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The development of tomato spotted wilt tospovirus (TSWV) infection in the midgut and salivary
glands of transmitting and non-transmitting thrips, Frankliniella occidentalis, was studied to
elucidate tissue tropism and the virus pathway within the body of this vector. Immunohistological
techniques used in this study showed that the midgut, foregut and salivary glands were the only
organs in which virus accumulated. The first signals of infection, observed as randomly distributed
fluorescent granular spots, were found in the epithelial cells of the midgut, mainly restricted to the
anterior region. The virus subsequently spread to the circular and longitudinal midgut muscle
tissues, a process which occurred late in the larval stage. In the adult stage, the infection occurred
in the visceral muscle tissues, covering the whole midgut and foregut, and was abolished in the
midgut epithelium. The infection of the salivary glands was first observed 72 h post-acquisition,
and simultaneously in the ligaments connecting the midgut with these glands. The salivary glands
of transmitting individuals appeared heavily or completely infected, while no or only a low level of
infection was found in the glands of non-transmitting individuals. Moreover, the development of an
age-dependent midgut barrier against virus infection was observed in second instar larvae and
adults. The results show that the establishment of TSWV infection in the various tissues and the
potential of transmission seems to be regulated by different barriers and processes related to the
metamorphosis of thrips.

Introduction thrips vector and is transmitted by larvae late in their second
stage and by adults (Sakimura, 19624, b, 1963; Wijkamp &
Peters, 1993). An increase of virus antigens in thrips during
their development, particularly the nucleocapsid (N) and the
non-structural (NSs) protein, is considered to be an indication
of the replication of TSWV in thrips (Wijkamp et al., 1993;

Tomato spotted wilt virus (TSWV) is the type species of
the genus Tospovirus, harbouring the plant-infecting viruses
within the family Bunyaviridae. Other members of this family
include important viruses infecting humans and animals, which
are mainly transmitted by mosquitoes, ticks or other blood-
sucking arthropods. Tospoviruses are exclusively transmitted Ullman.et ”'l" 19934). Replication of this virus has also been
by phytophagous thrips in a propagative fashion (Wijkamp shown in vitro in cultured thrips cells (Nagata ef al., 1997).
et al, 1993; Ullman ef al, 1993 a). TSWV became one of the Only larvae can acquire virus leading to replication and
most worldwidely distributed plant viruses (Goldbach & transmission (Sakimura, 19624, b, 1963 ; van de Wetering et al.,
Peters, 1994) due to the recent global expansion of one of the 1996). Ingestion of virus by adults does not lead to replication
most efficient thrips vectors, Frankliniella occidentalis Pergande and, hence, to the ability to transmit (Ullman ef al, 19924; van

(Mound & Teulon, 1995; Wijkamp ef al, 1995), and its de Wetering ef al., 1996). The existence of this restriction may
be explained by differential expression of barriers during the

development of thrips.

Studies on the transmission efficiency and the virus load of
individual viruliferous and non-viruliferous adults revealed the
existence of three categories of thrips (Wijkamp & Peters,
Author for correspondence: Dick Peters. 1993; Wijkamp ef al.,, 1995; van de Wetering ef al., 1996). The
Fax +31 317 484820. e-mail Dick Peters@medew.viro.wau.nl individuals of the first category could successfully transmit the

impressive plant host range (Peters, 1998).
The virus replicates and circulates after acquisition in its
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virus and possessed high titres of virus antigen in ELISA. The
second category was not able to transmit the virus, but was
positive in ELISA. The third category was negative in both
assays. The existence of these three categories within a single
population reflects different physiological potentials to rep-
licate and transmit TSWV among the individual thrips. For
vectors of animal-transmitted bunyaviruses, these potentials
are often explained by the existence of different barriers
(Paulson et al., 1989; Grimstad & Walker, 1991). Such barriers,
which determine vector competence, may exist at the level of
virus infection or escape from the midgut, dissemination
through the insect, infection of the salivary glands and release
into the saliva (Hardy et al., 1983; Hardy, 1988). In plant virus
vectors, the existence of such barriers has not yet been
elucidated.

Most of our knowledge of the tospovirus—thrips relation-
ship has been obtained in transmission studies. Although some
histological studies have been made (Ullman et al., 19934, b,
1995 ; Wijkamp ef al., 1995; Tsuda et al., 1996), little is known
about the tissue tropism related to the vector competence of
thrips to transmit tospoviruses. This report describes the
results of a study on TSWV tissue tropism in the thrips
L. occidentalis. For this purpose, an immunohistochemical
technique has been developed to study virus infections in
plant virus vectors.

Methods

H Thrips maintenance and virus acquisition. A Dutch population
of F. occidentalis was reared in glass jars on fresh bean pods. The cultures
were incubated in a climate chamber at 25 °C with a photoperiod of 16 h.
Newborn larvae, up to 4 h old, were given an acquisition access period
(AAP) of 16 h on Datura stramonium leaves infected with TSWV strain
BR-01 (de Avila ef al., 1993) in Tashiro cages and then transferred to non-
infected leaves in these cages (Tashiro, 1967; Peters ef al., 1997). Samples
of thrips were collected at several intervals after ingestion of virus for
immunocytochemical studies and to test the virus transmission efficiency
when they became adults.

H Virus transmission assay and ELISA. Transmission by thrips
was tested using the local lesion assay method on petunia leaf disks
(Wijkamp & Peters, 1993). Each newly emerged adult was individually
placed on a leaf disk in an Eppendorf tube for 2 days at 25 °C. The disks
were then transferred to a 24-well plate and incubated for 3 days on water
for the development of local lesions. The virus accumulation in these
thrips was determined by ELISA using antibodies to the nucleocapsid (N)
protein and involved an amplification step as described by Wijkamp et al.
(1995). The minimum threshold for positive ELISA values was the
average of the readings of ten non-infected thrips plus three times their
standard deviation.

Hl Midgut preparation and whole-mount immunofluorescent
staining (WMIS). Thrips were dissected in distilled water and the
midguts transferred to object glasses coated with poly-L-lysine (0-5% in
water) and subsequently air-dried. After 1 h of fixation with cold acetone,
the preparations were stored at — 20 °C until further processing. After
storage, the midguts were incubated in PBS, pH 72, containing 10%
bovine serum albumin (BSA) for 1 h to block non-specific reactions.
Polyclonal antibodies against the viral N protein (2 pg/ml) raised in

508

rabbit were used as a first overlay for 2 h in 10% BSA-PBS. To remove
non-specific antibodies, this antiserum was first absorbed with a crude
extract from uninfected thrips (10% in PBS, v/v) that was heated at
100 °C for 3 min before adding to the antiserum. After removing the
precipitate by microcentrifugation at 10000 r.p.m. for 10 min, the
antibodies were extracted from the supernatant by a two-step method of
ammonium sulphate precipitation (33% and 50% saturation). The
antibody fraction was dialysed and fractionated on a DEAE—sephacel
column (Sigma) with PBS. The midgut preparations were incubated with
this pre-absorbed antiserum for 2h at room temperature in 10%
BSA-PBS, washed three times for 10 min with PBS, and then incubated
with 10 pg/ml pig anti-rabbit FITC conjugate (Nordic) in 10 % BSA-PBS
for 1 h. After washing, the specimens were mounted in CitiFluor (Agar)
and studied by fluorescence microscopy (Leica).

H Preparing sections for immunocytochemical studies. The
legs and antennas were removed from the body under a stereomicroscope
in Bouin's Hollande sublime (Smid ef al., 1998). After removing the legs,
the bodies were incubated in this fixative at room temperature under a
vacuum for 1 h and then overnight at 4 °C, dehydrated in a series of
70—100 % ethanol solutions, and finally incubated in amyl acetate for T h.
They were then embedded in Paraplast (Oxford Labware) in 5 um thick
sections which were mounted on an object glass precoated with poly-L-
lysine (0-1% in distilled water). The sections were deparaffinized with
xylene, rehydrated in a series of 100-70% ethanol solutions and
incubated in PBS. After this treatment, they were incubated with 10%
normal pig serum in PBS for 30 min, then with pre-absorbed anti-N
protein antibodies (I pg/ml PBS) for 2 h, washed with PBS and incubated
with horseradish peroxidase (HRP)-conjugated pig anti-rabbit antibodies
(5 pg/ml PBS containing 10% normal serum) for 1h (Dako). After
washing, the sections were incubated for 5 min with a substrate solution
consisting of 0:05% (w/v) diaminobenzidin (DAB) and 0-01% (v/v)
hydrogen peroxide in 50 mM Tris—HCl, pH 7:6. This reaction was
stopped by washing with distilled water. The sections were then stained
with Mayer’s haematoxylin (Sigma), dehydrated, mounted with DPX
(Fluka) and studied by light microscopy (Leica).

B Electron microscopy. Thrips midguts were dissected and fixed in
a 3% paraformaldehyde—2% glutaraldehyde solution for 30 min,
dehydrated in a series of 50-100% ethanol solutions, and embedded in
LR-Gold (London Resin). The 60—70 nm thick sections were incubated
with 0-8 pg/ml pre-absorbed antibodies to the N protein for 2 h, washed
with 30 droplets of PBS, and incubated with gold-conjugated protein A
for 1 h. After washing with PBS, the sections were post-fixed in 1%
glutaraldehyde, contrasted with uranyl acetate and lead citrate, and
studied with an electron microscope (Zeiss EM 109).

Results

Thrips midgut infection in different developmental
stages

The midgut of F. occidentalis consists of two loops (Ullman
ef al,, 1989, 1992 b; Moritz, 1997), which divide the midgut
into three distinct regions, designated Mg1l, Mg2 and Mg3
(Fig. 1). The foregut ends in the anterior Mg1 region, which
ends at a constricted bending where the next region (Mg2)
starts. This part runs in the direction of the head and continues
after a second loop into the third region (Mg3), which goes
towards the hindgut.

The development of TSWV infection in the midgut was
studied by the WMIS technique (see Methods) using antiserum
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Fig. 1. Schematic presentation of the intestinal tract and position of the
salivary glands of F. occidentalis. Fg, foregut; Mg, midgut; Hg, hindgut;
SG, salivary gland; TSG, tubular salivary gland; MT, Malphigian tube; Lg,
ligament.

to the viral N protein. This technique was applied to larvae at
0, 24 (first instar), 48, 72 or 96 h (second instar) post-
acquisition (p.a.) and to adults that were 4—5 days old. Infection
was discernible by greenish positive FITC signals (Fig. 2).
These signals were not observed in the intestinal tract of larvae
or adults kept on uninfected plants (Fig. 2C). Moreover, the
midgut of thrips fed on cucumber mosaic virus (CMV)-infected
plants did not give any positive signal when antibodies to
either the coat protein of CMV or the N protein of TSWV
were used.

The first infection signals, discernible as granular fluorescent
spots, were mainly restricted to Mg1 (Fig. 2 A) and occasionally
also to the anterior part of Mg2. They occurred in the epithelial
cells directly at the end of the 16 h AAP (0 h p.a.), and became
more intense and clear in the following hours when the
midguts were studied 24 h p.a. (Fig. 2A). The fluorescence
signals were weaker at 48 h p.a. than at 24 h p.a. and became
again more intense at 72 and 96 h p.a. Apparently, the partial
renewal of the epithelium during the moulting process, which
occurred between 24 and 36 h p.a., resulted in a temporal loss
of infected cells and, hence, of the intensity of the reaction.
Interestingly, the infection was completely abolished in the
midgut epithelial cells when the thrips became adults. This
observation suggests that the resorption of the midgut
epithelium during pupation results in a complete loss of the
virus from this tissue.

Infection of the epithelial cells was followed by virus
invasion in the visceral circular and longitudinal muscle tissues
lining the midgut, visible as a fluorescent lattice pattern. This
infection was initially observed 72 h p.a. (Fig. 2B) and became
more intense 96 h p.a. In the adult stage, the infection was
often present in the visceral muscle tissues of the entire midgut
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(Fig. 2D, E). This infection was usually discernible as a lattice
pattern, but, in some cases, restricted to a few rows of
longitudinal muscle cells in the posterior midgut (Mg3). The
presence of the virus in the Mg2 and Mg3 muscle tissues in the
adult stage and its almost absence in the epithelium of these
regions during larval development suggests a lateral cell-to-
cell migration of the virus in visceral muscle cells from the Mg1
to those of other midgut regions.

Besides infection of the muscle cells lining the midgut of the
adult, the infection was also observed in the foregut (Fig. 2D).
During larval development, this organ did not show any
detectable infection, suggesting that the ingested virus cannot
infect the foregut epithelium from the intestinal tract lumen.
Infection of this organ, late in the infection process, represents
a novel aspect of tissue tropism for TSWV infection in thrips.

In cells of the salivary glands, the first infection signals were
seen at 72-92 h p.a. as spots in the border region of the
salivary glands (Fig. 2F, G). The salivary glands in a large
percentage of adults appeared to be completely infected (Fig.
2H). No or limited infection in one or few cells could be
detected in the salivary glands of a small group of adults.
Furthermore, infection in the ligament connecting the salivary
glands with the anterior part of Mgl was often observed at
72 h p.a. or later (Fig. 2F—H).

Signals of infection were never encountered in the tubular
salivary glands or in the Malpighian tubes, which were co-
dissected with the midgut.

The infection of the midgut of larvae 72 h p.a. could further
be confirmed by electron microscopy. Large aggregates of N
protein were observed in the cytoplasm of the epithelial cells
of the midgut (Fig. 3 A) and also in the circular and longitudinal
muscle cells (Fig. 3B). Infection was observed only in Mgl
(two out of three of the larvae tested), confirming the results

obtained by WMIS.

Correlation of midgut infection and transmissibility

To understand the mechanism underlying the vector
competence of F. occidentalis, the effect of the AAP on the
infection in the tissues and the transmission rate was studied
using the same cohorts of thrips. First instar larvae (up to 4 h
old) were given an AAP of either 3 h or 16 h. Some of these
thrips were analysed by WMIS for midgut infection 24 h p.a.,
96 h p.a. or a few days after becoming adult (Table 1). To test
the transmission rate, larvae were grown to adults and
individually tested for their ability to transmit. The virus
content of these adults was analysed by amplification ELISA or
immunohistologically for the infection of their tissues.

The WMIS results revealed that all thrips became infected
when they were given AAPs of either 3 h or 16 h. Infection
was mainly found in the epithelial cells of Mg1 and occasionally
also in other midgut regions 24 h after the AAP of 3 h. (Table
1). The percentage of larvae with infected midguts (epithelia
and muscle cells) increased from 83% (1 = 60) 24 h p.a. to
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Fig. 2. For legend see facing page.
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Fig. 3. Electron micrograph of an infected epithelial (A) and a muscle cell (B) of the Mg1 72 h p.a. The gold particles were
labelled with antibodies to the N protein. Bar, 300 nm.

Table 1. Infection of the midgut as determined with anti-N serum at several intervals in
thrips after acquisition of TSWV by O—4 h old F. occidentalis larvae

Midgut infected (%) Infected midgut regions* (%) No. of

Time individuals
AAP (h) p.a.(h) No Yes Mg1 Mg2 Mg3 tested
3 24 167 833t 633 150 50 60
96 29 97-1F 783 17-4 14 69
Adult 00 100-0§ 389 22-2 389 18
16 24 141 8591 562 250 4-7 64
96 00 100-0F 71:6 280 00 67
Adult 00 100-0§ 267 33 700 30

*Mg1, infection restricted to region Mg1; Mg2, infection in regions Mgl and Mg2; Mg3, infection in

regions Mg1, Mg2 and Mg3.

tInfection restricted to the epithelium.

#Infection in the epithelium and muscle cells of midgut.
§ Infection only in midgut muscle cells.

97% (n = 69) 96 h p.a. and to 100 % when they became adults
(n = 18). These percentages were slightly higher for larvae
that acquired the virus in an AAP of 16 h, indicating that

almost no quantitative differences existed in the development
of virus infection in the midguts of larvae when given AAPs of
3 h or 16 h. However, significant differences were observed

Fig. 2. Infection of the midgut and salivary glands of thrips at different developmental stages after ingesting the virusina 16 h
AAP given to O—4 h old larvae. (A) Mg1 at 24 h p.a.; (B) Mg1 at 72 h p.a. with a discernible infection in the longitudinal
muscle; (C) healthy thrips (3 days old); (D) infected Mg1, Mg2 and foregut of adult transmitter thrips; (E) Mg1 of adult
transmitter thrips; (F)—(G) part of Mg1 and of a salivary gland at 72 h p.a. also showing positive signals in the ligament;

(H) part of Mg1 and a salivary gland of adult transmitter thrips showing positive signals in the ligament; (I) thin section of
adult transmitter thrips; (J) thin section of a healthy control. (A), (D), (E) and (H) were made using a 12/3 filter (Leica), and
(B), (F) and (G) using an FITC filter (Leica). Mg, midgut; LM, longitudinal muscle; Fg, foregut; Lg, ligament; SG, salivary gland.

Bar, 50 um.
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Table 2. Number of thrips with TSWV-infected salivary
glands in transmitting and non-transmitting adult thrips

Restricted to Infection in

No infection one gland* both glandst
Transmitter 0 4 16
Non-transmitter 17 20 3

* Infection was restricted to one or a few cells in one of the salivary
glands.
tBoth glands were either completely or almost completely infected.

when the intensity of infection in the midgut muscles of the
adults was studied. The portion of infected vesicular muscle
cells was smaller in thrips fed on infected plants for 3 h than
those which had fed for 16 h (Table 1).

The effect of the AAP on the transmission rate was studied
by testing individual adults using a local lesion leaf-disk assay
(see Methods). The virus was transmitted by 117 out of 180
(65 %) and by 92 out of 147 (62 %) adults of the cohorts given
AAPs of 3 h or 16 h, respectively. These results revealed that
the length of AAP did not affect the transmission rate. Analysis
of the midguts by WMIS revealed that only a part of the
population could transmit the virus although the midguts of all
thrips were infected.

The amount of N protein in adults was measured by
amplification ELISA after determining the transmission rate.
The results showed that 96% (n = 22) and 100% (n = 15) of
the transmitters were positive in ELISA, whereas 70% (n = 29)
and 60% (n = 20) of the non-transmitters were positive in the
cohorts that had fed for 3 h or 16 h on infected plants.

Histological study of virus infection in whole thrips
sections

To correlate tissue tropism with the transmission capacity,
the infection in adults was also studied in paraffin sections of
whole thrips bodies. After testing their capacity to transmit by
the leaf-disk assay, transmitter and non-transmitter adults were
embedded in paraffin and sectioned in 5 pm thick longitudinal
sections. N protein was targeted with specific antibodies
followed by second antibodies conjugated with HRP and then
stained with DAB. Positive reactions (Fig. 21), observed as a
dark brown colour, were exclusively detected only in the
midgut visceral muscles, foregut and salivary glands of the
adult thrips, but not in any other organ, including midgut
epithelial cells, hence, confirming the absence of virus infection
in the adult midgut epithelial cells. No positive signals could be
seen in the sections of control thrips reared on uninfected D.
stramonium leaves (Fig. 2 J).

The infection in both salivary glands was often unevenly
distributed (Table 2). Virus antigen was readily detected in the
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salivary glands of all transmitter thrips (n = 20). On the other
hand, infection of the salivary glands was completely absent in
17 out of the 40 non-transmitter thrips and very restricted (one
or few cells in one gland) in 20 out of the 40 non-transmitters
(Table 2). These results show that a limited infection of the
salivary glands is not sufficient for a thrips to become a
transmitter.

Effect of vector age on infection of the midguts

Vector competence is drastically affected by the age at
which TSWV is acquired (Sakimura, 19625, 1963; van de
Wetering ef al., 1996). This effect has been explained by the
existence or development of a midgut barrier in adult thrips
(Ullman et al., 19924). To elucidate the existence of an age-
dependent midgut barrier, WMIS was applied to larvae and
adults which acquired the virus at different times in their
development. First instar (up to 4 h old) and second instar
(72—76 h old) larvae were given an AAP of 16 h, and studied
by WMIS 24 h p.a. Some of these thrips, when they were 2-
day-old adults, were tested for their ability to transmit the
virus and then histologically analysed. Adults, when fed for
16 h on an infected plant, were likewise studied 1, 3, 6 and 9
days p.a. (Table 3). The transmission efficiency was 47:3%
(n = 201), 12:4% (n = 169) and zero (n = 152) for the thrips
which acquired virus as first or second larvae or as adults.
These results confirm the generally accepted idea that adults
are unable to acquire virus, and secondly that second instar
larvae can also acquire virus albeit to a lower extent than first
instars.

This study also showed that the midguts of all (n = 8) of
the first instar and 18% (n = 11) of the second instar larvae
were infected 24 h after virus acquisition. After emergence of
the adults, midgut muscle cell infection was found in all adults
(n = 35) which acquired virus as first instar larvae, and in 42%
(n = 30) of the adults which acquired virus as second instars.
No infection could be discerned in thrips which had acquired
the virus as adults 3 days p.a. (n = 8). A weak positive reaction
was found in one out of 18 (5%), and in one out of 36 (2:7 %)
thrips analysed 6 and 9 days p.a. respectively. This infection
were observed as faint positive spots only in the epithelial cells
of Mg1 but not in the muscle cells of these midguts.

Discussion

The pathway of TSWV in the tissues of thrips and the
intrinsic factors related to the transmission of the virus are of
major interest for understanding the relationship between this
virus and its vector. Evidence of infection of midgut epithelial
cells, visceral muscle cells, and salivary glands of F. occidentalis
by TSWYV has already been obtained by electron microscopic
studies (Ullman ef al, 19934, 1995; Wijkamp et al, 1995).
However, these studies did not provide information on the
development of the infection in the individual thrips at different
periods after acquisition of the virus, or in thrips populations
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Table 3. Midgut infection in thrips after ingesting of virus by first and second instar larvae and adults

Midgut infection*

Age when fed on Transmission

virus source efficiency (%) Midgut analysed  No. analysed No Faint Mg1 Mg2 Mg3

Larvae 0—4 h old 473 24 hpa 8 0 0 ) 0 0
Transmitterst 8 0 0 0 1 7
Non-transmitterst 27 0 0 0 9 18

Larvae 72—76 h old 12-4 24hpa. 11 9 1 1 0 0
Transmitterst 4 0 0 0 4 0
Non-transmitterst 26 16 3 6 0 1

Adults 1-2 days old 0 1 day p.a¥ 12 12 0 0 0 0
3 days p.a. 8 8 0 0 0 0
6 days p.a. 19 18 1 0 0 0
9 days p.a. 37 36 1 0 0 0

*No, no infection discernible; faint, reaction not discernible using 100 X magnification but visible using 400 X magnification; Mg1, infection
restricted to region Mgl; Mg2, infection found in the muscle cells of Mg1 and Mg2; Mg3, infection seen in the muscle cells of the whole midgut.

t Transmission was evaluated after adult emergence by leaf-disk assay.

¥ Post-acquisition incubation time (days) before midgut dissection. All adult thrips in this category did not transmit.

which have been given similar AAPs to larvae of the same age.
In addition, the relation between the tissues infected and the
capacity to transmit the virus has not been elucidated. These
questions can be answered by histological immunostaining
techniques using the isolated intestinal tract and salivary
glands, or whole thrips bodies.

The results obtained in this study showed that the first
infection is initially restricted to the epithelial cells of the Mg1
region, followed by infection of the visceral and longitudinal
muscle cells bordering this region, and subsequent invasion of
the visceral and longitudinal cells of the Mg2 and Mg3 region
by the virus. After emergence of the adults, infection could also
be found in the foregut. The processes leading to virus spread
from Mg1 to Mg2, Mg3 and foregut still remain to be studied.
We presume that this may occur by a lateral spread of the virus
by cell-to-cell movement through the muscle tissue, or by
release of virus from the Mg1 region either into the haemocoel
or into the intestinal lumen. The latter possibility, though, is
less plausible as infection of the intestinal lumen did not occur
upon ingestion of the virus, and the susceptibility of the
midgut to infection decreased during larval development. Our
observation that the infection in the posterior midgut remained
occasionally restricted to a few rows of longitudinal muscle
cells, while the circular muscle cells did not become infected,
strongly supports the idea that the virus spreads laterally in a
cell-to-cell manner.

Restricted foci of first virus infection in the midgut have
also been reported in some vectors of arboviruses. For instance,
dengue-2 virus infects a small region of the posterior portion
of mesenteron (midgut) of Aedes albopictus (Kuberski, 1979),
while the initial infection of Japanese encephalitis (JE) virus is
restricted to small isolated foci of epithelial cells of Culex
triaeniorhynchus and C. pipiens (Doi ef al., 1967 ; Doi, 1970). This

infection can be explained by the existence of a limited number
of specific virus entry sites or by an extra or intracellular
digestive activity resulting in the degradation of a large
number of virus particles. Degradation of the TSWV particles
may also explain their failure to infect the epithelium of the
Mg2 and Mg3 regions.

Virus acquisition early in the larval development resulted in
an infection of all thrips individuals, as demonstrated by the
newly adapted histological technique (WMIS). Previous studies
(Wijkamp et al., 1993; van de Wetering ef al., 1996) showed
that the percentage of ELISA-positive thrips was higher than
that of the transmitters when the virus was acquired by first
instars. We attribute this discrepancy between the transmission
tests and ELISA to a lower virus load in the saliva and hence
failing to transmit the acquired virus. Comparison of the results
by WMIS with those of the transmission experiments and
ELISA showed that the midgut muscles and salivary glands of
the transmitter thrips were heavily infected as shown by the
almost complete infection of these tissues and the high virus
titres. Two groups of non-transmitters could be distinguished.
In one group, infection occurred in the midgut and in a very
restricted area of the salivary glands. They were ELISA
positive, but contained lower virus titres than the transmitters.
The infection was restricted to the midgut muscle cells of the
non-transmitters that were ELISA negative. These results
suggest that the inability of thrips to transmit the virus after an
early acquisition was not due to a failure to infect thrips, but to
different quantitative effects of some barriers operating in
different tissues or to partial abortion of the infection in some
cells.

A virus, circulative and propagative in its vector, has to
pass several tissues, the barriers of which will finally determine
the vector competence (Hardy et al, 1983; Hardy, 1988).
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These barriers for TSWV may include a midgut infection,
midgut escape, dissemination, salivary gland infection and
salivary gland escape barriers. In this study, two important
barriers were recognized. The midgut escape barrier in adults
of F. occidentalis was believed to be the first barrier (Ammar,
1994; Wang ef al, 1994). Our results showed that the first
effective barrier is the midgut infection barrier. This barrier
becomes increasingly effective during the development of
larvae and is almost complete in adult thrips. A similar barrier
may be present in the leafhopper Agaria constricta, the vector of
wound tumour reovirus and potato yellow dwarf rhabdovirus.
The efficiency by which this vector transmits these viruses also
decreases with its age (Sinha, 1963), again suggesting the
development of an infection in the midgut. However, this type
of barrier is not common or may even be lacking in
mosquito—arbovirus interactions, as acquisition and trans-
mission of arboviruses is restricted to the adult stage except
when the virus is transovarially passed from one generation to
another.

To reach and infect salivary glands, TSWV has to pass three
more barriers, i.e. the midgut escape, midgut to salivary gland
dissemination, and salivary gland infection. Since escape from
the midgut and dissemination cannot be determined and the
pathway of TSWV to the salivary gland is not known, the
factors which limit the infection of the salivary glands remain
to be elucidated.

In our study, evidence was found for the existence of a
salivary gland escape barrier since transmission seems to be
dose-dependent. The observation that a low infection level of
the salivary glands was associated with an inability to transmit
suggests a failure of the virus to spread to other cells or to be
released in sufficiently large amounts in the saliva. The
immunohistological studies of transmitters showed that the
salivary glands of such individuals become completely infected.
A dose-dependent barrier is the most common model of the
salivary gland escape barrier for the arbovirus—mosquito
relationship (Hardy ef al.,, 1983). Similar observations have also
been made for JE virus in the salivary glands of C.
trigeniorhynchus (Takahashi & Suzuki, 1979; Takahashi, 1982).
Their results suggest that heavily infected salivary glands
are required to transmit the virus, indicating that a successful
transmission is a dose-dependent phenomenon.

It has been suggested (Ullman ef al., 1992 b) that TSWV can
be transported from the midgut through the tubular salivary
glands to the salivary glands. The former was thought to form
a channel-like structure between the midgut and the salivary
glands. This possible role in virus transport is not confirmed by
the present studies as no virus antigen was detected in this
organ. Rather, this study supports the absence of any direct
connection between the midgut and salivary glands, as has
been suggested by Del Bene ef al. (1991). A possible new
pathway by which the salivary glands become infected could
be deduced by detecting infection of the ligaments which
connect the Mg1 region with the salivary glands (Fig. 1). These

514

positive signals were always found in the late larval stage (72 h
p.a. or later) and in adults, associated with infected salivary
glands (Fig. 2F-H).

In conclusion, using immunohistological techniques, in-
fection by TSWV can be followed in thrips during their
development. The development of infection in all young larvae
which acquired virus showed that the susceptibility to virus
entry and midgut infection are stable characters of the thrips
population used in this study. Thus, it can be concluded that
inability to transmit (often observed) does not originate from
a lack of virus entry, but is largely dependent on existing
barriers which must be passed through during infection. The
ability to transmit TSWV by thrips is therefore the outcome of
successful virus replication, spread and passage through several
barriers resulting in a release of virus in the saliva.

The first author gratefully thanks the graduate school Production
Ecology for a fellowship to perform this study. We also thank Dr Marc
Storms and Dr Shinya Tsuda for technical discussions and Mr Joop
Groenewegen for technical assistance.

References

Ammar, E. D. (1994). Propagative transmission of plant and animal
viruses by insects: factors affecting vector specificity and competence.
Advances in Disease Vector Research 10, 289-331.

de Avila, A.C., de Haan, P., Kormelink, R., Resende, R. de O.,
Goldbach, R. W. & Peters, D. (1993). Classification of tospoviruses
based on phylogeny of nucleoprotein gene sequences. Journal of General
Virology 74, 153—159.

Del Bene, G., Dallai, R. & Marchini, D. (1991). Ultrastructure of the
midgut and the adhering tubular salivary glands of Frankliniella occidentalis
(Pergande) (Thysanoptera: Thripidae). International Journal of Insect
Morphology & Embryology 20, 15-24.

Doi, R. (1970). Studies on the mode of development of Japanese
encephalitis virus in some groups of mosquitoes by the fluorescent
antibody technique. Japanese Journal of Experimental Medicine 40, 101-115.

Doi, R., Shirasaka, A. & Sasa, M. (1967). The mode of development of
Japanese encephalitis virus in the mosquito Culex tritaeniorhynchus
summorosus as observed by the fluorescent antibody technique. Japanese
Journal of Experimental Medicine 37, 227—235.

Goldbach, R. & Peters, D. (1994). Possible causes of the emergence of
tospovirus diseases. Seminar in Virology 5, 113—120.

Grimstad, P.R. & Walker, E. D. (1991). Aedes triseriatus (Diptera:
Culicidae) and La Crosse virus. IV. Nutritional deprivation of larvae
affects the adult barriers to infection and transmission. Journal of Medical
Entomology 28, 378—386.

Hardy, J. L. (1988). Susceptibility and resistance of vector mosquitoes.
In The Arboviruses: Epidemiology and Ecology, pp. 87—126. Edited by T. P.
Monath. Boca Raton, Florida: CRC Press.

Hardy, J. L., Houk, E. J., Kramer, L. D. & Reeves, W. C. (1983). Intrinsic
factors affecting vector competence of mosquitoes for arboviruses.
Annual Review of Entomology 28, 229—262.

Kuberski, T. (1979). Fluorescent antibody studies on the development
of dengue-2 virus in Aedes albopictus (Diptera: Culicidae). Journal of
Medical Entomology 16, 343—349.

Moritz, G. (1997). Structure, growth and development. In Thrips as a
Crop Pest, pp. 15-63. Edited by T. Lewis. London: CAB International.




Mound, L. A. & Teulon, D. A. J. (1995). Thysanoptera as phytophagous
opportunists. In Thrips Biology and Management, pp. 3—20. Edited by
B. L. Parker, M. Skinner & T. Lewis. New York: Plenum Publishing.

Nagata, T., Storms, M. M. H., Goldbach, R. & Peters, D. (1997).
Multiplication of tomato spotted wilt virus in primary cell cultures
derived from two thrips species. Virus Research 49, 59—66.

Paulson, S., Grimstad, P. R. & Craig, G. B., Jr (1989). Midgut and
salivary gland barriers to La Crosse virus dissemination in mosquitoes of
the Aedes triseriatus group. Medical and Veterinary Enfomology 3, 113—123.

Peters, D. (1998). An updated list of plant species susceptible to
tospoviruses. In Fourth International Symposium on Tospovirus and Thrips in
Floral and Vegetable Crops, pp. 107—110. Wageningen, The Netherlands.

Peters, D., Loomans, A., Nagata, T., Wijkamp, I. & van de Wetering, F.
(1997). Methods to rear and maintain thrips in tospovirus transmission
studies. In Invertebrates in Captivity Conference, pp. 152—159. Tucson,
Arizona.

Sakimura, K. (1962a). Frankliniella occidentalis (Thysanoptera:
Thripidae), a vector of the tomato spotted wilt virus, with special
reference to colour forms. Annals of the Entomological Society of America
55, 387—-389.

Sakimura, K. (1962b). The present status of thrips-borne viruses. In
Biological Transmission of Disease Agents, pp. 33—40. Edited by K.
Maramorosch. New York: Academic Press.

Sakimura, K. (1963). Frankliniella fusca, an additional vector for the
tomato spotted wilt virus, with notes on Thrips tabaci, another vector.
Phytopathology 53, 412—415.

Sinha, R. C. (1963). Effect of age of vector and of abdomen punctures on
virus transmission. Phytopathology 53, 1170-1173.

Smid, H. M. (1998). Transfer of a male accessory gland peptide to the
female during mating in Leptinotarsa decemlineata. Invertebrate Reproduction
and Development 34, 47-53.

Takahashi, M. (1982). Differential transmission efficiency for Japanese
encephalitis virus among colonized strains of Culex tritaeniorhynchus.
Japanese Journal of Sanitary Zoology 33, 325—333.

Takahashi, M. & Suzuki, K. (1979). Japanese encephalitis virus in
mosquito salivary glands. American Journal of Tropical Medicine and
Hygiene 28, 122—135.

Tashiro, H. (1967). Selfwatering acrylic cages for confining insects and
mites on detached leaves. Journal of Economical Entomology 60, 354—356.
Tsuda, S., Fujisawa, l., Ohnishi, J., Hosokawa, D. & Tomaru, K. (1996).
Localization of tomato spotted wilt tospovirus in larvae and pupae of the
insect vector Thrips setosus. Phytopathology 86, 1199-1203.

Tissue tropism in TSWV-thrips interaction

Uliman, D. E., Westcot, D. M., Hunter, W. B. & Mau, R. F. L. (1989).
Internal anatomy and morphology of Frankliniella occidentalis (Pergande)
(Thysanoptera: Thripidae) with special reference to interactions between
thrips and tomato spotted wilt virus. International Journal of Insect
Morphology and Embryology 18, 289—310.

Ullman, D. E., Cho, J. J.,, Mau, R.F. L., Wescot, D. M. & Custer, D.
(1992 a). A midgut barrier to tomato spotted wilt virus acquisition by
adult western flower thrips. Phytopathology 82, 1333—1342.

Ullman, D. E., Cho, J. J., Mau, R. F. L., Hunter, W. B., Wescot, D. M. &
Custer, D. (1992b). Thrips—tomato spotted wilt virus interactions:
morphological, behavioral and cellular components influencing thrips
transmission. Advances in Disease Vector Research 9, 195—240.

Ullman, D. E., German, T.L., Sherwood, J. L., Westcot, D. M. &
Cantone, F. A. (1993 a). Tospovirus replication in insect vector cells:
immunocytochemical evidence that the nonstructural protein encoded by
the S RNA of tomato spotted wilt tospovirus is present in thrips vector
cells. Phytopathology 83, 456—463.

Ullman, D. E., Sherwood, J. L., German, T. L., Wescot, D. M., Chenault,
K. D. & Cantone, F.A. (1993b). Location and composition of cyto-
plasmic inclusions in thrips cells infected with tomato spotted wilt
tospovirus (TSWV). [Abstract] Phytopathology 83, 1374.

Ullman, D.E., Westcot, D. M., Chenault, K.D., Sherwood, J.L.,
German, T. L., Bandla, M. D., Cantone, F. A. & Duer, H. (1995).
Compartmentalization, intracellular transport, and autophagy of tomato
spotted wilt tospovirus proteins in infected thrips cells. Phytopathology
85, 644-654.

van de Wetering, F., Goldbach, R. & Peters, D. (1996). Tomato spotted
wilt tospovirus ingestion by first instar larvae of Frankliniella occidentalis
is a prerequisite for transmission. Phytopathology 86, 900—905.

Wang, R.Y., Gergerich, R. C. & Kim, K. S. (1994). Entry of ingested
plant viruses into the hemocoel of the beetle vector Diabrotica
undecimpunctata howardi. Phytopathology 84, 147—153.

Wijkamp, I. & Peters, D. (1993). Determination of the median latent
period of two tospoviruses in Frankliniella occidentalis, using a novel leaf
disk assay. Phytopathology 83, 986—991.

Wijkamp, ., van Lent, J., Kormelink, R., Goldbach, R. & Peters, D.
(1993). Multiplication of tomato spotted wilt virus in its insect vector,
Frankliniella occidentalis. Journal of General Virology 74, 341-349.

Wijkamp, l., Almarza, N., Goldbach, R. & Peters, D. (1995). Distinct
levels of specificity in thrips transmission of tospoviruses. Phytopathology
85, 1069-1074.

Received 18 June 1998; Accepted 5 October 1998

515




