., 1998; Brown and Czosnek,
2002). B. tabaci belongs to the family Aleyrodidae of the order Hemiptera. Recently,
phylogenetic analyses indicated that B. tabaci is composed of at least 28
morphologically indistinguishable species (Dinsdale et al., 2010; Hu et al., 2011).
Middle East Asia Minor 1 (MEAM 1), previously referred to as B. tabaci B biotype, is
one of the most destructive whitefly species in the fields worldwide (Polston et al.,
2014). The expansion of whitefly population to a new area always accompanies with the
invasion of tomato begomoviruses.

B. tabaci complex is one of the most important agricultural pests because it causes
feeding damages and transmits viral pathogens. Tomato yellow leaf curl virus (TYLCV)
is transmitted by B. tabaci in a persistent-circulative manner (Hogenhout et al., 2008;
Ghanim, 2014). TYLCV is ingested through whitefly feeding on virus-infected plants,
and the virions enter the midgut lumen. CP is the only protein composing the TYLCV
virion, and it interacts with a putative receptor in the midguts of B. tabaci (Ghanim,
2014). Afterwards, TYLCV enters the midgut cells probably by the endocytosis
(Czosnek et al., 2002). The virions then translocate from the midgut tissue to salivary

glands across hemolymph (Ghanim et al., 2001a). Once virus-infected whiteflies feed
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on healthy plants, the virus will be transmitted to the plants through the salivary
secretions during feeding.

Understanding the mechanism of vector transmission of plant pathogens is the key
to develop effective control strategies to plant diseases. Wang et al. (2014) reported that
TYLCV CP directly binds to the midgut cells when recombinant CP was fed to B.
tabaci. It suggests that CP serves as an attachment protein mediating the specific
binding between CP and the midgut receptor of B. tabaci. Tomato yellow leaf curl
Sardinia virus (TYLCSV) possessing CP mutants was found nontransmissible (Caciagli
et al., 2009). A specific interaction between TYLCV CP and Heat shock protein 70
(HSP70) of B. tabaci inhibits the whitefly transmission of TYLCV (Gotz et al., 2012).
Since the role of CP is convinced to be an attachment protein, whether CP can be
directly used to saturate the virus binding site in the midgut of B. tabaci remains
unknown.

The objective of this study was to determine whether TYLCTHYV CP saturates the
virus binding site in the midgut of B. tabaci hence suppress the whitefly transmission of
the virus. Since sequence similarity of TYLCTHV CP and ToLCTWYV CP is 74.3%, we
further examined whether the homologous CP (TYLCTHV CP) acts as the same
function on the suppression of whitefly transmission of TOLCTWV. Understanding the
CP-midgut interaction unveils the mechanism of whitefly transmission of

begomoviruses and warrants further study to develop strategies for disease control.



Chapter 2 Materials and methods

2.1 Insects, viruses, and plants

B. tabaci MEAM 1, previously referred to as B biotype, was initially collected
from a tomato plant (Solanum lycopersicum) in Tainan, Taiwan. The colony was
maintained on Chinese kale (Brassicae oleracea) in whitefly-proof cages (150 meshes,

30x30x30 cm?®) under the condition of 28°C, 70% relative humidity, and a 16:8 h

(light:dark) photoperiod. A polymerase chain reaction (PCR) assay (Ko et al., 2007) was
employed to examine the purity of the colony every three months.
The TYLCTHV- and ToLCTWV-infected tomato plants were provided by

AVRDC—The World Vegetable Center and maintained in tomato plants cv. ANT22 by

whitefly-mediated passage. All plants used in the experiments (tomato and Chinese kale)
were grown from seeds under the same aforementioned condition. Tomato seedlings

with three to five leaves were used as test plants for transmission assays.

2.2 Construction of expression plasmids of viral proteins

The open reading frames (ORFs) of TYLCTHV CP, TYLCTHV MP and Banana
bunchy top virus (BBTV) CP (GenBank accession numbers: GU723742, GU723754,
and AY534140, respectively) were amplified from total DNA of virus-infected plants by
PCR. DNA extraction and PCR were performed using DNeasy Blood & Tissue kit
(Qiagen) and KOD plus DNA polymerase (Toyobo) following the manufacturers’
instructions. BBTV is transmitted by aphids in a persistent-circulative manner
(Watanabe and Bressan, 2013), so BBTV CP was used as a negative control. The primer

set for cloning TYLCTHV CP was 5-GGGAATTCATGTCGAAGCGTCC



AGCAGA-3’ and 5’-GGCTCGAGATTCGTCACTGAGTCATAGAAA-3’. The primer
set for <cloning TYLCTHV MP was 5 -GGGAATTCATGGAGTCCAG
AACTAACAATA-3’ and 5-GGCTCGAGTATTTTCTTTGCATTAGAAGAGAC-3’.
The primer set for cloning BBTV CP was 5’-GGGAATTCATGGCTAGGTATCC
GAAGAA-3’ and 5’-GGCTCGAGAACATGATATGTAATTCTGTTCTG-3’. EcoRl
and Xhol recognition sites underlined were incorporated into the 5’ ends of the forward
and reverse primers, respectively, to facilitate directional cloning. The PCR products
were ligated into the pET32a vector (Novagen) and then transformed into E. coli strain
BL21 (RBC Bioscience). pET32a vector was chosen because of its His tag and S tag
sequence for purification and detection. Successful transformations were examined by

restriction enzyme digestion and DNA sequencing.

2.3 Expression and purification of recombinant proteins

The transformed E. coli cells were cultured in LB broth (tryptone 10 g/L, yeast

extract 5 g/L, NaCl 10 g/L) containing ampicillin (100 ug/mL) at 37°C until the ODsoo

reached 0.6-0.8. Protein expression was induced by 0.1 mM isopropyl
beta-D-thiogalactopyranoside (IPTG). Affinity purification was used to purify the
6xHis-tagged recombinant proteins using Ni Sepharose High Performance (GE
Healthcare). Bacterial cells were pelleted and lysed with binding buffer (20 mM sodium
phosphate, 20 mM imidazole, 8 M urea, pH 7.4) by ultrasonication. The supernatant
were collected after centrifugation (10000 g, 30 min) and applied to the column packed
with Ni sepharose. The columns were then washed with binding buffer until the
absorbance reached the baseline. The 6xHis-tagged proteins were then eluted with

elution buffer (20 mM sodium phosphate, 500 mM imidazole, 8 M urea, pH 7.4). The



eluted proteins were re-purified using the same column and subsequently dialyzed
against phosphate buffered saline (PBS) using Slide-A-Lyzer G2 Dialysis Cassette
(Thermo Scientific) following the manufacturer’s instructions. Some precipitates
occurred after dialysis, and soluble proteins in the supernatant were collected. The
concentration of the recombinant proteins was quantified by Pierce 660 nm Protein
Assay (Thermo Scientific) following the manufacturer’s instructions. The protein

solutions were stored at -80°C for later usage.

2.4 SDS-PAGE

The purity of the recombinant proteins was analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The eluted proteins were separated by
electrophoresis in 10% polyacrylamide gels, and stained with Bio-Safe Coomassie

(Bio-Rad) following the manufacturer’s instructions.

2.5 Invivo binding assay

To determine if TYLCTHV CP binds to the midgut cells of B. tabaci, an insect
feeding assay and an immunofluorescence assay were employed. Adult whiteflies were
fed purified recombinant protein (1.8 ng/ul) in artificial feeding medium (PBS, 1 mM
EDTA, 15% sucrose, 1% bovine serum albumin [BSA]) through a layer of stretched
Parafilm for 24 h. A green food dye (McCormick) was used to ensure that the whiteflies
have ingested the medium. Four treatments were as followed: (1) TYLCTHYV CP, (2)
TYLCTHV MP, (3) BBTV CP, and (4) medium only. BBTV CP was included to test the
specificity of viral proteins binding to the midgut cells of B. tabaci. The whiteflies were

then dissected in PBS, and the midguts were fixed in 4% paraformaldehyde in PBS for

6



30 min. After fixation, the fixative was removed by washing three times with PBS. The
samples were then permeabilized in PT buffer (PBS, 0.1% Triton X-100) for 30 min.
The midguts were subsequently incubated in blocking buffer (PBS, 1% BSA) for 1 h.
After which, the midguts were incubated in a mouse anti-S tag antiserum (Bioman) at a
1:200 dilution in PBT buffer (PBS, 0.1 % BSA, 0.1% Triton X-100) for 1.5 h. After
washed three times with PT buffer, the samples were incubated in a goat anti-mouse
IgG antiserum conjugated with Alexa fluor 633 (Molecular Probes) at a 1:200 dilution
in PBT buffer for 1 h. The samples were washed again with PT buffer three times. The
dissected midguts were mounted in SlowFade Gold antifade reagent with DAPI
(Molecular Probes) and examined with a Leica TCS SP5 Il confocal laser scanning
microscope. Images were collected using the same laser power and gain. The in vivo
binding assay was repeated three times, and three replicate insects were examined each

time.

2.6  Competition for the virus binding site in midguts

Adult whiteflies were fed recombinant TYLCTHV CP, TYLCTHV MP, or BBTV CP in
artificial feeding medium or medium only through membrane feeding for 24 h as
described above for the in vivo binding assay. The whiteflies were then transferred to
TYLCTHV-infected tomato plants to acquire the virus for another 24 h. Subsequently,
the whiteflies were dissected, and the midguts were fixed and permeabilized according
to the abovementioned protocols. The midguts were then incubated in a mixture of a
mouse anti-S tag antiserum (Bioman) and a rabbit anti-TYLCTHYV antiserum (courtesy
of Dr. Stephan Winter from Leibniz-Institut DSMZ) at a 1:200 dilution in PBT buffer

for 1.5 h. After washed three times with PT buffer, the samples were incubated in a



mixture of a goat anti-mouse IgG antiserum conjugated with Alexa fluor 633
(Molecular Probes) and a goat anti-rabbit IgG antiserum conjugated with Alexa fluor
555 (Molecular Probes) at a 1:200 dilution in PBT buffer for 1 h. The samples were
washed again with PT buffer three times. The dissected midguts were mounted in
SlowFade Gold antifade reagent with DAPI (Molecular Probes) and examined with a
Leica TCS SP5 I laser scanning confocal microscope. Images were collected using the
same laser power and gain. The experiments were repeated three times, and three

replicate insects were examined each time.

2.7 Inhibition of TYLCTHYV acquisition

To access if preacquisition of TYLCTHV CP by whiteflies would inhibit the
acquisition of TYLCTHYV, a virus quantification assay was employed. Adult whiteflies
were fed recombinant TYLCTHV CP, TYLCTHV MP, or BBTV CP in artificial feeding
medium or medium only through membrane feeding for 24 h as described above for the
in vivo binding assay. The whiteflies were then transferred to TYLCTHV-infected
tomato plants to acquire the virus for another 24 h and subsequently fed a 15% sucrose
solution for 6 h to clear the viruses remaining in the gut lumen. For each treatment, 20
adult whiteflies were collected, and their DNA was extracted using DNeasy Blood &
Tissue kit (Qiagen) following the manufacturer’s instructions. TYLCTHYV in the tested
whiteflies was quantified by real-time PCR. The primer set for TYLCTHV
quantification was 5’-CACGCCCGTCTCGAAAGT-3 and
5’-GCTGTTGTATGGGCTGTCGAA-3’. The primer set for the quantification of
endogenous Heat shock protein 90 (HSP90) gene was 5’-ATCGCCAAATCTGG

AACTAAAGC-3’ and 5’-GTGTTTTGAGACGACTGTGACGGTG-3’ (Li et al., 2013).



The reaction was carried out using Fast SYBR Green Master Mix (Applied Biosystems)
following the manufacturer’s instructions. The relative abundance of TYLCTHV DNA
in the tested whiteflies was normalized to HSP90 gene. The experiments were repeated

four times.

2.8  Inhibition of TYLCTHYV transmission

To access if preacquisition of TYLCTHV CP by whiteflies would inhibit the whitefly
transmission of TYLCTHYV, a transmission experiment was employed. Adult whiteflies
were fed recombinant TYLCTHV CP, TYLCTHV MP, or BBTV CP in artificial feeding
medium or medium only through membrane feeding for 24 h as described above for the
in vivo binding assay. The whiteflies were then transferred to TYLCTHV-infected
tomato plants to acquire the virus for another 24 h. After which, five whiteflies were
used to inoculate each healthy test plant for a 24 h inoculation access period (IAP). The
whiteflies were removed from the test plants after the IAP, and then a systemic
insecticide (acetamiprid, diluted 1:1500) was used to kill all remaining whiteflies on the
plants. Whitefly-inoculated plants were maintained in insect-proof Bugdorms (47.5 x
47.5 x 93 cm®) (Megaview) within a growth chamber under the same abovementioned
conditions for disease development. A PCR assay (Weng et al., 2015) was employed to
detect the virus infection in the test plants two weeks after inoculation. Ten replicate test
plants were inoculated for each treatment, and the experiments were performed five

times.

2.9  Inhibition of TOLCTWYV acquisition and transmission

To determine if preacquisition of TYLCTHV CP by whiteflies would reduce the

9



virus binding to midgut cells, virus acquisition, and whitefly transmission of TOLCTWYV,
similar experiments were conducted as described above. To examine the competition
between TYLCTHYV CP and ToLCTWYV for the virus binding site in the midgut cells of
B. tabaci, adult whiteflies were fed recombinant TYLCTHV CP and
ToLCTWV-infected tomato plants successively, and the whiteflies were dissected, fixed,
and processed to immunofluorescence assays. The samples were treated with a mixture
of a mouse anti-S tag antiserum (Bioman) and a rabbit anti-TOLCTWYV antiserum at a
1:200 dilution. Primary antibody binding was detected with a mixture of a goat
anti-mouse IgG conjugated with Alexa fluor 633 (Molecular Probes) and a goat
anti-rabbit 1gG conjugated with Alexa fluor 555 (Molecular Probes) at a 1:200 dilution.
The dissected midguts were examined with confocal microscopy. The experiments were
repeated three times, and three replicate inscets were examined each time. TOLCTWV
in the tested whiteflies was quantified by real-time PCR. The primer set for TOLCTWV
quantification was 5’-GCGACCCGCCGATATAGTC-3’ and
5’-CAGACGGCGACGAACCTT-3". The relative abundance of TOLCTWYV DNA in the
tested whiteflies was normalized to HSP90 gene. The experiments were repeated three
times.

To access if preacquisition of TYLCTHV CP would inhibit whitefly transmission
of ToLCTWV, adult whiteflies were fed recombinant TYLCTHV CP and
ToLCTWV-infected tomato plants successively, and five whiteflies were used to
inoculate each healthy test plant. Disease development and PCR assay were conducted
as described above. Ten replicate test plants were inoculated for each treatment, and the

experiments were performed five times.
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2.10 Statistics

Data obtained by real-time PCR were normalized and analyzed by one-way
ANOVA, using the differences between the Ct value of TYLCTHV/ToLCTWV and

HSP90 gene. Data from the transmission assays were analyzed by ¥ test.
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Chapter 3 Results

3.1 Expression and purification of recombinant proteins

A time course experiment was conducted to determine the period for maximal
yield of recombinant viral proteins. Maximal yield was occurred at about 3 h after
induction by IPTG, and the recombinant proteins were accumulated in cell pellets (data
not shown). After affinity purification of 6xHis-tagged proteins, the purified proteins
were examined by SDS-PAGE. The elution of recombinant TYLCTHV CP and BBTV
CP showed multiple bands on the polyacrylamide gel (Fig. 1, lanes 1, 3), and a
rebinding using the same columns was performed. After the rebinding, the purified
protein showed single band on the gel (Fig. 1, lanes 2, 4). The predicted molecular
weights of the recombinant TYLCTHV CP and BBTV CP were 50 kDa, containing CP
(30 kDa), a His tag (1 kDa), an S tag (1.7 kDa), and Trx tag (12 kDa). The predicted
molecular weights of the recombinant TYLCTHV MP was 33 kDa, containing MP (13
kDa), a His tag (1 kDa), an S tag (1.7 kDa), and Trx tag (12 kDa) The respective protein

bands matched the predicted sizes (Fig. 1, lanes 2, 4, 5).

3.2 TYLCTHV CP bound to the midgut cells of B. tabaci

TYLCV CP has been proved to bind to the midgut cells of B. tabaci (Wang et al.,
2014), so we conducted an in vivo binding assay to determine if recombinant
TYLCTHV CP also binds to the midgut cells of B. tabaci. The midgut and filter
chamber were examined in this study because they are the organs that were heavily
infected (Ghanim et al., 2001a). Whiteflies fed recombinant TYLCTHV CP, TYLCTHV
MP, or BBTV CP were dissected and examined by indirect immunofluorescence assay.

Recombinant TYLCTHV CP bound to the cells of midgut, filter chamber, and gastric
12



caeca (Fig. 2A). To examine the specificity of TYLCTHV CP-midgut binding,
whiteflies were fed recombinant TYLCTHV MP. Recombinant TYLCTHV MP did not
bind to the cells of midgut, filter chamber, and gastric caeca (Fig. 2B). Another
recombinant protein, BBTV CP, was fed to whiteflies to examine the nonspecific
binding of viral CP to the midgut cells of B. tabaci. Recombinant BBTV CP did neither
bind to the cells of midgut, filter chamber, and gastric caeca (Fig. 2C). The artificial
feeding medium containing no recombinant protein in it was fed to whiteflies to confirm
that no self-fluorescence was detected in the midgut of B. tabaci (Fig. 2D). Altogether,
the results showed that recombinant TYLCTHV CP specifically bound to the midgut
cells of B. tabaci. The finding implied that there was a specific cellular interaction

between TYLCTHYV CP and a midgut molecule of B. tabaci.

3.3 TYLCTHV CP competed with TYLCTHV for the

midgut binding site in B. tabaci

An in vivo binding assay was conducted to determine the ability of TYLCTHV CP
to block the midgut binding sites of TYLCTHV in B. tabaci. Recombinant TYLCTHV
CP bound to the midgut cells of B. tabaci, and the accumulation of TYLCTHV was also
detected in the midguts (Fig. 3A and 3E). To compare TYLCTHYV accumulation level in
B. tabaci fed recombinant TYLCTHV CP with that in B. tabaci fed other proteins,
whiteflies were fed recombinant TYLCTHV MP or BBTV CP before they fed on
TYLCTHV-infected tomato plants. The accumulation of TYLCTHV was also detected
in the midguts of B. tabaci, but the fluorescent signals of recombinant TYLCTHV MP
(Fig. 3B and 3F) and BBTV CP (Fig. 3C and 3G) were not detected in the midguts.

However, less TYLCTHYV accumulated in the midguts when the whiteflies were fed
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recombinant TYLCTHV CP prior to the TYLCTHYV acquisition compared to those fed
recombinant TYLCTHV MP or BBTV CP (Fig. 3E, F, G). Whiteflies fed artificial
medium were served as control (Fig. 3D and 3H). The results indicated that
preacquisition of TYLCTHV CP blocked the midgut binding sites of TYLCTHV in B.

tabaci hence reduced the binding of TYLCTHYV to the midgut cells of B. tabaci.

3.4 Influence of TYLCTHV CP on the acquisition of

TYLCTHYV by B. tabaci

To access if preacquisition of TYLCTHV CP would reduce the acquisition of
TYLCTHV by B. tabaci, we employed a virus quantification assay. The relative
abundance of TYLCTHYV DNA in the tested whiteflies fed recombinant TYLCTHV CP
or artificial feeding medium alone prior to TYLCTHYV acquisition were not significantly
different (ANOVA, P>0.05) (Fig. 4). There were also no significant differences in the
relative abundance of TYLCTHV DNA in the tested whiteflies fed recombinant
TYLCTHV MP or BBTV CP prior to TYLCTHYV acquisition compared to those were
without preacquisition of recombinant proteins (ANOVA, P>0.05) (Fig. 4). The results
indicated that preacquisition of TYLCTHV CP did not affect the amount of TYLCTHV

that the tested whiteflies acquired.

3.5 Influence of TYLCTHYV CP on whitefly transmission of

TYLCTHV

We further conducted transmission experiments to access if preacquisition of

TYLCTHV CP would reduce the whitefly transmission of TYLCTHV. The results of
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transmission experiments are shown in Fig. 5. The transmission rate of TYLCTHV
inoculated by the whiteflies fed artificial feeding medium alone prior to TYLCTHV
acquisition was 100%. The transmission rate of TYLCTHYV inoculated by the whiteflies
fed recombinant TYLCTHV CP prior to TYLCTHV acquisition reduced to 32%
compared to whiteflies fed artificial feeding medium alone (y? test, P<0.001). The
preacquisition of recombinant TYLCTHV MP and BBTV CP reduced the whitefly
transmission rates of TYLCTHV to 52% and 66%, respectively (x> test, P<0.001). The
results suggested that the preacquisition of TYLCTHV CP would reduce the whitefly
transmission rate of TYLCTHYV, and the transmission rate of the whiteflies fed either

TYLCTHV MP or BBTV CP did not greatly reduced.

3.6 TYLCTHV CP did not compete with ToLCTWYV for

the midgut binding site in B. tabaci

To determine if preacquisition of TYLCTHV CP could block the midgut binding
sites of TOLCTWV in B. tabaci, similar in vivo binding assays were conducted.
Recombinant TYLCTHV CP bound to the midgut cells of B. tabaci, and the
accumulation of ToLCTWV was also detected in the midguts (Fig. 6A). The
accumulation level of ToLCTWYV in the midgut cells of B. tabaci fed recombinant
TYLCTHYV CP prior to ToLCTWYV acquisition was similar to those fed artificial feeding
medium alone prior to TOLCTWYV acquisition (Fig. 6). The results indicated that the
feeding of TYLCTHV CP prior to TOLCTWV acquisition did not block the midgut

binding sites of TOLCTWYV in B. tabaci.
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3.7 Influence of TYLCTHV CP on the acquisition of

ToLCTWYV by B. tabaci

To access if preacquisition of TYLCTHV CP would reduce the acquisition of B.
tabaci by B. tabaci, we employed a virus quantification assay. The relative abundance
of TOLCTWYV DNA in the tested whiteflies fed recombinant TYLCTHYV CP or artificial
feeding medium alone prior to TOLCTWV acquisition were significantly different
(Mann-Whitney test, P<0.05) (Fig. 7). The results indicated that preacquisition of

TYLCTHYV CP affected the amount of TOLCTWYV that the tested whiteflies acquired.

3.8 Influence of TYLCTHYV CP on whitefly transmission of

ToLCTWV

We further conducted transmission experiments to access if preacquisition of
TYLCTHV CP would reduce the whitefly transmission of ToLCTWV. The
transmission rate of ToLCTWV inoculated by the whiteflies fed artificial feeding
medium alone prior to TOLCTWYV acquisition was 82% (Fig. 8). The transmission rate
of ToLCTWYV inoculated by the whiteflies fed recombinant TYLCTHV CP prior to
ToLCTWV acquisition reduced to 64% compared to the whiteflies fed artificial feeding
medium alone (y? test, P<0.05) (Fig. 8). Despite the fact that the transmission rate of
ToLCTWV by B. tabaci fed recombinant TYLCTHV CP or artificial feeding medium
alone was significantly different, the preacquisition of recombinant TYLCTHV CP did
not greatly reduce the whitefly transmission of TOLCTWV. The results suggested that
the preacquisition of TYLCTHV CP cannot sufficiently suppress the transmission of

ToLCTWYV by B. tabaci.
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3.9 Inhibition efficiency of TYLCTHV CP on whitefly

transmission of TYLCTHV and ToLCTWV

We further collected the transmission data from previous transmission experiments
to determine the inhibition efficiency of TYLCTHV CP on whitefly transmission of
TYLCTHV and ToLCTWV. The inhibition rate of using TYLCTHV CP to suppress

whitefly transmission of TYLCTHV was 68 %+22 %. The inhibition rate of using
TYLCTHYV CP to suppress whitefly transmission of TOLCTWYV was 22 %+11 % (Fig.

9). Significant difference of the inhibition efficiency between TYLCTHV and
ToLCTWV by using TYLCTHV CP was observed (student t test, P=0.002). The result
indicated that using TYLCTHV CP to suppress whitefly transmission of TYLCTHV

was more effective than whitefly transmission of TOLCTWV.
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Chapter 4 Discussion

Whitefly-transmitted begomoviruses threaten a wide range of crops worldwide
(Czosnek et al, 2002). The studies on virus translocation have confirmed that the midgut
of whitefly is the major organ where the majority of virus reservoirs and absorbs into
hemolymph (Ghanim et al., 2001b; Ghanim et al., 2009). The CP of begomoviruses is
not only responsible for encapsulating viral genomes, but also involved in vector
transmission (Azzam et al., 1994; Noris et al., 1998) and vector specificity (Briddon et
al., 1990). In this study, we investigated the role of TYLCTHV CP in the whitefly
transmission of begomoviruses.

We discovered that TYLCTHV CP bound to the midgut cells of B. tabaci which
provided strong evidence that TYLCTHV CP served as an attachment protein in the
transmission of TYLCTHV by B. tabaci. Furthermore, the failure of TYLCTHV MP
and BBTV CP binding to the midgut cells of B. tabaci implied that the interaction
between CP and a putative receptor in midgut was specific. Our result is consistent with
a previous study reporting the CP of TYLCV, a monopartite begomovirus, bound to the
midgut cells of B. tabaci (Wang et al., 2014). Hofer et al. (1997) reported that the
exchange of CP gene between whitefly transmissible virus and non-transmissible virus
altered the whitefly transmissibility. A small change of the amino acids of the
begomovirus CP resulted in the failure of transmission by B. tabaci (Noris et al., 1998;
Hohnle et al., 2001). Thus, the structure of CP determined by amino acid sequence may
be essential for specific recognition by a putative receptor in B. tabaci.

Since TYLCTHV CP has been proved to be an attachment protein, we further
examined the ability of TYLCTHYV CP to block the putative receptor of TYLCTHV in

the midguts of B. tabaci. The feeding of TYLCTHYV CP prior to TYLCTHV acquisition
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decreased the accumulation of TYLCTHV in the midguts of B. tabaci. We hypothesized
that TYLCTHYV CP competed the midgut binding sites of TYLCTHYV hence reduced the
acquisition of TYLCTHV by B. tabaci. Recently, TYLCV CP was proved to be an
attachment protein binding to the midgut cells and decreased TYLCV acquisition in B.
tabaci (Wang et al.,, 2014). However, our real-time PCR assay showed that
preacquisition of TYLCTHV CP did not reduce TYLCTHV acquisition by B. tabaci.
Our result of real-time PCR on TYLCTHV acquisition by B. tabaci was not consistent
with previous study which may result from the TYLCTHV source plants. Different
infection level in TYLCTHYV source plants for virus acquisition may affect the result of
virus quantification. Other than acquiring TYLCTHV from TYLCTHYV source plant,
feeding whiteflies with purified TYLCTHV may be more accurate. In addition, we must
not exclude the possibility that TYLCV replication occurs in the whitefly. A time course
experiment should be taken to analyze the replication of TYLCTHV.

Transmission experiments demonstrated that the feeding of TYLCTHYV CP prior to
TYLCTHYV acquisition decreased the transmission rate of TYLCTHV by B. tabaci. Less
reduction of TYLCTHV transmission by preacquisition of TYLCTHV MP and BBTV
CP was also observed in the transmission assays. The surprising results might due to the
non-specific protein-protein interaction between TYLCTHV MP or BBTV CP with the
putative receptor of TYLCTHYV in B. tabaci. Besides, the different infection level in
TYLCTHV source plants for virus acquisition in each trial might influence the
outcomes of transmission assays. Many studies have demonstrated that preacquisition of
structural viral proteins reduced vector transmission of the viruses. The ability of
Nilaparvata lugens transmitting Rice ragged stunt oryzavirus (RRSV) was inhibited
after the feeding of the spike protein of RRSV (zZhou et al., 1999). Similar result was

also observed in the research on Frankliniella occidentalis transmitting Tomato spotted
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wilt virus (TSWV). The transmission rate of TSWV was reduced after feeding soluble
glycoprotein Gy prior to virus acquisition (Whitfield et al., 2008).

The disease control of begomovirus would be accelerated if the CP of begomovirus
serves as an inhibitory agent to reduce the vector transmission of closely relative
viruses. We investigated the potential of TYLCTHV CP to decrease the vector
transmission of TOLCTWYV. ToLCTWYV was chosen since the tomato plants in Taiwan
were either infected with TYLCTHYV or mix-infected with TYLCTHV and ToLCTWV
(Tsai et al., 2011). In vivo binding assays and real-time PCR revealed that
preacquisition of TYLCTHV CP can suppress ToOLCTWYV accumulation in the midgut
cells of B. tabaci. However, transmission assays suggested that the preacquisition of
TYLCTHYV CP could not sufficiently reduce vector transmission of ToOLCTWV. The
results indicated that the amount of TOLCTWYV acquired by whiteflies did not correlate
to the transmissibility of TOLCTWYV by whiteflies. We inferred that the failure of using
TYLCTHYV CP to inhibit the vector transmission of TOLCTWYV might result from the
different receptors that mediate the virus recognition in the midguts of B. tabaci. The
initial interaction between virus particles and the cell surface mediates virus entry and
retention in their vectors. Therefore, transmissibility of a vector insect is characterized
by the level of vector specificity.

The circulative transmission pathway for begomoviruses transmitted by B. tabaci
has been well studied. (Ghanim, 2014). The uptake sites for TYLCV were the filter
chamber and midgut of B. tabaci (Czosnek et al., 2002; Ghanim and Medina, 2007).
Our results demonstrated that TYLCTHV CP bound to the midgut cells of B. tabaci,
and the interaction was stable and specific. A putative receptor on the surfaces of
midgut cells may mediate the interaction between the virus and midgut. Various

receptors may exist given the circumstances that a selective barrier was found in a
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nonvector whitefly to TYLCV (Ohnishi et al., 2009). It might explain why the
preacquisition of TYLCTHV CP did not reduce the vector transmission of ToOLCTWYV.
Although the potential cellular receptors for Barley yellow dwarf virus have been
identified in its vector aphid Sitobion avenae (Li et al., 2001), the potential receptors
for begomoviruses in B. tabaci still remains unknown. In order to develop an effective
and specific control strategy, further investigations are needed to identify the receptors
for begomoviruses. Also, the salivary gland is the key organ that determines vector
specificity and transmission (Wei et al., 2014). Other than the midgut, it is likely that
there are receptors in salivary gland of the whitefly. The research on begomoviruses
addressing the interaction with salivary gland is also important.

Previous studies have shown that various endosymbionts were detected inside
alimentary ducts of whiteflies (Gottlieb et al., 2008). The GroEL protein produced by
the endosymbionts in B. tabaci played the role in the transmission of TYLCV (Morin
et al., 1999; Morin et al., 2000; Gottlieb et al., 2010). The mechanism of attachment
and circulation of begomoviruses inside whiteflies are key factors that affect whitefly
transmission efficiency. It is crucial to provide information regarding whitefly
transmission to prevent the spread of tomato yellow leaf curl diseases.

In this study, we have investigated the role of CP in the transmission of
begomoviruses by B. tabaci. The function of TYLCTHYV CP as an attachment protein
was confirmed. The preacquisition of TYLCTHYV CP competed the putative receptor in
the midguts of B. tabaci hence suppressed the virus acquisition and whitefly

transmission of TYLCTHYV.
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Figure 1. Analysis of recombinat viral proteins by SDS-PAGE.

Proteins were purified by nickel affinity chromatography, seperated by electrophoresis
and stained with Bio-Safe Coomassie. M: Pre-stained sharp protein marker Il (Yestern).
Lane 1: recombinant TYLCTHV CP; Lane 2: re-purified recombinant TYLCTHV CP;
Lane 3: recombinant BBTV CP; Lane 4: re-purified recombinant BBTV CP; Lane 5:

recombinant TYLCTHV MP.
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Figure 2. In vivo binding assay.

Bemisia tabaci were fed recombinant (A) TYLCTHV CP, (B) TYLCTHV MP, (C)
BBTV CP, or (D) artificial feeding medium only for 24 h. After feeding, the midguts
were dissected and immunolabeled with a mouse anti-S tag antiserum and a goat
anti-mouse 1gG antiserum conjugated with Alexa fluor 633 (red). All the samples were
mounted in the SlowFade Gold antifade reagent with DAPI (blue) and examined by
confocal microscopy. AM: ascending midgut; DM: descending midgut; FC: filter

chambe; GC: gastric caeca. Scale bar: 100 pm.
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Figure 3. Recombinant TYLCTHV CP competed with TYLCTHV for the midgut
binding site in Bemisia tabaci.

Adult whiteflies were fed recombinant (A) TYLCTHV CP, (B) TYLCTHV MP, (C)
BBTV CP, or (D) artificial feeding medium only for 24 h, and they were subsequently
fed TYLCTHV-infected tomato plants for another 24 h to acquire the virus. The midguts
were dissected and immunolabeled. The recombinant proteins were labelled with a
mouse anti-S tag antiserum and a goat anti-mouse 1gG antiserum conjugated with Alexa
fluor 633 (red). TYLCTHYV was labelled with a rabbit anti-TYLCTHYV antiserum and a
goat anti-rabbit 1gG antiserum conjugated with Alexa fluor 555 (green). All the samples
were mounted in the SlowFade Gold antifade reagent with DAPI (blue) and examined

by confocal microscopy. Scale bars in (A)~(D) were 100 um; (E)~(H) were 10 pm.
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Figure 4. Relative abundance of TYLCTHV in Bemisia tabaci after feeding
recombinant viral proteins and the virus sequentially.

Adult whiteflies were fed recombinant TYLCTHV CP, TYLCTHV MP, BBTV CP, or
artificial feeding medium only through membrane feeding for 24 h, and they were
subsequently fed on TYLCTHV-infected tomato plants for another 24 h to acquire the
virus. After which, they were fed a sucrose solution for 6 h to clear the gut lumen.
TYLCTHYV DNA was quantified by real-time PCR. Relative abundance of TYLCTHV
DNA was normalized to endogenous Heat shock protein 90 gene of B. tabaci. Same
letters indicate no statistical differences between means (0=0.05), analyzed using

one-way ANOVA. Vertical bars indicate standard deviation. (n=4)
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Figure 5. Transmission rate of TYLCTHV after Bemisia tabaci feeding
recombinant viral proteins and the virus sequentially.

Adult whiteflies were fed recombinant TYLCTHV CP, TYLCTHV MP, BBTV CP, or
artificial feeding medium only for 24 h, and they were subsequently fed on
TYLCTHV-infected tomato plants for another 24 h to acquire the virus. After which,
five whiteflies were given 24 h to feed on each healthy test plant to inoculate the virus.
Ten test plants were inoculated for each trial. PCR were used to verify the virus
infection of test plants two weeks after inoculation. The experiments repeated five times
(Ten test plants each time). Different letters indicate statistical differences between

means (0=0.05), analyzed using y? test. Vertical bars indicate standard deviation. (n=5)
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Figure 6. Recombinant TYLCTHV CP competed with TOLCTWYV for the midgut
binding site in Bemisia tabaci.

Adult whiteflies were fed artificial feeding medium with (A) or without (B)
recombinant TYLCTHV CP for 24 h, and they were subsequently fed on
ToLCTWV-infected tomato plants for another 24 h to acquire the virus. The midguts
were dissected and immunolabeled. Recombinant TYLCTHV CP was labelled with a
mouse anti-S tag antiserum and a goat anti-mouse 1gG antiserum conjugated with Alexa
fluor 633 (red). TOLCTWYV was labelled with a rabbit anti-TOLCTWYV antiserum and a
goat anti-rabbit IgG antiserum conjugated with Alexa fluor 555 (green). All the samples
were mounted in the SlowFade Gold antifade reagent with DAPI (blue) and examined

by confocal microscopy. Scale bar: 10 um.
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Figure 7. Relative abundance of ToLCTWYV in Bemisia tabaci after feeding
recombinant TYLCTHYV CP and the virus sequentially.

Adult whiteflies were fed artificial feeding medium with or without recombinant
TYLCTHYV CP for 24 h, and they were subsequently fed on ToLCTWV-infected tomato
plants for another 24 h to acquire the virus. After which, they were fed a sucrose
solution for 6 h to clear the gut lumen. TOLCTWYV DNA was quantified by real-time
PCR. Relative abundance of ToLCTWV DNA was normalized to endogenous Heat
shock protein 90 gene of B. tabaci. Same letters indicate no statistical differences
between means (0=0.05), analyzed using Mann-Whitney test of nonparametric method.

Vertical bars indicate standard deviation. (n=4)
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Figure 8. Transmission rate of ToLCTWV after Bemisia tabaci feeding
recombinant TYLCTHYV CP and the virus sequentially.

Adult whiteflies were fed artificial feeding medium with or without recombinant
TYLCTHYV CP for 24 h, and they were subsequently fed on ToLCTWV-infected tomato
plants for another 24 h to acquire the virus. After which, five whiteflies were given 24 h
to feed on each healthy test plant to inoculate the virus. Ten test plants were inoculated
for each trial. PCR were used to verify the virus infection of test plants two weeks after
inoculation. The experiments repeated five times (Ten test plants each time). Different
letters indicate statistical differences between means at (a=0.05), analyzed using y° test.

Vertical bars indicate standard deviation.
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Figure 9. Inhibition efficiency of TYLCTHV CP on whitefly transmission of
TYLCTHV and ToOLCTWV.

Transmission data of using TYLCTHV CP to suppress whitefly transmission of
TYLCTHV and ToLCTWYV from Fig 5 and Fig 8 were collected and analyzed by
student t test. Different letters indicate statistical differences between means at (¢=0.05).

Vertical bars indicate standard deviation.
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