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ABSTRACT

Nagata, T., Inoue-Nagata, A. K., Prins, M., Goldbach, R., and Peters, D.
2000. Impeded thrips transmission of defective Tomato spotted wilt virus
isolates. Phytopathol ogy 90:454-459.

Two defective RNA-containing isolates (Pe-1 and 16-2) and an envelope-
deficient (env-) isolate of Tomato spotted wilt virus (TSWV) were tested
for their transmissibility by Frankliniella occidentalis. The Pe-1 isolate
contained a truncated L RNA segment that barely interfered with symp-
tom expression and replication of the wild-type (wt) L RNA segment. This
isolate was transmitted with an efficiency of 51%, a value comparable to
that found for wt TSWV (54%). Isolate 16-2, which contained a genuine
defective interfering L RNA as concluded from its ability to suppress wt

L RNA synthesis and attenuation of symptom expression, was not trans-
mitted at all. The midguts of al larvae that ingested Pe-1 became in-
fected, whereas limited midgut infections were found in 24% of the larvae
that ingested 16-2. This difference in infection could be explained by the
presence of alow number of infectious units in the inoculum ingested from
plants as demonstrated in infection experiments and verified by northern
blot analysis. The env-isolate failed to infect the midgut after ingestion and
could not be transmitted by any thrips stage. This isolate also cannot
infect primary thrips cell cultures. Taken together, these results suggest
that the envelope of TSWV contains the determinants required for bind-
ing and subsequent infection of thrips cells.

Tomato spotted wilt virus (TSWV), the type species of the genus
Tospovirus in the family Bunyaviridae (17), is transmitted by thrips,
a group of minute insects. Thus far, eight thrips species have been
reported as vectors (15,28), of which Frankliniella occidentalis is
the most efficient one (29). The competence of thrips to transmit
tospoviruses shows some unique features. They are acquired by
young larval stages (27) and transmitted by larvae a the end of
their second instar stage and by adults after a latent period during
which the virus replicates (25,30,31). Replication of TSWV in thrips
has a so been demonstrated in primary cell cultures of F. occiden-
talis and Thrips tabaci (19). The ability to acquire virus decreases
with the development of the larvae and is completely lost when
the thrips becomes an adult (24,27). Hence, ingestion of virus by
adults does not lead to transmission. The decreasing ability to be-
come viruliferous is apparently caused by the development of an
age-dependent midgut infection barrier (18,24).

Two distinct types of TSWV mutants, generated during multiple
mechanical passages in plants, have been described (21). One type
contains defective RNAs that are generated by a single deletion in
the polymerase-encoding L RNA segment (8,10,21,22). Most of the
isolates containing defective RNAS cause symptom attenuation in
plants and represent true defective interfering (DI) RNAs. Some
defective RNAs, however, hardly interfere with the synthesis of L
RNA (8). The location of the deleted region in the L RNA varies
but always occurs internally, preserving both termini of the molec-
ule (10,22). The second type of mutants is characterized by the
failure to produce viral envelopes. Although lacking the viral en-
velopes, and hence the vira glycoproteins, these mutants are able
toinfect plants (7,21).
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In this paper, results on the acquisition and transmission of virus
by thrips as well as infection of thrips by both types of TSWV
mutants are reported. For this study, two defective RNA-containing
isolates (Pe-1 and 16-2) (8,10), of which only 16-2 contained a true
DI RNA, and an envelop-deficient (env) isolate (21) were selected.
The ability of these mutants to infect thrips larvae after acquisition
was analyzed using the whole mount immunofluorescent staining
technigque (WMIS) (18) and inoculation to thrips primary cell cul-
tures (19).

MATERIALSAND METHODS

Mutant virus isolates. The wild type (wt) of the Brazilian TSWV
isolate BR-01 (2,3) and two of its derived lines containing defective
L RNAs (Pe-1 and 16-2) were used in this study. They were gen-
erated by repeated mechanical passage of BR-01 wt on Capsicum
annuum (Pe-1) or Nicotiana rustica (16-2) (8,10). An envelop-de-
ficient line of the Dutch TSWYV isolate NL-04 (env) (21) and its
wt (NL-04 wt) were aso included in the current study. Contaminat-
ing defective L RNA species were eliminated from the env- isolate
by single local lesion isolation using Chenopodium quinoa plants
as shown by northern blotting (Fig. 1). The presence or absence of
defective L RNA species in the isolates used was verified by north-
ern blot hybridization prior to and after transmission tests.

Enzyme-linked immunosorbent assay (ELISA). To use sys-
temically infected Datura stramonium leaves with identical levels
of virus titers for acquisition, their relative amount of virus was de-
termined by double-antibody sandwich-ELISA using anti-nucleo-
capsid (N) protein (3). Leaf disks of 5 mm in diameter were tri-
turated in 0.01 M potassium phosphate buffer, pH 7.2, containing
0.14 M NaCl and 0.05% Tween-20 (phosphate-buffered sdline [PBS]-
T) in aratio of 1 mg of leaf material per ml of PBS-T. This ratio
was used to avoid saturation of the antigen-antibody reaction (8).

Thrips rearing and virus acquisition. A Dutch population of
F. occidentalis (NL3) (27) was reared in glass jars on bean pods.



Cultures were incubated in a climate chamber at 25°C with a 164id thrips embryos and transplanting the tissue fragments into modi-
photoperiod. Newborn larvae, up to 4 h old, were given an acquisiied Kimura’s insect medium (13,19). Four-day-old cultures were
tion access period of 16 h on TSWV-infeci2dstramonium leaves  overlayed with a purified virus suspension for 2 h. The infectivity
in Tashiro cages (20,23) and then transferred to cages with healtbfythe virus preparation when fresh and after 2 h of incubation,
D. stramonium leaves. Samples of these larvae at 24, 72, and 96dontaining 10 pg of virus per ml, was confirmed by mechanical
postacquisition (pa) during their larval development, or of 4- to 5-dayinoculation toC. quinoa plants. Following this incubation, the cells
old adults after determining their transmission ability, were colwere washed with a physiological salt solution, incubated in me-
lected for WMIS (18). dium for 48 h, and fixed with 3% paraformaldehyde-0.1% glutar-

Virus transmission assay. The transmission efficiency of thrips aldehyde. Infection of the cells was evaluated by immunofluores-
was tested using a petunia leaf disk assay (30). Newly emergednt assay (19) using antibodies to the N and nonstructurgl (NS
adults were individually placed on a petunia leaf disk in an Epperprotein with a UV microscope (Leica Microsystems BV 400
dorf tube for 2 days at 25°C. The disks were then transferred toagnification. These proteins are abundantly expressed in infected
wells in a 24-well plate and incubated for 3 days floating on 2 mthrips cells (25,31).
of tap water for the development of local lesions.

WMIS of thrips midguts. To detect and locate virus infection
in the midgut, WMIS was performed essentially as previously de-
scribed (9). Briefly, midguts of dissected thrips were mounted on Titer of defective isolatesin acquisition hosts. The amount of
an object glass coated with 0.5% poHysine, fixed with cold ace- virusingested may affect the transmission efficiency of the vector.
tone, and incubated in PBS with 10% bovine serum albumin (BSAJherefore, D. stramonium leaves infected with the isolates Pe-1,
for 1 h to block nonspecific binding of antibodies. Polyclonal anti-16-2, or env- with identical virus titers were used as a virus source
bodies against the viral nucleoprotein (2 mg/ml) were used asia the transmission studies. These titers were determined on three
first overlay for 2 h in 10% BSA-PBS. Prior to its use, this antiseleaf disks sampled at three different locations of each systemically
rum had been cross-absorbed with an extract from uninfected thripgfected leaf to be used. The mean ELISA values of these samples
(10% [weight/volume] in PBS) and fractionated on a DEAE-are shown in Table 1. The two wt (BR-01 and NL-04) and env- iso-
Sephacel column (Sigma Chemical Co., St. Louis). After washintptes reached similar titers in the leaves, while lower amounts of
the specimens with PBS, the midguts were incubated with pigirus were found in the plants infected with isolates Pe-1 or 16-2.
anti-rabbit fluorescein isothiocyanate (FITC) conjugate (10 pg/ml; Effect of defective viral RNAs on transmission. |solates Pe-1
Nordic Immunological Laboratories BV, Tilburg, the Netherlands)and 16-2, each containing a defective L RNA, were selected in view
for 1 h at room temperature. Finally, the specimens were mounted their different virulence on plants (8,10). Pe-1 causes a stunting
with CitiFluor (Agar Scientific Ltd., Stansted, England) and ex-of N. rustica and D. stramonium plants and a mosaic or mottling
amined by UV microscopy (Leica Microsystems BV, Rijswijk, the on the systemically infected leaves followed by severe necrosis.

RESULTS

Netherlands) ax400 magnification.

Total RNA extraction from plants and northern blot analysis.
The presence of defective RNA molecules in TSWV isolates was
demonstrated by northern blot analysis of total RNA extracts from
0.02 g of systemically infected leaves (8). Extracts were subjected
to electrophoresisin a 1% agarose gel containing methylmercuric
hydroxide and transferred onto a nylon membrane (Hybond N;
Amersham Pharmacia Biotech Benelux, Roosendaal, the Nether-
lands). The hybridization procedure was performed with a mixture
of two distinct double-stranded DNA probes that were *2P-labeled
by random priming. One probe was specific to the 5’ terminus (nu-
cleotide positions 1 to 1,178) and the other to the 3' terminus (nu-
cleotide positions 7,749 to 8,897) of the reported viral comple-
mentary strand of TSWV L RNA (4).

Virus inoculation of primary cell culture system of F. occi-
dentalis. To analyze whether the NL-04 env- isolate was able to
infect thrips cells, purified virus preparations were inoculated to
primary cell cultures of F. occidentalis. Purified preparations of the
wt TSWV isolates BR-01 and NL-04 were used as controls. The
primary cell cultures were prepared by crushing approximately 3-day-
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Fig. 1. Northern blot hybridization of a total RNA extract from infected Da-
tura stramonium plants on which thrips acquired the Tomato spotted wilt
virus (TSWV) isolates studied. Lane 1, BR-01 wild type (wt); lane 2, Pe-1;
lane 3, Pe-1 transmitted by thrips; lane 4, defective interfering 16-2; lane 5,
NL-04 wt; and lane 6, envel ope-deficient NL-04.

These symptoms were indistinguishable in character and severity
from those produced by wt virus (BR-01). The symptoms caused
by 16-2, however, were very mild, showing only a few necrotic
spots on the inoculated leaves and a faint mottling on the systemi-
caly infected leaves, while no clear stunting was observed. Thus,
16-2 was characterized as a genuine DI isolate, whereas Pe-1 was
not, asit did not cause clear symptom attenuation. Totally different
results were obtained in the transmission experiments with these
two defective isolates. Pe-1 was transmitted with an efficiency of
50.8%, aleve similar to that of the wt TSWV isolate BR-01 (53.1%)
(Table 1). On the other hand, isolate 16-2 was not transmitted at
al. Remarkably, plants infected with isolate Pe-1 contained lower
virus titers than those infected with 16-2 (Table 1). Since BR-01
and Pe-1 were transmitted with comparable efficiency, it can be
concluded that the acquisition period given in this study sufficesto
exclude any effect of virus concentration in the leaves from which
the thrips acquired the virus.

Northern blot hybridization was applied to detect intact and de-
fective L RNAs in D. stramonium leaves used for virus acquisition
and after transmission of Pe-1 by thrips. The amount of intact ge-
nomic L RNA of Pe-1 was considerably higher per gram of leaf
material than that of 16-2-infected plants (Fig. 1, lane 2 versus
lane 4), suggesting that the truncated RNA of Pe-1 did not strongly
interfere with the replication of intact L RNA. On the other hand,

TABLE 1. Response of Datura stramonium plants to infection by different
Tomato spotted wilt virus (TSWV) isolates and mutants and the rate at which
these isolates were transmitted by the thrips Frankliniella occidentalis

Symptom Mean enzyme-linked Transmission
TSWv?2 severity immunosorbent assay value rate (%) n
BR-01 wt +++ 1.26 53.1 64
Pe-1 +++ 0.60 50.8 65
DI 16-2 + 0.89 0 66
NL-04 wt +++ 1.26 34.3 67
NL-O4env-  +++ 1.26 0 66

awt = Wild type, DI = defective interfering, and env- = envelope-deficient mutant.
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isolate 16-2 contained relatively high amounts of the defective L
RNA, apparently suppressing the wt L RNA accumulation, and thus
representing atrue DI RNA.

Furthermore, it was verified whether the defective L RNA spe-
cies of Pe-1 was transmitted along with its helper virus by thrips.
Leaf disks inoculated by thrips were ground and mechanically
inoculated to two D. stramonium plants. After 2 weeks, the pres-
ence of L RNA-specific fragments was analyzed in these plants by
northern blotting (Fig. 1, lane 3), confirming thrips transmission
of the defective RNA species of Pe-1.

Midgut infection by defective isolates Pe-1 and 16-2. Infec-
tion of the midgut epithelial cells is the first discernible sign of
virus replication in the thrips to transmit tospoviruses as demon-
strated by WMIS (18). Using this technique, larvae were analyzed
for midgut infections after ingestion of the DI isolate 16-2, which
could not be transmitted by thrips. Wild-type TSWV (BR-01) and
the transmissible isolate Pe-1 were used as positive controls.

The first positive signals of wt TSWV infections were discerned
by green-colored FITC spots in the epithelia cells in the anterior
midgut region (Mgl) at 24 h pa (Fig. 2A, section 1). Subsequently,
the virus migrates to the viscera circular and longitudina muscle

cells of this region within 72 to 96 h pa and, later on, to the muscle
cells of the middle and posterior midgut regions (Mg2 and Mg3,
respectively) (18). The visceral muscle tissue of the whole midgut
of adults becomes infected, while the infection in the midgut epi-
thelia cells appeared to be sloughed off after emergence of the
adults (18).

To evaluate the infection of the midgut and muscle cells by these
mutants and wt isolates, first instar larvae of 24 h pa, second instar
larvae of 72 and 96 h pa, and 4-day-old adults were studied by
WMIS. All larvae (100%) that ingested wt TSWV (both BR-01 and
NL-04) and Pe-1 showed clear signals of infection in the midgut,
but only 23% of the larvae that ingested 16-2 showed infection.
Besides the low number of infected larvae, 16-2 infections in the
midgut were mild (Fig. 2A, section 3). The midgut infections were
indexed by the proportion of the midgut epithelium, muscle cells,
or both infected in thrips: O (no infection is found), 1 (faint infec-
tions restricted to the Mgl region), 2 (heavy infections occur in
Magl), 3 (infections occur in both Mgl and Mg2), and 4 (whole mid-
gut is infected). The indexing results of 213 midguts (6 to 10 mid-
guts per treatment) infected with any of the four TSWV isolates are
given in Figure 3. The index values were dlightly lower for Pe-1

Fig. 2. Tomato spotted wilt virus infection of the midgut of thrips larvae 24 h postacquisition as demonstrated by whole mount immunofluorescent staining. A,
Section 1, BR-01 wild type (wt); section 2, Pe-1; and section 3, defective interfering 16-2. B, Section 1, NL-04 wt; and section 2, envel ope-deficient NL-04.
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than for wt virus (Fig. 3). Strong reactions were observed for both
wt virus isolates in Mgl and dlightly less intensive signals for the
Pe-1 isolate at 24 h pa (Fig. 2A, sections 2 and 3). The first sig-
nals of 16-2 were restricted to a limited number of small areas in
MgLl. Thisindex reached its maximum value in adults infected with
the BR-01 and NL-04 wt isolates and Pe-1. With isolate 16-2, how-
ever, the infections remained restricted to a few small signas of a
limited number of cellsin the midgut of the larvae 72 and 96 h pa
(Fig. 3). During all larva stages, the infection remained weak and
was virtually absent in the midgut after emergence of the adults.
Hence, the WMIS data show that the inability to transmit isolate
16-2 can be explained by a restricted virus accumulation in the
midgut.

Lack of viral membrane results in transmission deficiency.
The env- isolate was used to test whether the envelope containing
the viral glycoproteins was required for thrips transmission. Al-
though the env~ isolate reached nucleocapsid protein titers in the
source plants comparable to those of wt virus (Table 1), the thrips
exposed to this isolate were not able to transmit it. As thisisolate
was shown to be free of any defective RNAs (described above)
(Fig. 1, lane 5), the reason for this transmission deficiency must
have been due to the absence of an envelope containing the G1
and G2 proteins.

The env- mutant fails to infect the midgut and primary cell
cultures of F. occidentalis. To investigate whether the env- mu-
tant was completely deficient in its capacity to infect the thrips, the
midguts of thrips larvae, fed on env-infected hosts, were analyzed
using WMIS. Signals of infection could not be discerned in the mid-
gut of any thrips in their L1 and L2 stages or in their adult stage
(Fig. 2B, section 2, and Fig. 3). To verify whether the env- mutant
was completely unable to infect thrips cells, primary cell cultures
derived from F. occidentalis (19) were inoculated with thisisolate.

Infection of these cultures was monitored by detection of viral
N and NSg proteins using FITC-labeled antibodies. None of the
cdls of six cultures inoculated with this isolate showed any sign of
infection (Table 2; Fig. 4). Nucleocapsid preparations of wt BR-01,
devoid of the envelope, aso failed to infect the cell cultures. How-
ever, approximately 30 to 40% of cells in such cultures showed
positive signals of infection when inoculated with preparations of
complete virus particles of wt BR-01 and NL-04 as controls. The
complete virus particles, nucleocapsid, and env- preparations were

—&—BR-01 wt

—— Pe-1

—A—DI 16-2
40T ~E8—NL-04 wt
35 —8—NL-04 env-

3.0
25 T

2.0

Infection index

1.5 1
1.0
0.5

0.0 i
24 h 72 h 96 h adult

Time after acquisition

Fig. 3. Development of infection in the thrips midguts after acquisition of dif-
ferent Tomato spotted wilt virus isolates and mutants by newborn larvae as
rated by the average infection index values in 24-, 72-, and 96-h-old larvae
and 2-day-old adults. 0 = No infections found, 1 = faint infections restricted
to the Mgl region, 2 = heavy infections in Mgl, 3 = infections in Mgl and
Mg2, and 4 = whole midgut isinfected.

infectious, as could be demonstrated by mechanical inoculation to
plants (Table 2). Hence, it is concluded from these results that the
viral envelope contains the crucial determinants needed for virus
entry into thrips cells. The absence of TSWV antigen in the midgut
epithelium cells explains that the incompetence of the thrips to
transmit the env~ isolate is based on a complete failure of the env-
mutant to infect thrips tissues.

DISCUSSION

Neither infection of the midgut nor transmission to plants oc-
curred when an env- isolate of TSWV was ingested from plants by
thrips. This failure demonstrates that free nucleocapsids, the form
of thisisolate in plants, are not able to enter the midgut epithelial
cells. This conclusion is confirmed by the results with primary cell
cultures, which are a mixture of cells originating from various types
of tissues or organs. The inability of nucleocapsids to infect thrips
and cell cultures has to be explained by the absence of any domain
or motif on the nucleocapsids to be recognized by receptors on the
midgut epithelial cells and on cultured cells. Since the envelopeis
absent in both the nucleocapsid and env- inocula, it can be con-
cluded that the receptor recognition sites occur on the vira en-
velope, i.e., on one or both viral glycoproteins. In analogy of the
entry of animal viruses to their host cells, the G1 and G2 proteins
of TSWV will possess the receptor binding sites, leading to endo-
cytosis or membrane fusion of the virus with the cell and the re-
lease of nucleocapsids into the cytoplasm. Two thrips proteins of
94 and 50 kDa have been reported as possible candidates as recep-
torsfor binding TSWYV to thrips cells (1,12).

The env- isolate, incapable of producing enveloped virus par-
ticles, aswell aswt TSWV nucleocapsids failed to infect thrips as
well as primary thrips cell cultures. Inocula of this isolate and the
wt virus nucleocapsid preparations are highly infectious on plants.
This feature indicates that the initial steps of the infection process
in plants differ basically from that in thrips. Tentatively, it can be
concluded that plants can be infected by tospovirus without the
help of areceptor, whereas receptors are required to infect thrips.

Our results showed that a defective L RNA-containing isolate that
causes wt-like symptoms (Pe-1) was efficiently transmitted, whereas
a DI isolate (16-2) that produced attenuated symptoms on plants
was hot transmitted at all. The inability of thrips to transmit this
DI RNA-containing isolate can be explained by the existence of a
quantitative or dose-dependent barrier in the midgut or other tissues
(5,6). Comparing the amount of RNA detected on northern blots,
it was concluded that the replication of the DI L RNA segment in
isolate 16-2 strongly interferes with the replication of the wt L RNA
species. As a consequence of this restricted replication of L RNA,
inocula of this DI isolate will contain only low titers of infectious
units compared with the wt and the defective L RNA-containing
isolate (Pe-1) and, hence, can establish infections only in a low
number of midgut cells. This conclusion is supported by the low
levels of infection in the midgut after ingestion of this DI isolate.
Northern blot analysis (Fig. 2, lanes 2 and 3) showed that the

TABLE 2. Infectivity of enveloped and nonenveloped Tomato spotted wilt
virus (TSWV) preparations on primary cell cultures of Frankliniella occi-
dentalis and Chenopodium quinoa leaves

TSwva NP NSg° Local lesions®
NL-04 wt + + 63
NL-04 env— - — 117
BR-01 wt + + 42
BR-01 RNP - — 121

awt = Wild type, env = envel ope-deficient mutant, and RNP = nucleocapsid
preparation.

b Positive immunofluorescence reactions in primary cells with the antibodies
to N and NSg proteins are marked with “+” and negative reactions with “-.”

¢ Number of local lesions formed 5 days after inoculation of the virus prepa-

rations onC. quinoa leaves.

Vol. 90, No. 5, 2000 457



defective RNA species of isolate Pe-1 did not dramatically affect
the replication of wt L RNA species. However, the slow start of
Pe-1 accumulation in the midgut compared with wt infection im-
pliesthat its multiplication is also slightly hampered or retarded.
The current study shows that thrips completely fail to transmit
the DI isolate 16-2 despite limited initia replication in the midgut
epithelium. On the other hand, Pe-1, which accumulated some-
what slower than wt, was transmitted at a rate similar to wt. These
observations suggested that dose-dependent processes regulate the

virus accumulation in the midgut. One of these processes may be
the rate at which sufficient infectious units become available by
replication in the midgut for further spread to other organs.

The moment at which the virus escapes from the midgut to in-
fect the salivary glands has to be projected before pupation of the
larvae. Pupation is characterized by a drastic renewal of the mid-
gut epithelium (5,6,11,14,16), which may cause an dmost complete
dimination of TSWV with the tissue sloughed off. The virus, which
can be found in the midgut muscular tissues when the thrips be-

Fig. 4. Immunofluorescent staining of primary thrips cell cultures after infection with A and C, wild-type and B and D, envelope-deficient NL-04 isolates using

antiserum to the A and B, N and C and D, NSg protein.
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come adult, has apparently overcome this abortive process by escap-
ing from the midgut epithelia before pupation.

One of the possible factors of the dose-dependent midgut barrier
may consist of digestive activities at the intracellular level, auto-

13

phagolysis, as suggested by Ullman et al. (24,26). Autophagy

seemed to attack viral inclusions in the infected cells to remove

them. However, the real role of this system for the intracellular

digestion of viral proteins should be further elucidated.

The results in this study suggest that env- TSWV mutants, when
they arise in naturally infected plants, will not spread, as the thrips

fail to transmit them. Our studies also showed that the probability

that DI RNAs will be spread after generation in a plant is small.
They will, when acquired, be either eliminated or suppressed dur-

ing the infection and circulation within the thrips due to the dose-

dependent effects of the midgut infection.
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