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ABSTRACT
Macroautophagy/autophagy plays an important role against pathogen infection in mammals and plants.
However, little has been known about the role of autophagy in the interactions of insect vectors with the
plant viruses, which they transmit. Begomoviruses are a group of single-stranded DNA viruses and are
exclusively transmitted by the whitefly Bemisia tabaci in a circulative manner. In this study, we found that
the infection of a begomovirus, tomato yellow leaf curl virus (TYLCV) could activate the autophagy pathway
in the Middle East Asia Minor 1 (MEAM1) species of the B. tabaci complex as evidenced by the formation
of autophagosomes and ATG8-II. Interestingly, the activation of autophagy led to the subsequent
degradation of TYLCV coat protein (CP) and genomic DNA. While feeding the whitefly with 2 autophagy
inhibitors (3-methyladenine and bafilomycin A1) and silencing the expression of Atg3 and Atg9 increased
the viral load; autophagy activation via feeding of rapamycin notably decreased the amount of viral CP
and DNA in the whitefly. Furthermore, we found that activation of whitefly autophagy could inhibit the
efficiency of virus transmission; whereas inhibiting autophagy facilitated virus transmission. Taken
together, these results indicate that TYLCV infection can activate the whitefly autophagy pathway, which
leads to the subsequent degradation of virus. Furthermore, our report proves that an insect vector uses
autophagy as an intrinsic antiviral program to repress the infection of a circulative-transmitted plant virus.
Our data also demonstrate that TYLCV may replicate and trigger complex interactions with the insect
vector.
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Introduction

The whitefly Bemisia tabaci is a species complex with more
than 35 cryptic species.1,2 One of the cryptic species, Middle
East Asia Minor 1 (MEAM1, previously referred to as
the B “biotype”) has invaded many regions of the world and
caused extensive crop damage through direct feeding and
transmission of plant viruses.3,4 More than 200 species of plant
viruses are exclusively transmitted by the whitefly B. tabaci,
mostly begomoviruses.5,6 The epidemics of begomoviruses are
usually associated with the outbreak of whiteflies7,8 and have
caused a number of economically important diseases in the
tropical and subtropical regions.9 During the past 30 years, the
tremendous economic impact of begomovirus and the rapid
spread of begomovirus disease worldwide has triggered a large
body of research about plant-virus-insect relationship, epidemi-
ology, disease management and breeding for resistance
plants.6,10

The relationships between begomoviruses and whiteflies are
complex.11,12 Viral particles are thought to be ingested along
with phloem sap of infected plants through the stylet and
enter the midgut. Virions are subsequently transported
through the hemocoel into the salivary glands and from there

they are finally excreted with the saliva during feeding.13,14

During the circulative transmission of begomoviruses, viral
particles interact with various whitefly proteins.15,16 As dem-
onstrated for tomato yellow leaf curl virus (TYLCV) which is a
destructive pathogen of tomato crops, the whitefly GroEL pro-
tein seems to bind and protect TYLCV from degradation in
the haemolymph. Disturbing the GroEL-TYLCV association
leads to the degradation of the virus and to a marked decrease
in virus transmission efficiency.17 TYLCV can be transmitted
vertically and horizontally by whiteflies suggesting that the
virus has invaded the reproductive system of whitefly.18-20 In
addition, compared to healthy whiteflies, the longevity and
fecundity of viruliferous whiteflies were reduced by 27% and
36% respectively, and the proportion of adults with detectable
viral DNA maintained at 50% after feeding on cotton for
960 h.8,21 Luan et al.22 further demonstrate that TYLCV infec-
tion can activate the immune response of whiteflies, which
might result in the degradation of viral particles within the
body of viruliferous whiteflies. These results indicate that
TYLCV infection has deleterious effects on whiteflies by
inducing physiological changes and immune responses. How-
ever, the detailed mechanisms underlying the immune
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responses of the whitefly to begomoviruses are poorly
understood.

Autophagy is a self-degradation process essential for cell
survival, differentiation, development and homeostasis.23 There
are at least 3 main forms of autophagy: chaperone-mediated
autophagy, microautophagy and macroautophagy.24,25 The
entire process of macroautophagy/autophagy encompasses the
inclusion of cargos within the phagophore, the delivery of cargo
to lysosomes and its subsequent breakdown and release of the
resulting macromolecules back into the cytosol.23,26 Original
studies in the yeast Saccharomyces cerevisiae have identified a
group of autophagy-related (Atg) genes that can regulate auto-
phagosome formation and other functions.27 Accumulating
evidence indicates that many Atg genes are functionally con-
served from yeast to mammals,25 and the ability of autophagy
to protect against pathogen infection in mammals had been
reported.28,29 For example, many viruses can be observed inside
of autophagic compartments, including herpes simplex virus 1
and Sindbis virus.30 Moreover, autophagy plays a direct antivi-
ral role against the mammalian viral pathogen vesicular stoma-
titis (VSV) in the model organism Drosophila.31 However, little
is known about the role of autophagy in the interaction of plant
viruses and their insect vectors.

Here we show that the infection of TYLCV is correlated with
macroautophagy activation in the MEAM1 species of the
B. tabaci complex. Within 48 h postinfection (hpi), the viral
genomic DNA and coat protein (CP) were rapidly accumulated
in whiteflies and reached their peak. Following the activation of
autophagy at 48 hpi, the viral genomic DNA and CP were grad-
ually degraded. Activation of autophagy significantly decreased
the viral load and viral gene expression in whiteflies, while inhi-
bition of autophagy resulted in higher viral concentration in
whiteflies. These observations suggest that the autophagy path-
way plays critical roles in the complex interactions between the
MEAM1 whitefly and TYLCV.

Results

The autophagy pathway is activated in whiteflies,
on TYLCV-infected tomato plants

ATG8 is a ubiquitin-like protein involved in cargo recruitment
into phagophores and the biogenesis of autophagosomes. Since
ATG8 is selectively enclosed within autophagosomes, its break-
down allows measurement of the autophagic rate.31 In the tran-
scriptome of whitefly MEAM1,32 only one Atg8 gene was found
and it shows 79% identity with the Drosophila Atg8b gene (data
not shown). To determine whether autophagy is triggered
upon TYLCV infection, western blot with an antibody to
ATG8 was used to analyze the level of ATG8-II in viruliferous
and nonviruliferous MEAM1 whiteflies. Our results showed
that the level of ATG8-II increased notably in whiteflies that
fed on TYLCV infected tomato plants for 48 h (Fig. 1A). In
addition, after 24 h and 72 h feeding on TYLCV infected
tomato plants, the amount of ATG8-II was markedly upregu-
lated as well (Fig. S1A). To further verify that the autophagy
was activated by TYLCV infection, the formation of autophag-
osome in the whitefly midgut was examined using immunoflu-
orescence.33 While no autophagic signal was detected in

uninfected whiteflies (Fig. 1B), specific ATG8-II puncta (red)
was found in guts of TYLCV-infected whiteflies (Fig. 1C).
Next, we performed electron microscopy analysis on virulifer-
ous and nonviruliferous whiteflies; and found that the average
number of autophagosomes in TYLCV-infected whiteflies is
significantly higher than that in the healthy whiteflies
(Fig. S1B). The autophagic vacuoles in infected midguts showed
double-membrane with cytoplasmic contents or membranous
contents indicative of autophagic compartment (Fig. 1E and F).
The initial autophagic vacuole (AVi)/autophagosome with dou-
ble membranes could be identified (Fig. 1E) and the degrada-
tive autophagic vacuoles (AVd)/autolysosomes with
multimembrane structures were observed as well (Fig. 1F).34 In
addition, a number of autophagosomes with different organ-
elles, such as lysosome and mitochondrion were also found in
the viruliferous whiteflies (Fig. S1C to H). Furthermore, the
expression of 3 autophagy-related genes (Atg3, Atg9 and Atg12)
was monitored. ATG3 conjugates ATG8 to phosphatidyletha-
nolamine; ATG9 may act as a lipid carrier for expansion of the
phagophore; and ATG12 can form a covalent bond with
ATG3.34 Real-time PCR results showed that the expression of
the 3 genes increased significantly in TYLCV-infected white-
flies as well (Fig. 1G to I). Taken together, these data indicate
that the presence of TYLCV in whiteflies may activate
autophagy.

Time-course of autophagy activation in response
to TYLCV infection

The virus-infected tomato may differ from the healthy plants in
nutrition, plant volatiles and defense responses. Therefore,
except viral infection, the physiological change of TYLCV-
infected tomato plants may affect the whitefly autophagy path-
way as well.35 To rule out the possible effect of infected tomato
plants on insects, whiteflies were fed on virus-infected tomato
plants for a 6-h acquisition access period (AAP) and then
transferred onto cotton, a nonhost plant of TYLCV and very
suitable for whiteflies.22,36,37 The activation of autophagy at
different time points was monitored by western blot. The
ATG8-II protein could hardly be observed for the first 24 h,
but clearly increased at 48 h and then gradually decreased
(Fig. 2A). While the viral CP was nearly undetectable for the
first 4 h on cotton, a substantial amount of CP was accumulated
after 12 h and peaked at 48 h (Fig. 2A). Interestingly, after 48 h,
TYLCV CP began to decrease, corresponding to the time when
autophagy was activated. Furthermore, except at 168 h, there
was a clear correlation between the increase in ATG8-II and
the decrease of SQSTM1/p62 from 24 h to 288 h after virus
infection (Fig. 2A), suggesting the activation of autophagic
flux.34 For whiteflies that were fed on healthy tomato plants for
6 h and then transferred onto cotton, no ATG8-II could be
detected throughout all the time points (Fig. S2A). It suggests
that virus infection but not host-plant transfer is critical for the
activation of autophagy. To verify that changing the host from
tomato to cotton plants is not a stress to whiteflies, the activa-
tion of a number of stress-related pathways in whiteflies was
monitored by western blot. As shown in Figure S2B, transfer-
ring the whitefly from tomato to cotton plants had no effect on
MAPK/ERK, MAPK/ p38, apoptosis and cell cycle pathways.
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Furthermore, we used another 2 tomato varieties Zheza 502
and Zhefen 701 which are resistant to TYLCV infection38 to
test the activation of autophagy after transferring the virulifer-
ous and healthy whiteflies from Hezuo903 to the resistant
tomato cultivars. As shown in Figure S2C, the autophagy path-
way was also activated after transferring the viruliferous white-
flies on these 2 tomato varieties in different times. In contrast,
transferring healthy whiteflies from Hezuo903 to Zheza 502
and Zhefen 701 has no effect on autophagy (Fig. S2C). Collec-
tively, these results confirm that the TYLCV infection but not
the host plant shift activates the whitefly autophagy pathway.

Then, virus genomic DNA abundance was determined using
quantitative PCR (qPCR). Initially, the viral genome was unde-
tectable in whiteflies. Similar to viral CP, the level of virus

genomic DNA increased steadily and peaked at 48 to 96 h and
then gradually decreased (Fig. 2B). The expression of TYLCV
V1, V2 and C3 genes was monitored with quantitative reverse
transcription PCR (qRT-PCR). The relative expression levels of
TYLCV gene transcripts (V1, V2 and C3) also significantly
increased during the initial phase of feeding on cotton and then
gradually decreased (Fig. 2C to E). The expression levels of
3 autophagy-related genes (Atg3, Atg9 and Atg12) were also
examined using both the ATCB and ribosomal protein L29
(RPL29) as internal controls (Figs. 2F to H and S1I to K). The
expression of these Atg genes followed a similar trend with that
of TYLCV. When whiteflies were fed on virus-infected tomato
plants for 6 h and then transferred onto cotton, the genomic
DNA, CP and gene transcription of TYLCV all increased

Figure 1. TYLCV infection induces autophagy in whiteflies. (A) Immunoblot analysis of whiteflies infected with TYLCV for 24 h and transferred to cotton for 120 h. ATG8-I
(16 kDa) is observed in both viruliferous and nonviruliferous whiteflies, and ATG8-II (14 kDa) is induced only in the viruliferous whiteflies. Midguts of nonviruliferous (B)
and viruliferous (C) whiteflies were fixed and immunofluorescence labeled with anti-ATG8 antibody and secondary antibody conjugated to Dylight 549 (red). Blue indi-
cates DAPI staining of the nuclei. Twenty midguts of viruliferous whiteflies were measured and 95% of them were positive. A representative image is shown, Bar: 50 mm.
TYLCV infection induces autophagosome formation as measured by electron microscopy (D to F). Representative images are shown for nonviruliferous (D, Bar: 1 mm) and
viruliferous whiteflies (E and F, Bar: 0.5 mm). The initial autophagic vacuole (AVi)/autophagosome can be identified by its rough endoplasmic reticulum, and a double
membrane (E). The multimembrane structure in the degradative autophagic vacuole (AVd)/autolysosome can be observed as well (F). Relative expression level of Atg3
(G), Atg9 (H) and Atg12 (I) were tested by qRT-PCR and ACTB was used as the internal control (�, P < 0.05; ��, P < 0.01).
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significantly within 48 h (Fig. 2). As cotton is a nonhost plant of
TYLCV, these results suggest that TYLCV may accumulate (or
replicate) within the whitefly.39,40 The accumulation of TYLCV
at the early phase activates the whitefly autophagy, which may
lead to the subsequent degradation of TYLCV (Fig. 2).

Dynamics of virus and activation of autophagy in the gut
of whiteflies

Next, we measured the dynamics of TYLCV and autophagy at
different time points in whitefly guts using confocal immuno-
fluorescence. Both the viral CP (Fig. 3A) and the autophago-
some (Fig. 3B) were undetectable for the first 4 h on cotton.
With the accumulation of CP in whiteflies, the autophagosome
was notably increased and peaked at 96 h. After the activation
of autophagy, the viral load began to decrease. At 288 h, when
CP became undetectable again, autophagosome signal disap-
peared as well (Fig. 3A and B). However, for nonviruliferous

whiteflies, no autophagosome and TYLCV signals could be
detected throughout all the time points (data not shown). We
also performed colocalization experiments with CP and ATG8
antibodies on the same sample to show that autophagy is acti-
vated where virus is present (Fig. 3C). These observations con-
firm that the activation of autophagy is strongly correlated with
the presence of virus.

Effects of autophagy inhibitors on TYLCV infection

To observe the role of autophagy in TYLCV infection, white-
flies were treated with 3-methyladenine (3-MA) for 24 h, which
inhibits autophagy due to suppression of the class III PtdIns 3-
kinase.41 After 3-MA treatment, whiteflies were allowed to feed
on virus-infected tomato for 6 h and then transferred onto cot-
ton plant. The whitefly were collected after transferred onto
cotton plant for 0, 24, 48 and 120 h; and the effects of 3-MA on
autophagy activity were examined using confocal microscopy

Figure 2. Time course of autophagy activation in response to TYLCV infection. (A) Accumulation of TYLCV CP and autophagy activation in whiteflies that were infected for
6 h and transferred to cotton for 0 to 288 h. The autophagic flux were also monitored by detecting the turnover of the autophagic receptor and substrate SQSTM1/p62.
(B) TYLCV DNA was detected by qPCR (Significant differences are indicated with different letters, P < 0.05). (C to E) TYLCV genes (V1, V2 and C3) were detected by qRT-
PCR (Significant differences are indicated with different letters, P < 0.05). (Fto H) Relative expression levels of 3 autophagy genes (Atg3, Atg9 and Atg12) were detected
by qRT-PCR (�, P < 0.05; ��, P < 0.01).
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and western blot. Without 3-MA, TYLCV infection led to the
conversion of ATG8-II at 48 h and 120 h (Fig. 4A, lanes with
-). After treatment with 3-MA, the ATG8-II formation was
nearly completely lost (Fig. 4A, lanes with C), suggesting that
treatment with 3-MA resulted in obvious inhibition of
TYLCV-induced autophagy. Confocal microscopy also showed
that after 3-MA treatment the level of autophagic signal was
obviously decreased in the TYLCV-infected whitefly
(Fig. S2D). Interestingly, the accumulation of viral CP was sub-
stantially increased when insects were treated with 3-MA, as
compared to that of the untreated insects, especially at 24 and

120 h (Fig. 4A). Next, TYLCV genomic DNA was detected by
qPCR to determine whether viral genome accumulation in
whiteflies was affected by autophagy inhibition. After 6 h AAP
on infected tomato and transferred onto cotton (0 h), the
TYLCV genomic DNA has no significant difference between
the treatment and control groups, suggesting that 3-MA treat-
ment did not affect the efficiency of virus acquisition (Fig. 4B).
However, after 48 and 120 h on cotton, the accumulation of
TYLCV genomic DNA in 3-MA treated whiteflies was substan-
tially higher than that of the untreated ones (Fig. 4B). In addi-
tion, viral gene expression was measured by qRT-PCR. No

Figure 3. Dynamics of TYLCV and autophagy in the gut of the whitefly. Whiteflies were infected with TYLCV for 6 h on tomato and then transferred onto cotton for 0 to
288 h. Guts of viruliferous whiteflies were dissected, fixed and labeled with anti-CP (A) and anti-ATG8 (B) antibodies. Bar: 20 mm. Blue indicates DAPI staining of the nuclei.
For each time point, 20 midguts were dissected and similar trend was observed. (C) Localization of CP and ATG8 on the same sample.
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significant difference of gene transcription was observed at 0 h.
However, from 24 to 120 h, viral RNA in whiteflies treated
with inhibitors was significantly higher than that in the control

group (Fig. 4C to E). Next, bafilomycin A1 (BAF) which can
block the fusion of autophagosomes with the vacuole was used
to treat the whitefly. Our results showed that after being treated

Figure 4. Effects of inhibiting autophagy on TYLCV. (A) TYLCV CP and ATG8 of whiteflies treated with 3-MA (C) or without 3-MA (¡) were detected by western blot. (B)
TYLCV DNA was detected by qPCR (Significant differences are indicated with different letters, P < 0.05). (Cto E) TYLCV gene expression (V1, V2 and C3) were also detected
by qRT-PCR (Significant differences are indicated with different letters, P < 0.05). (F) TYLCV CP, ATG8 and SQSTM1/p62 in whiteflies treated with (C) and without BAF (¡)
were detected by western blot. (G) The effect of BAF treatment on the accumulation of TYLCV CP at 48 h was detected by immunofluorescence. (H) The effect of BAF
treatment on the accumulation of the TYLCV genome. TYLCV DNA was detected by qPCR at different time points (significant differences are indicated with different let-
ters, P < 0.05). (I) Silencing of whitefly Atg3 and Atg9 by feeding double-strand RNA (dsRNA). The expression of Atg3 and Atg9 genes was monitored by qRT-PCR (signifi-
cant differences are indicated with different letters, P < 0.05). (J) The level of ATG8, SQSTM1/p62 and TYLCV CP was then analyzed by immunoblot. (K) The effect of
silencing Atg3 and Atg9 on the accumulation of the TYLCV genome. TYLCV DNA was detected by qPCR (Significant differences are indicated with different letters,
P < 0.05).
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with BAF (lanes with C), the amount of ATG8-II slightly
increased compared with the untreated group (lanes with -)
(Fig. 4F). In addition, the level of SQSTM1/p62 was elevated
after BAF treatment, suggesting successful inhibition of the late
phase of autophagy. Accordingly, the accumulation of viral CP
was substantially much higher when insects were treated with
BAF, as compared with that of the untreated insects, especially
at 48 h (Fig. 4F and G). Next, TYLCV genomic DNA was
detected by qPCR. After 6 h AAP on infected tomato and trans-
ferred onto cotton (0 h), the TYLCV genomic DNA had no sig-
nificant difference between the treatment and control groups,
suggesting that BAF treatment did not affect the efficiency of
virus acquisition (Fig. 4H). However, the accumulation of
TYLCV genomic DNA in BAF treated whiteflies was substan-
tially higher than that of the untreated ones at 24 and 48 h
(Fig. 4H).

Silencing Atg3 and Atg9 inhibits whitefly autophagy

To further examine the relationship between TYLCV and
autophagy pathway, we silenced the expression of Atg3 and
Atg9 genes by RNAi and then measured the formation of
ATG8-II and the level of TYLCV CP in whiteflies. ATG3 is a
ubiquitin-conjugating enzyme analog that conjugates ATG8 to
phosphatidylethanolamine and ATG9 is the only integral mem-
brane ATG protein essential for autophagosome formation.
First, the whiteflies were fed with 200 ng/ml Atg3 and Atg9
dsRNA for different time intervals. We found that after feeding
dsRNA for 48 h, the expression of Atg3 and Atg9 was signifi-
cantly suppressed in whiteflies as revealed by qRT-PCR

(Fig. 4I). Therefore, for subsequent RNAi experiments, white-
flies were always fed with dsRNA for 2 d. As shown in
Figure 4J, the depletion of Atg3 and Atg9 reduced the formation
of ATG8. In addition, the SQSTM1/p62 levels were noticeably
increased, indicating successful inhibition of autophagic flux.
Accordingly, silencing Atg3 and Atg9 strongly increased the
amounts of virus coat protein (Fig. 4J) and genomic DNA
(Fig. 4K) in whiteflies.

Effects of autophagy induction on TYLCV infection

To further observe whether autophagy plays an antiviral role in
whiteflies, we examined whether TYLCV DNA accumulation
and protein expression could be modulated by inducing
autophagy with rapamycin, which has been known to cause
the activation of autophagy.42 After rapamycin treatment,
whiteflies were allowed to feed on virus-infected tomato for 6 h
and then transferred onto cotton plant. As presented in
Figure S2D, feeding whiteflies with rapamycin activated the for-
mation of autophagosome in both the viruliferous and nonviru-
liferous whiteflies. For whiteflies treated with rapamycin,
ATG8-II was detected once they were transferred to cotton for
0 h, suggesting that autophagy was induced 24 h after rapamy-
cin treatment. The amount of the viral CP in rapamycin-treated
whiteflies was significantly lower than that of untreated white-
flies, indicating that viral CP synthesis was inhibited by autoph-
agy (Fig. 5A). Likewise, TYLCV DNA in rapamycin-treated
whiteflies was significantly lower than that in control group at
24 to 120 h, while no significant difference was observed at 0 h
on cotton (after 6 h AAP on infected tomato). For the control

Figure 5. Effect of rapamycin on TYLCV DNA, CP and gene expression. (A) TYLCV CP and ATG8 of whiteflies induced with rapamycin (C) or without rapamycin (¡) were
detected by western blot. (B) TYLCV DNA was detected by qPCR (Significant differences are indicated with different letters, P<0.05). (C to E) TYLCV gene expression (V1,
V2 and C3) were also detected by qRT-PCR (significant differences are indicated with different letters, P < 0.05).
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group, the level of TYLCV DNA increased significantly from 24
to 48 h indicating the accumulation of TYLCV in whiteflies.
But no significant difference was detected at 24 h and 48 h
when whiteflies were treated with rapamycin (Fig. 5B). These
results suggest that rapamycin treatment inhibits the viral accu-
mulation and protein synthesis via activation of autophagy.
Similar to TYLCV DNA, qRT-PCR analysis showed that, at all-
time points, the expression of TYLCV-V1, V2 and C3 genes in
whiteflies treated with rapamycin were lower than that in the
untreated group (Fig. 5C to E). Taken together, our data sug-
gest that activation of autophagy can lead to degradation of
viral DNA, gene transcripts and CP.

Acquisition, retention and transmission of TYLV by
whiteflies treated with 3-MA and rapamycin

To investigate the effect of autophagy on the acquisition of
TYLCV by whiteflies, we treated the insects with 3-MA and
rapamycin respectively before transferring them onto virus-
infected tomato plants for viral acquisition. PCR was then
deployed to detect TYLCV DNA in each insect at different
time points. We could amplify TYLCV DNA in 60% to 70% of
the individuals tested as early as 3 h after access to the infected
plant (Table 1). For whiteflies treated with 3-MA, the frequency
of detection increased as the length of the AAP increased and
reached 100% after 12 h AAP to the infected plants and thereaf-
ter consistently remained at 100% (Table 1). Next, the effi-
ciency of TYLCV retention in whiteflies treated with 3-MA or
rapamycin were examined (Fig. 6A). After feeding on cotton
plants for 15 d, viral DNA can only be detected in 30% of
whiteflies treated with rapamycin; while in the untreated and 3-
MA treated ones, 90% of the whiteflies remained with detect-
able TYLCV DNA even after 30 d. These results suggested that
3-MA had no effect on the efficiency of TYLCV acquisition
and retention by the whitefly, while rapamycin substantially
reduced the retention of virus by the insect. To demonstrate
whether inducing or inhibiting autophagy might affect the effi-
ciency of TYLCV transmission, whiteflies with and without
rapamycin and 3-MA treatment were used to infect susceptible
tomato plants and the virus transmission frequency were deter-
mined by PCR (Table 2). Our results showed that rapamycin-
treatment markedly reduced the rate of virus transmission; and
3-MA treatment considerably increased the number of plants
with virus infection. To further confirm our observation, the
amount of virus in each tomato plant was also measured by
qPCR. As shown in Figure 6B, the average level of TYLCV also
significantly higher than the control group and rapamycin-

treated group. It demonstrates that regulating autophagy path-
way in the whitefly can affect the efficiency of virus
transmission.

Tomato yellow leaf curl China virus (TYLCCNV) infection
activates autophagy as well

Tomato yellow leaf curl China virus (TYLCCNV) is
another begomovirus closely related to TYLCV; however,
unlike TYLCV which is a monopartite virus, TYLCCNV has
bipartite genomes, referred to as DNA-A and DNA-B.43 To
investigate whether TYLCCNV can activate the whitefly
autophagy pathway as well, the level of ATG8-II in
TYLCCNV-infected whiteflies was monitored using western
blot. Similar to previous descriptions, whiteflies were allowed
to feed on TYLCCNV-infected plants for 6 h and then trans-
ferred onto cotton, a nonhost plant of TYLCCNV. While the
TYLCCNV CP was undetectable for the first 4 h on cotton,
substantial amount of CP was accumulated after 12 h and
peaked at 48 h (Fig. 7A), indicating that the TYLCCNV CP
may accumulate in the whitefly as well. Similar to TYLCV
infection, the whitefly autophagy pathway was clearly activated
at 24 and 48 h. After the activation of autophagy, the amount
of TYLCCNV CP suddenly decreased (Fig. 7A). Similar to the
change of CP, the level of TYLCCNV genomic DNA also
increased gradually, peaked at 48 h and then decreased
(Fig. 7B). Immunofluorescence showed that autophagosomes
were also induced at 12 h, peaked at 48 h and then decreased at
72 h (Fig. 7C) in the gut. This profile is highly consistent with
the dynamics of TYLCCNV genome DNA and CP as well, indi-
cating that the presence of TYLCCNV is responsible for the
activation of autophagy.

Activation of the autophagy pathway is triggered
by viral replication

To further prove that the activation of autophagy is a common
phenomenon for viral infection, we infected whiteflies with
another monopartite begomovirus, Papaya leaf curl China virus
(PalCuCNV),44 and monitored the activation of autophagy
pathway. Similar to the previous experiments, whiteflies were
first fed on PalCuCNV-infected tomato plants for 6 h to
acquire the virus and then transferred onto cotton. To our sur-
prise, no ATG8-II was found by western blot throughout all the
time points (Fig. 8A) and neither the autophagic signal could
be detected by immunofluorescence (Fig. 8B). It indicates that,
unlike TYLCV and TYLCCNV, PalCuCNV infection cannot
activate the whitefly autophagy pathway. Interestingly, qPCR
results showed that the genomic DNA of PalCuCNV rapidly
decreased and remained at a very low level thereafter, suggest-
ing that this virus cannot replicate in the whitefly (Fig. 8C).
These observations indicate that virus replication may be
required to activate the autophagy pathway.

Finally, we examined the effect of TYLCV infection on the
autophagy of the greenhouse whitefly Trialeurodes vaporario-
rum. Previous studies have shown that TYLCV cannot pene-
trate the gut barrier of the greenhouse whitefly and only exists
in the gut lumen.45 When adults of the greenhouse whitefly
were fed on TYLCV-infected tomato plants for 6 h and

Table 1. Efficiency of TYLCV acquisition in rapamycin or 3-MA treated whiteflies.

Insects with TYLCV DNA (%)
Acquisition access
period (h)a Control Rapamycin 3-MA

0 0 0 0
3 60 60 70
6 70 60 70
12 100 80 100
24 100 80 100
48 100 80 100

Note. aTen whiteflies were collected at each of the time points as shown in the table.
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transferred onto cotton, we could not detect the activation of
autophagy pathway until 120 h either by western blot (Fig. 8D)
or immunofluorescence (Fig. 8E). Accordingly, the genomic
DNA of TYLCV never increased in the greenhouse whitefly
(Fig. 8F). Taken together, these results confirmed that the pres-
ence of virus inside the whitefly tissue and viral replication is a
prerequisite for the activation of the autophagy pathway.

Discussion

Autophagy is an evolutionarily conserved intracellular process
by which bulk cytoplasm is enveloped inside a double-mem-
brane vesicle and shuttled to lysosomes for degradation.31,46

Here we found that autophagy plays an important role against
TYLCV and TYLCCNV infection in whiteflies. First, we inves-
tigated whether the TYLCV infection could induce autophagy.
By immunoblotting and qRT- PCR, we found that the level of
autophagosome-specific protein marker ATG8-II and the
expression of autophagy-related genes (Atg3, Atg9 and Atg12)
were significantly higher in viruliferous whiteflies than those of
nonviruliferous whiteflies (Fig. 1). The western blotting results
were further confirmed by the immunofluorescence staining of
autophagic signals and electron microscopy of autophagosome
formation in the midgut of viruliferous whiteflies (Fig. 1B to F).
A previous study demonstrates that TYLCV localizes mostly to
the filter chamber and the descending midgut of the whitefly
digestive tract.47 Therefore, the activation of ATG8-II in mid-
gut (Fig. 3) suggests that autophagy may play critical roles in
the whitefly midgut, an organ shown to be a barrier to the
transmission of some viruses.11,13,48 By modulating the autoph-
agy pathway in vivo, either by inhibiting it with 3-MA and BAF
or activating it with rapamycin, we demonstrated a reciprocal
effect on viral accumulation: virus activated the autophagy,
which was utilized by whiteflies to inhibit the viral infection
(Figs. 4 and 5). Furthermore, we found that activation of white-
fly autophagy could inhibit the efficiency of virus transmission;
whereas inhibiting autophagy facilitated virus transmission

(Table 2 and Fig. 6). Taken together, these results indicate that
TYLCV infection can activate the whitefly autophagy pathway,
which leads to the subsequent degradation of virus.

Interestingly, the anti-ATG8 antibody (Abgent, AP1802a)
can detect both ATG8-I and ATG8-II in western blot (Fig. 2A).
However, when we did immunofluorescence staining, no signal
could be detected in the nonviruliferous whiteflies (Fig. 2B).
Therefore, we think that this antibody can only recognize the
cleaved ATG8-II in immunofluorescence analysis. To prove
that this antibody can detect ATG8-II specifically in immuno-
fluorescence, whiteflies were also subjected to chloroquine or
starvation treatment. Our results showed that after chloroquine
(30 mM) or starvation (24 h) treatment, activation of autophagy
was clearly detected (Fig. S3A). In addition, we tried another 2
antibodies from Sigma (L8918) and Cell Signaling Technology
(3868S). Interestingly, the ATG8 antibody from Sigma could
detect the ATG8-I in the nonviruliferous whiteflies and the sig-
nal increased markedly in the viruliferous whiteflies. Con-
versely, the antibody from Cell Signaling Technology cannot
recognize ATG8-I or ATG8-II from whiteflies (Fig. S3B). These
results suggest that these antibodies perform differently in
whiteflies. It is possible that the antibody from Abgent
(AP1802a) can detect both ATG8-I and ATG8-II in the western
blot, but it can only recognize ATG8-II during immunofluores-
cence staining. Another possible explanation for the lack of
autophagic signal in the nonviruliferous whiteflies in immuno-
fluorescence is that under normal conditions the ATG8-I pro-
tein is predominantly diffusely distributed throughout the

Figure 6. TYLCV retention in whiteflies treated with 3-MA or rapamycin. (A) The whiteflies treated with 3-MA or rapamycin feeding on TYLCV-infected tomato plants for
48 h and then transferred to cotton plant. Ten whiteflies were collected at every time point as shown in the figure after transferring to cotton plants. PCR analyses showed
that percentage of samples with viral DNA (significant differences are indicated with different letters, P < 0.05). (B) The amount of virus in each tomato plant. The level of
TYLCV is each tomato plant was measured by qPCR and normalized with tomato actin. Statistical analysis was done with the Mann-Whitney test. The horizontal line
depicts the medians. Significant differences are indicated with different letters, P < 0.05.

Table 2. Rate of TYLCV transmission after rapamycin or 3-MA treatment.

Treatment No. of infected plants /Total No. of plantsa

Control 10/20
3-MA 16/20
Rapamycin 5/20

Note. aFor each group, 20 tomato plants were used for virus transmission and the
numerator is the number of plants detected with virus, by PCR.
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cytoplasm. Under our experimental condition, these signals are
rather weak and cannot be detected. Upon virus infection, there
is a marked increase in the formation of ATG8-II puncta,
which are detectable under confocal microscopy.

It has been postulated that TYLCV may accumulate and
transcript in whiteflies.39,40 Accumulation of viral DNA in B.
tabaci reared on a nonhost plant of TYLCV after first feeding
on plants infected with TYLCV has been interpreted as multi-
plication of TYLCV in its vector.11 This phenomenon has been
clarified by feeding whiteflies with TYLCV infected tomato
plants for 1 h, and measuring the viral DNA by Southern blot
hybridization after the insects were transferred to feed on artifi-
cial diet. The amount of TYLCV DNA steadily increased after a
lag period of 8 h, reached the maximum level approximately
after 16 h and decreased thereafter.39 These reports seem to be
confirmed by our studies: well after whiteflies had a short access
(6 h) to infected tomato plants and moved onto cotton, both
TYLCV and TYLCCNV CP and DNA increased significantly
and then decreased (Figs. 2 and 7). TYLCV gene transcription
in its vector whiteflies was also assessed after feeding whiteflies
on virus-infected tomato plants and subsequent transfer to

cotton.11,39,40 The increase of virion (C) strand (V1 and V2) in
mRNA level (Fig. 2) indicates active TYLCV transcription,
which appears similar to the results of Sinisterra et al.40 In
plants, the geminivirus genome (C) strand replicates in the
nucleus of infected cells, via the rolling circle model.49 The
genome complementary (¡) strand is synthesized, forming a
dsDNA replicative form and the (¡) strand serves as template
for the synthesis of genome (C) strands. So, we also assessed
the presence of the (¡) strand in the whiteflies (Fig. 2) and
detected the expression of C3 gene from the viral complemen-
tary (¡) strand. A similar finding has just been reported by
Pakkianathan et al.50 Interestingly, these phenomena are not
universal for all begomoviruses, because no increase of vial
genome could be detected for PalCuCNV (Fig. 8A) and gene
transcripts of Tomato mottle virus (ToMoV, a New World
bipartite begomovirus) rapidly became undetectable in white-
flies following transfer from tomato to cotton.40 These observa-
tion further suggesting that the replication of TYLCV and
TYLCCNV in insect vectors is not random. Taken together, the
possibility that TYLCV and TYLCCNV replicate in whiteflies is
appealing.39,40,50 Nevertheless, to further confirm viral replica-

Figure 7. Autophagy activation in response to TYLCCNV infection. (A) Accumulation of TYLCCNV CP and autophagy activation in whiteflies which were infected for 6 h
and transferred to cotton for 0 to 120 h. (B) TYLCCNV DNA was detected by qPCR (significant differences are indicated with different letters, P< 0.05). (C) Midguts of viru-
liferous whiteflies were dissected, fixed and labeled with anti-ATG8 antibodies. The formation of autophagosomes (red) was monitored in TYLCCNV-infected guts from 0
to 120 h.
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tion, the expression of Rep protein and other begomoviral gene
products involved in the putative replication of TYLCV in
whiteflies should be investigated.

Following the end of the 6 h AAP, TYLCV DNA was
detected throughout whitefly’s lifetime, while the amount of
TYLCV CP steadily decreased and became undetectable after
288 h. These results suggest a difference in the retention of viral
DNA and CP in B. tabaci, an observation that seems to be sup-
ported by previous studies.51 It has been shown that following a
4 d AAP on infected abutilon plants, the Abutilon mosaic virus
(AbMV) DNA remained associated with B. tabaci throughout
the 15 d sampling period, while the CP was detectable only for
up to 7 d.17 Similarly, TYLCV CP began to decrease after 48 h
when autophagy was detected, while TYLCV DNA still
increased from 48 h to 96 h (Fig. 2). The activation of auto-
phagy was associated with a rapid decrease of the viral CP,
which may be one of the reasons for shorter retention period of
CP than DNA.17,51 Furthermore, we successfully induced the
formation of autophagosomes by rapamycin and reduced the
viral accumulation in whiteflies (Fig. 5). These results were also
confirmed by inhibiting autophagy by RNAi and 2 chemical
inhibitors (3-MA and BAF) (Fig. 4). These observations sup-
port our hypothesis that autophagy is a key process during viral
infection. Moreover, our data suggest that 3-MA and rapamy-
cin treatment do not affect TYLCV acquisition, because the

amount of CP and viral genome was comparable after 6 h AAP
on infected plants in both treated and untreated whiteflies
(Figs. 4 and 5). Thereby, autophagy is a direct defense mecha-
nism against the retention of TYLCV in whiteflies. During the
submission of our manuscript, another study also showed that
TYLCV proteins may be degraded by plant and whitefly prote-
ase, ubiquitin 26S proteasome and autophagy.52 Increased
understanding of this process will greatly improve our knowl-
edge of the pathogenesis of plant virus.53

Materials and methods

Source and maintenance of insects, plants and viruses

The whitefly B. tabaci is a species complex with more than 35mor-
phologically indistinguishable cryptic species and mitochondrial
cytochrome oxidase I (mtCOI) has been widely used to distinguish
these cryptic species. TheMEAM1 species of the B. tabaci complex
(mtCOI GenBank accession no. GQ332577) and the greenhouse
whitefly T. vaporariorum (mtCOI GenBank accession number
HM153751) were reared on cotton (Gossypium hirsutum cv. Zhe-
Mian 1793). Cotton plants were sown into pots and were cultivated
to 7 to 8 true leaf stage for experiments. Tomato plants (Lycopersi-
con esculentum cv Hezuo903) at 3 to 4 true leaf stage were inocu-
lated with TYLCV by agroinoculation as previously described.43

Figure 8. Viral replication and activation of the autophagy pathway. (A) Autophagy activation in whiteflies which were infected for 6 h with PalCuCNV and transferred
onto cotton for 0 to 120 h. (B) Formation of autophagosomes in guts of PalCuCNV-infected whiteflies was monitored from 0 to 120 h. (C) PalCuCNV DNA was detected by
qPCR (significant differences are indicated with different letters, P < 0.05). (D) Autophagy activation in greenhouse whiteflies which were infected with TYLCV for 6 h
and transferred onto cotton for 0 to 120 h. (E) The formation of autophagosomes in guts of TYLCV-infected greenhouse whiteflies from 0 to 120 h. (F) The amount of
TYLCV DNA in greenhouse whiteflies was detected by qPCR (significant differences are indicated with different letters, P < 0.05).
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All cultures were grown in cages held in a greenhouse at tempera-
tures of 25 to 27�C, 60% relative humidity and 14 h light/10 h dark-
ness. Clones of TYLCV isolate SH2 (GenBank accession number
AM282874.1), TYLCCNV isolate Y10 (GenBank accession num-
ber AJ319675.1) with a DNA-B (GenBank accession number
AJ421621.1) and PalCuCNV isolate HeNZM1 (GenBank accession
number FN256260.1) were obtained from the Institute of Biotech-
nology, Zhejiang University and agroinoculated into tomato.

Acquisition of viruliferous whiteflies from TYLCV-infected
tomato plants

First, 300 mixed-sex adult whiteflies on cotton were separately
transferred to virus-infected and uninfected tomato plants for 48 h.
PCR analyses showed that nearly 100% of the whiteflies on virus-
infected tomato carried viruses. The 2 groups of whitefly samples
were referred to as the viruliferous and nonviruliferous whiteflies.
Then, the activation of autophagy pathway in viruliferous and non-
viruliferous whiteflies was analyzed by western blot, qRT-PCR,
transmission electronmicroscopy and immunofluorescence.

Time-course of autophagy activation in response
to viral infection

About 5,000 of mixed-sex whiteflies were separately collected
and moved onto virus-infected and uninfected tomato plants in
different cages. After 6-h feeding, they were transferred to cot-
ton plants. Then, 300 nonviruliferous and viruliferous white-
flies were collected respectively after various time-points to
determine if the viral infection can induce autophagy. The
accumulation of viral genome and CP were measured by qPCR
and western blot. The activation of autophagy at various time
points after viral infection was analyzed by western blot, qRT-
PCR and immunofluorescence.

Western blot

For western blot analyses, total protein was isolated using the
loading buffer (50 mM Tris-HCl, pH 6.8, 10% glycerol, 0.1%
bromophenol blue, 1% b-mercaptoethanol and 2% SDS). Pro-
tein samples were separated by 12% or 15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and transferred to
polyvinylidine difluoride membranes (MultiSciences Biotech,
4279NK). The membranes were blocked with 5% nonfat milk
in phosphate-buffered saline (PBS; Sangon Biotech, SB0627)
with 0.1% Tween 20 (BBI Life Sciences, 9005-64-5) and then
incubated with the first antibody. After incubation with sec-
ondary antibody (MultiSciences Biotech, GAM007), signals
were visualized with the ECL Plus Detection System (Bio-Rad,
170-5060). The antibodies for TYLCV CP and TYLCCNV CP
were provided by the Institute of Biotechnology, Zhejiang Uni-
versity. The commercial anti-ATG8 (AP1802a) and anti-ACTB
antibodies (sc-130656) were purchased from Abgent and Santa
Cruz Biotechnology, respectively. The commercial anti-
SQSTM1/p62 (8025s), anti-cyclin D (3741s), anti-MAPK/ERK
(4370s), anti-MAPK/p38 (9215s) and anti-CASP3/caspase 3
(9662s) were purchased from Cell Signal Technology.

Virus DNA extraction and quantitative PCR (qPCR)

Total DNA was extracted using the AquaPure Genomic DNA
Isolation kit (Bio-Rad, 732-6340). qPCR was performed on a
CFX96TM Real-Time system (Bio-Rad, USA) with SYBR green
detection (Takara, RR071A). The TYLCV genomic DNA (Gen-
Bank accession no. AM282874.1) abundance was determined
using qPCR with the following primers, F (50-GAAGCGAC-
CAGGCGATATAA-30) and R (50-GGAACATCAGGGCTTC-
GATA-30). The TYLCCNV genomic DNA (GenBank accession
number AJ319675.1) was measured with the following primers: F
(50-CCTTCGAATTGGATGAGGAT-30) and R (50-GGAGG-
CACTTTCCCAAATTA-30). The PalCuCNV genomic DNA
(GenBank accession no. FN256260.1) was measured with the fol-
lowing primers: F (50-ATGTTCCTCGTGGTTGTGAA-30) and R
(50-TCCGACACACAAATGACCTT -30). ACTB gene of B.
tabaci (GenBank accession number AF071908) was measured in
parallel as an internal control with the forward primer, 50-
TCTTCCAGCCATCCTTCTTG-30 and reverse primer, 50-
CGGTGATTTCCTTCTGCATT-30. RPL29 (GenBank accession
no. EE596314) was measured in parallel as an internal control
with the forward primer, 50-TCGGAAAATTACCGTGAG-30
and reverse primer, 50-GAACTTGTGATCTACTCCTCTCGTG-
30. ACTB gene of greenhouse whitefly (GenBank accession num-
ber EU934242.1) was measured in parallel as an internal control
with the forward primer, 50-TCTTCCAGCCATCCTTCTTG-30
and reverse primer, 50-CGGTGATTTCCTTCTGCATT-30.

RNA isolation and quantitative reverse transcription PCR
(qRT-PCR) analysis

Total RNAwas isolated using the SV Total RNA isolation system
(Promega, Z3100) according to the manufacturer’s protocol.
cDNA was synthesized using the SYBR PrimeScript reverse tran-
scription-PCR (RT-PCR) kit II (Takara, RR037A). qRT-PCRs
were carried out on the CFX96TM Real-Time system with SYBR
green detection. The gene expression of Atg3 (GenBank acces-
sion no. HP660691) was determined using qRT-PCR with the
following primers, F (50-CCAGATTGTCTCCAGCAGCA-30)
and R (50-CGTTTAAGGGAACAGCACTTG-30). The gene
expression of Atg9 (GenBank accession number HP662980)
was determined with the following primers, F (50-
AGGGTTCCTGGTTCACGC-30) and R (50-TTGCCATCAT-
TAACTTTCTGCT-30); and Atg12 (GenBank accession no.
HP659053) was measured by F (50-TCAAAGCCACTG-
GAAACGC-30) and R (50-TCTGGTCTGGAGCAGGAGC-30).
The gene expression of TYLCV V1, V2 and C3 (GenBank acces-
sion number AM282874.1) were determined using the following
pairs of primers: V1 (F: 50-GAAGCGACCAGGCGATATAA-30
and R: 50-GGAACATCAGGGCTTCGATA-30); V2 (F: 50-
TCTGTTCACGGATTTCGTTG-30 and R: 50- GCTGTCGAAG
TTCAGCCTTC-30); C3 (F: 50-TGAGGCTGTAATGTCGT
CCA-30 and R: 50-GCTCCTCAAGCAGAGAATGG-30). As
endogenous controls, the expression of ACTB and RPL29 was
measured in parallel.22,54

Immunofluorescence

For immunofluorescence analyses, whitefly guts were dissected
in TBS (10 mM Tris-HCl, 150 mM sodium chloride, pH 7.5)
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and fixed in 4% paraformaldehyde (MultiSciences Biotech, LK-
F0001) for 2 h at room temperature. The guts were washed in
TBS:0.1% Triton X-100 (Sangon Biotech, 9002-93-1) twice, and
blocked in 1% BSA:TBST (TBS buffer with 0.05 % Tween 20)
for 2 h. Primary antibody was diluted in TBST and incubated
overnight at 4�C. The guts were washed twice in TBST and
incubated with secondary antibody diluted in TBST for 2 h at
room temperature. After washing twice in TBST, the dissected
guts were mounted in fluoroshield mounting medium with
DAPI (Abcam, ab104139) and imaged on Zeiss LSM710 confo-
cal microscope (Zeiss, Germany).55 Experiments were per-
formed at least 3 times. Whitefly guts were incubated with anti-
CP MAb (3E10) at a 1:500 dilution and ATG8 antibody
(Abgent, AP1802a) at a 1:50 dilution. Anti-CP binding was
detected with the secondary antibody labeled with Dylight 488
(MultiSciences Biotech, LK-GAM4882) and ATG8 antibody
binding was detected with the secondary antibody labeled with
Dylight 549 (MultiSciences Biotech, LK-GAR5492).

Transmission electron microscopy

For transmission electron microscopy analyses, whitefly guts
were first dissected and fixed with 2.5% glutaraldehyde (Sangon
Biotech, A500484) in phosphate buffer (0.1 M, pH 7.0) for 4 h,
and then postfixed with 1% OsO4 (TED PELLA INC, 4008-
132207) in phosphate buffer for 2 h. After a series of ethanol
dehydration, gut samples were transferred to acetone for
20 min and then embedded in Spurr resin (SPI-CHEM, 2386-
87-0). After staining with uranyl acetate (SCRC, 6159-44-0)
and alkaline lead citrate (Sigma, Sodium citrate tribasic hydrate,
25114; Sigma, Lead (II) nitrate, 203580), samples were sec-
tioned and observed under a Hitachi H-7650 transmission elec-
tron microscope (Japan).

Effects of autophagy inhibitors on TYLCV infection

Autophagy inhibitors 3-methyladenine (3-MA; Sigma, M9281)
and BAF (Enzo, BML-CM110-0100) were used to investigate
the effects of autophagy on TYLCV infection. Whiteflies were
first fed with 1 mM 3-MA or 10 nM BAF (dissolved in PBS),
and mixed with 15% sucrose (SCR, 10021418) in 50-mm diam-
eter cylindrical containers for 24 h. Whiteflies fed with 15%
sucrose and PBS were referred to as control groups. Next, the
whiteflies were treated as described above (Time-course of
autophagy activation in response to TYLCV infection in
whiteflies).

RNA interference

For RNA interference, about 100 adult whiteflies were put in
50-mm diameter cylindrical containers, allowing them to feed on
a 15% sucrose diet with 200 ng/ml Atg3 or Atg9 dsRNA.56 The
sucrose diet containing 200 ng/ml dsGFP was used as a negative
control. The dsRNA was synthesized using AmpliScribeTM T7-
Flash Transcription kit (Epicentre, ASF3507). For RNAi experi-
ments, whiteflies were first fed on a 15% sucrose diet with
dsRNA for 2 d and then transferred onto the virus-infected
tomato for 6 h to acquire the virus. Subsequently, the whiteflies
were transferred onto cotton for 120 h and at different time

points the whiteflies were collected for western blot, confocal
and qPCR analysis. All the treatments were replicated 3 times.

Effects of autophagy induction on TYLCV infection

The autophagy inducer rapamycin (LC Laboratories, R-5000)
was used to investigate the effects of autophagy on TYLCV
infection. Whiteflies were first fed with 10 mM rapamycin (dis-
solved in PBS) and mixed with 15% sucrose in 50-mm diameter
cylindrical containers for 24 h. Whiteflies fed with 15% sucrose
and PBS were referred to as control groups. Next, the whiteflies
were treated as described above. Viral accumulation and
autophagy activation were tested by western blot and qPCR.

Acquisition, retention and transmission of TYLCV by
whiteflies treated with 3-MA and rapamycin

A total of 600 newly emerged (0 to 24 h) adult whiteflies were fed
with 3-MA or rapamycin mixed with 15% sucrose in 50-mm
diameter cylindrical containers. Then they were inoculated onto
each of the 2 TYLCV-infected tomato plants, which were
enclosed singly in insect-proof cages. Thereafter, 10 adults were
randomly collected from the top second and third leaves of each
of the 3 plants at different AAP on the plants (Table 1). The
adults collected were stored at ¡80�C and assayed individually
by PCR for TYLCV DNA. Two hundred adult whiteflies that
had been fed on TYLCV-infected tomato plant for 48 h were
placed on a healthy cotton plant. Following the initial placement,
a group of 10 live adults were collected on the d 0, 15 and 30 and
assayed individually by PCR for TYLCV DNA. For virus trans-
mission experiment, whiteflies were first fed on diet with and
without 10 mM rapamycin, 1 mM 3-MA for 24 h. Then approxi-
mately 200 whitefly adults were separately collected from the
rapamycin-treated, 3-MA treated and control groups and
allowed to feed on TYLCV-infected tomato plants. After 6 h, the
viruliferous whitefies were transferred onto cotton for 120 h.
Then one viruliferous whitefly was collected and transferred into
a clip-cage on the third leaf from the bottom of an uninfected
tomato plant at the 3-true leaf stage. After 96 h, the whiteflies
were removed and the plants were sprayed with imidacloprid at
a concentration of 50 mg/L to kill the eggs. For each group, 20
plants (replicates) were used for virus transmission. After 30 d,
the leaves of each tomato plant were collected and subjected to
PCR examination of virus infection rate. In addition, the amount
of virus in each plant was also quntified by qPCR.

Statistical methods

The data of qPCR was calculated using the comparative CT
method (2¡DDCt), and normalized against whitefly RPL29 or
ACTB. A 2 £ 3 test of independence was applied to compare
frequencies of virus-infected versus uninfected plants among
the 3 treatments. For the amount of virus in each tomato plant,
statistical analysis was done with the Mann-Whitney test.

Abbreviations

3-MA 3-methyladenine
AAP acquisition access period
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ATG autophagy related
DAPI 40,6-diamidino-2-phenylindole
hpi hours postinfection
ATG8 microtubule-associated protein 1 light chain 3
MEAM1 Middle East Asia Minor 1
PBS phosphate-buffered saline
PalCuCNV Papaya leaf curl China virus
qPCR quantitative PCR
qRT-PCR quantitative reverse transcription PCR
ssDNA single-stranded DNA
TYLCV tomato yellow leaf curl virus
TYLCCNV tomato yellow leaf curl China virus
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