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ABSTRACT

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

Tomato spotted wilt tospovirus (TSWV) replicates in at least one of
its thrips vectors, Frankliniella occidentalis. Viral proteins accumulate in
cytoplasmic inclusions, but the location and composition of these inclu-
sions have not been fully elucidated. Observations by electron micros-
copy of TSWV-infected thrips cells immunolabeled with antibodies to
TSWV nucleocapsid protein (N), the membrane glycoproteins (G1 or

G2), and the nonstructural protein encoded by the S RNA (NSs) indi-
cated that TSWV encoded proteins were compartmentalized within vi-
roplasms, dense masses, amorphous inclusions, and paracrystalline ar-
rays. Amorphous inclusions have not been previously reported in TSWV
infected tissues. Viral proteins were immunolocalized in structures
known to be involved in intracellular transport and degradation of pro-
teins including vesicles, putative autophagic vacuoles, and residual
bodies. This is the first account of immunolocalization of TSWYV-
encoded proteins at intercellular membranes and membranes thought to
be part of the Golgi complex.

Additional keyword: detection.

Tomato spotted wilt tospovirus (TSWV) is the type member of
the genus Tospovirus , the only genus in the family Bunyaviridae
containing viruses that infect plants (5,12,25,32). Severe pandem-
ics in food, fiber, and ornamental crops have been caused by to-
spoviruses (17,25) and have received international attention. The
genome of TSWV consists of two ambisense RNA segments,
small (S) and middle (M) (13,19,21), and the large (L) RNA that
is negative sense (1,11,17). The S RNA of TSWV encodes the
viral nucleocapsid protein (N) and a nonstructural protein (NSs)
found in fibrous paracrystalline inclusions in infected insect and
plant cells, but not in assembled virions or healthy plants
(10,13,18,20,36,37,39,43). The M RNA encodes a precursor to
the two glycoproteins (G1 and G2) that are associated with the
viral membrane and a nonstructural protein (NSm) that is the
putative movement protein (9,19,21). The L RNA encodes a pro-
tein that is the viral RNA polymerase (1,11,17). Electron micro-
scope studies of TSWV infected plants have shown that TSWV is
present in many cell types (16). Electron microscopy studies
show configurations within viroplasms and in the Golgi body that
have been interpreted as membranes budding to form particles
(24). Double-enveloped particles and presence of paired parallel
membranes have also been reported (18,24) . The association and
role of these structures in TSWV replication has not been con-
firmed with serologically specific electron microscopy.
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TSWYV replicates in its thrips vectors (36,43) and is persistently
transmitted from plant to plant by several thrips species (order:
Thysanoptera) (17). Several types of cytoplasmic inclusions have
been identified in tospovirus-infected insect and plant cells (18,
20,36,37,39,42,43) although the specific protein composition of
these inclusions has not been completely identified. In plants,
TSWYV and impatiens necrotic spot tospovirus (INSV) N proteins
are associated with dense masses (39) (nucleocapsid accumula-
tions [NCALJ) (18,20) that occur in the cytoplasm or embedded in
viroplasm (18,20,39). Similar inclusions occur in insect cells,
except that dense masses are most often embedded in viroplasm
and are only rarely found occurring in the cytoplasm (36,37,43).
In plants and insects, fibrous paracrystalline arrays of various
shapes are associated with NSs (18,20,36,37,43). This protein
may also be found distributed in the cytoplasm of infected plant
and insect cells (20,43).

Amorphous inclusions have been reported in plant cells in-
fected with INSV (39), but have not previously been reported in
plant or insect cells infected with TSWV. Amorphous inclusions
associated with INSV-infected plants did not label with poly-
clonal antibodies to INSV N or G2 proteins (39). Previously, to-
spovirus glycoproteins have only been found in the membrane of
assembled virions and have not otherwise been immunolocalized
in either plant or insect cells. Cell response to accumulation of
TSWV-encoded proteins has not been studied nor have the proc-
esses surrounding virion translocation and maturation in infected



plant and insect cells been fully elucidated. Vertebrate and inver-
tebrate cells respond to accumulated endogenous and exogenous
proteins with an autophagic system that involves controlled
autolytic elimination of organelles, inclusions, and foreign pro-
teins (15). This intracellular digestive system is involved in nor-
mal cell renewal and responds to altered states of physiological
activity, such as virus infection (15,27). The role of this system in
responding to infection with plant viruses has not been elucidated
in insect cells. In this paper, we report the localization of TSWV
N, G1, G2, and NSs proteins in infected thrips cells, provide the
first serological evidence that N, G1, and G2 can be found at in-
tercellular membranes and membranes thought to be part of the
Golgi complex, and show that N, G1, G2, and NSs proteins are
compartmentalized in cytoplasmic inclusions. The hypothesis that
TSWV-encoded proteins are transported intracellularly and may
enter the cell’s autophagic system is discussed.

MATERIALS AND METHODS

Plant Material and Virus Isolate. A thrips-transmissible
TSWYV isolate collected from tomato on the Hawaiian island of
Maui (TSWV-MT2) was used for all serological tests and for
thrips acquisition. The isolate was maintained by inoculation with
the western flower thrips (WFT), Frankliniella occidentalis
(Pergande), as previously described (35). Infected Emilia sonchi-
folia L. plants were maintained as thrips acquisition hosts in
greenhouses at the University of Hawaii-Manoa campus. TSWV-
MT2 was used to mechanically inoculate Datura stramonium L.
plants that were then used for virus purification (36).

Insects. The WFT colony used in these studies has been previ-
ously described (23,35). The colony was maintained on pods of
Phaseolus vulgaris cv. Green Crop as previously described (35).

Antibodies. Polyclonal antibody indicated to be specific to the
TSWV 78 kDa membrane glycoprotein (G1) was provided by
Dennis Gonsalves at Cornell University (40). A monoclonal anti-
body to the TSWV 58 kDa membrane glycoprotein (G2) was
produced using G2 isolated from sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) gels of purified viri-
ons as previously described (2,34). Western blot analysis showed
that this antibody reacted to a band of 58 kDa from infected plant
tissue and not to healthy plant extracts (data not shown). Poly-
clonal antibody to purified TSWV was provided by Min Wang
and John Cho, University of Hawaii. We produced anti-NSs anti-
body as previously reported (36). Antibodies to the TSWV N
protein were produced as follows. The TSWV N gene was sub-
cloned from a Bluescript vector into the vector pET 14b using
polymerase chain reaction (PCR) as previously described (36).
Primers complementary to the 5" or 3 end of the N gene were
designed with the appropriate restriction enzyme site sequences

TABLE 1. Comparison of mean gold label per cm? on viroplasm and dense
masses, amorphous inclusions, paracrystalline arrays, and cytoplasmic re-
gions in thin sections of noninfected and tomato spotted wilt tospovirus
(TSWV)-infected larval Frankliniella occidentalis (Pergande)?

Treatments

Rabbit
Cell Regions Anti-N  Anti-G1  Anti-NSs  serum
Viroplasm and dense masses 12,020 0.16 0.02 0.02
Amorphous inclusions 0.11 13.52" 0.05 0.27
Paracrystalline arrays 0.10 0.10 7.28" 0.18
Cytoplasm, infected insects 0.19 0.08 0.11 0.25
Cytoplasm, noninfected insects 0.16 0.27 0.05 0.22

a Measurements were made in midgut epithelial cells reacted with polyclonal
antibodies raised against TSWV nucleocapsid protein (N), TSWV 78 kDa
membrane glycoprotein (G1) and the nonstructural protein (NSs) encoded
by the small RNA segment of TSWYV.

® Mean gold label per cm? is significantly higher than on other structures or
cytoplasm of noninfected and TSWV-infected insects (P < 0.0001).

for insertion into pET 14b. The N gene was expressed in E. coli
BL21 (DE3) (Novagen, Madison) and purified using denaturing
conditions with the Novagen His-Tag system. The purified pro-
tein was used for the production of polyclonal antisera by meth-
ods similar to those previously described (36). Western blot
analysis showed that the polyclonal serum to the N protein re-
acted with a band of 29 kDa in both infected plant tissue and in-
duced E. coli protein extracts (data not shown). No cross-
reactivity with healthy plant tissue or uninduced E. coli proteins
was observed.

Immunocytochemistry. Dissected WFT organs used for im-
munocytochemical analyses were fixed and embedded in LR-
White resin as previously described (42). Insects for these tests
were subsampled from acquisition and transmission experiments
(see next section for description). Embedded samples were seri-
ally sectioned at 90 to 100 nm and placed on nickel or copper
formvar coated slot grids. Serial sections were then incubated at
room temperature with 5% fetal bovine serum in 0.05 M phos-
phate buffered saline with 0.02 M glycine (pH 7.4) (FBS-PBS-
GLY) for 5 min and reacted with anti-N (1:10 in 5% FBS-PBS-
GLY), anti-G1 or G2 (1:10 in 5% FBS-PBS-GLY) or anti-NSs
polyclonal antibody (1:10 in FBS-PBS-GLY) for 40 min. Grids
reacted with anti-N or anti-G1 antiserum were labeled with 10, 15
or 20 nm Protein A-Gold (1:15 in 5% FBS-PBS-GLY). Those
reacted with anti-NSs antiserum were labeled with 15 nm gold-
conjugated goat-anti-rabbit antiserum (GAR) (1:15 in 5% FBS-
PBS-GLY) and those reacted with anti-G2 were reacted with
rabbit-anti-mouse (1:1,000 5% FBS-PBS-GLY) and labeled with
15 nm Protein A-Gold (1:15 in 5% FBS-PBS-GLY). Serum con-
trols included sections from virus infected individuals incubated
with normal rabbit serum (1:10 in FBS-PBS-GLY) when poly-
clonal antibodies were used and normal mouse serum (1:10 in
FBS-PBS-GLY) when monoclonal antibodies were used. These
sections were then tested for reaction to the appropriate gold con-
jugates. Sections from noninfected individuals fed on sucrose or
healthy plants were also labeled with each polyclonal antibody or
rabbit serum. Washes were done in PBS and grids were fixed with
2% glutaraldehyde in distilled water, washed with distilled water,
stained with 5% uranyl acetate in distilled water and lead citrate,
and viewed with a Zeiss 10A electron microscope. Immunolabel-

Fig. 1. Electron micrograph of a thin section of the lumen of a larval thrips
midgut epithelial cell. Virions ingested from an infected plant are labeled
with polyclonal antibody to the tomato spotted wilt tospovirus 78 kDa mem-
brane glycoprotein (G1) and 15 nm Protein A-gold. Bar = 1 pm. lu, lumen;
mv, microvilli; v, virions.
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Fig. 2. Electron micrographs of serial thin sections of a larval thrips midgut epithelial cell showing compartmentalization of proteins in viral inclusions. Viro-
plasm with embedded electron-dense aggregates or dense masses abutting amorphous inclusions can be seen. Label is 15 nm Protein A-gold. Bars = | pm. (A)
Amorphous inclusions react with polyclonal antibody against the tomato spotted wilt tospovirus 78 kDa membrane glycoprotein while viroplasm and embedded
dense masses do not. (B) Section serial to that shown in (A). Viroplasm and dense masses react with polyclonal antibody against tomato spotted wilt tospovirus
nucleocapsid protein while amorphous inclusions do not. Al, amorphous inclusion; DM, dense masses; VP, viroplasm.
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ing was quantified by counting gold particles per cm® on struc-
tures (i.e., inclusions, vesicles, vacuoles) in different regions of
the cells (infected insects: 3 cell locations per inclusion type x 3
cell regions x 2 insects x 2 replications = 36 counts/inclusion type
from 4 insects; noninfected control insects: 3 cell locations per
inclusion type x 3 cell regions x 1 insect x 2 replications = 18
counts from 2 insects). This quantification was statistically ana-
lyzed as previously described (42). Because the background la-
beling was exceedingly low, statistical quantification was not
done for anti-G2 labeling or on linear structures such as intercel-
lular membranes and membranes thought to be part of the Golgi
complex.

Thrips Acquisition and Transmission of TSWV. Two repli-
cations of the following experiments were conducted 1 month
apart. First instar larval WFT from noninfected green bean pods
were placed in acquisition units on groups of excised, TSWV-
infected E. sonchifolia leaves, and allowed to feed for 48 h. Ex-
cised leaves were obtained from 3 to 5 infected plants per acqui-
sition unit and 5 acquisition units were used per replication (5
units per replication x 3 to 5 plants per unit x 2 replications = 30
to 50 infected plants). Groups of 50 to 100 thrips were placed in
each acquisition unit. Noninfected thrips, used as healthy controls
in inoculation tests and microscopic analyses, were fed simulta-
neously on noninfected E. sonchifolia in a similar fashion. A sub-
sample of these individuals were fed on 5% sucrose solution in
distilled water under Parafilm membranes and used as controls in
immunolabeling experiments. Second instar larvae were then
randomly selected from acquisition units after 48 h of acquisition
feeding and prepared for immuncytochemistry as described in the
previous section. Immunocytochemical analyses were performed
on dissected organs of WFT from these subsamples (6 insects per
replication x 2 replications = 12 insects). Remaining larvae were
allowed to continue feeding on TSWV-infected leaves until pupa-
tion (48 h) and were then reared to adulthood on noninfected

green bean pods replaced daily, A subsample of 10 adult thrips
were then prepared for immunocytochemistry as described for
larvae. In addition, 9 adults were embedded in Spurrs as previ-
ously described (38). Insects that were osmicated and embedded
in Spurrs could not be immunolabeled due to loss of TSWV pro-
tein antigenicity (42). Remaining adults were used to inoculate
plants (E. sonchifolia).

RESULTS

Antibody specificity. Specificity of the antibodies used in im-
munolabeling is demonstrated by highly significant differences in
gold label per cm? on morphologically distinct inclusions com-
pared with surrounding cytoplasm, serum controls, and nonin-
fected insect controls (Table 1) (P < 0.0001). No significant dif-
ferences in gold label per cm® were found on cytoplasm of
TSWV-infected and noninfected insects using rabbit or mouse
serum controls.

Electron microscopic observations. Electron microscopic ob-
servations of larval WFT fed on TSWV-infected plants revealed
spherical membrane-bound virions in the digestive tract immedi-
ately following acquisition feeding in all larvae sectioned (6 in-
sects per replication x 2 replications = 12 insects) (Fig. 1). In
infected larvae and adults four morphologically distinct, non-
membrane-bound cytoplasmic inclusions were associated with
TSWYV structural and nonstructural proteins: viroplasm, dense
masses, amorphous inclusions, and fibrous paracrystalline arrays
(Figs. 2A and B; 3A-D). Viroplasm consisted of amorphous ma-
trix material. Frequently, dense masses appeared as embedded
aggregates of more electron-dense material within the viroplasm
(Figs. 2; 3A, C, and D; 4A) and were also found, although rarely,
in the cytoplasm (Fig. 5). Serial sections revealed that viroplasms
with embedded dense masses were frequently found adjacent to
and abutting, but not overlapping amorphous inclusions (Figs. 2A

Fig. 3. Electron micrographs of thin sections of larval thrips midgut epithelial cells. Bars = 0.5 pm. (A) Fibrous paracrystalline array and viroplasm with embed-
ded dense masses. Paracrystalline array reacts with polyclonal antibody to tomato spotted wilt tospovirus (TSWV) nonstructural protein encoded by the S RNA
(NSs) while viroplasm and embedded dense masses do not. Label is 15 nm goat anti-rabbit-gold (GAR). (B) Paracrystalline array reacts with anti-NSs poly-
clonal antibodies while amorphous inclusion does not. Label is 15 nm GAR. (C) Viroplasm with embedded dense masses abutting an amorphous inclusion
adjacent to a fibrous paracrystalline array. Amorphous inclusion reacts with polyclonal antibody to TSWV 78 kDa membrane glycoprotein while viroplasm,
dense masses and fibrous paracrystalline array do not. Label is 15 nm Protein A-gold (PAG). (D) Viroplasm with embedded dense masses adjacent to a fibrous,
paracrystalline array. Viroplasm and denses masses react with antibodies against TSWV nucleocapsid protein while paracrystalline array does not. Label is 15
nm PAG. Al, amorphous inclusion; DM, dense masses; F, fibrous paracrystalline array; VP, viroplasm.
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Fig. 4. Electron micrographs of thin sections of larval thrips midgut epithelial cells. (A) Viroplasm with embedded dense masses adjacent to amorphous inclu-
sions. Area around amorphous inclusions is highly vacuolated (asterisk) and numerous microtubules are present adjacent to the inclusion and vacuolated region
(arrow). Inset shows an amorphous inclusion. Amorphous inclusions react with antibodies against tomato spotted wilt tospovirus (TSWV) membrane glycopro-
teins (G1 in main photo, G2 in inset) while viroplasm and dense masses do not. Label on G1 is 10 nm Protein A-gold (PAG), whereas on G2 it is 15 nm silver
enhanced PAG. Bars = 1 pm. (B) Putative autophagic vacuole bounded by a distinctive double membrane. Contents are membranous, amorphous and electron
dense. Electron dense material at cytosol edge (arrow) characterizes autophagic vacuoles. Bounding membrane and contents react with polyclonal antibodies
against TSWV structural proteins. Label is 10 nm PAG. Bar = 0.2 pm. (C) Putative residual bodies containing numerous membranous whorls, amorphous, elec-
tron dense materials and possible lipofuscin granules. Contents react with antibodies against TSWV G1 and G2 (G1 in main photo, G2 in inset). Label on Gl is
20 nm PAG, whereas label on G2 is 15 nm PAG. Bars = 0.5 pm. (D) Residual body adjacent to a lysosome containing numerous membranous whorls and highly
condensed electron dense material. Contents, particularly membranous whorls, react with polyclonal antibody against TSWV G1. Label is 15 nm PAG. Bar =
0.5 um. Al, amorphous inclusion; AV, autophagic vacuole; DM, denses masses; 1, lysosome; Ifg, lipofuscin granules; RB, residual body; VP, viroplasm.
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and B; 3C; 4A). Amorphous inclusions consisted of amorphous,
electron dense matrixes, often containing embedded membranous
whorls (Fig. 2A). These inclusions frequently occurred next to
large numbers of microtubules and were often vacuolated (Fig.
4A). Fibrous material in paracrystalline arrays occurred in various
shapes and sizes throughout infected cells (Fig. 3A-D). Double
enveloped particles, budding configurations in the Golgi appara-
tus and paired parallel membranes were not observed.
Virus-encoded proteins were also localized in vacuoles bound
by a distinctive double membrane (provisionally named auto-
phagic vacuoles based on their morphology) that occurred
throughout the midgut epithelial cells of larvae (Figs. 4B; 5; 6A
and B: 7), in residual bodies (Fig. 4C and D), in membranes
thought to be part of the Golgi complex (Figs. 5; 8A and B), at
intercellular membranes (Fig. 9A and B) and in smooth vesicles
(Fig. 10). Among larvae, viroplasm, dense masses, and amor-
phous inclusions were seen in the midgut epithelial and muscle
cells (replication 1: 5 of 6 insects sectioneds replication 2: 2 of 6
insects sectioned). Fibrous, paracrystalline arrays were found in
the same cells, as well as autophagic vacuoles, residual bodies
and smooth vesicles (in replication 1: 4 of 6 insects sectioned; in
replication 2: 2 of 6 insects sectioned). Among infected adults
(those reared on healthy beans following TSWV acquisition as
larvae), viroplasms with embedded dense masses were observed
in muscle cells surrounding the midgut in four of nine insects
sectioned (Fig. 11), but not in the midgut epithelial cells. Viro-
plasms with embedded dense masses, fibrous, paracrystalline
arrays and assembled virions were observed in the salivary gland
of three of nine insects (Fig. 12). In virus transmission assays, the
cohort from which these adults were subsampled successfully
transferred TSWV to eight of 10 E. sonchifolia plants. Viro-
plasms with embedded dense masses, amorphous inclusions,
paracrystalline arrays, and assembled virions were not seen in
noninfected control insects. Putative autophagic vacuoles, resid-
ual bodies, and smooth vesicles were seen in control insects, but
were less abundant than in infected insects.
Immunocytochemistry. Immunocytochemical analysis of se-
rial ultrathin sections of larval and adult organs revealed that anti-
N antibody reacted with virus particles (data not shown), viro-
plasm and dense masses (Figs. 2B; 3D; 5; 6A). In contrast, anti-

Fig. 5. Electron micrograph of a thin section of a larval thrips midgut epithe-
lial cell showing dense masses in the cytoplasm rather than embedded in
viroplasm. Dense masses are observed adjacent to an autophagic vacuole
containing an accumulation of electron dense material. Dense masses, elec-
tron-dense material in the vacuole, and amorphous material adjacent to the
Golgi are immunostained with polyclonal antibody against tomato spotted
wilt tospovirus nucleocapsid protein. Label is 15 nm Protein A-gold. Bar =1
um. AV, autophagic vacuole; DM, dense masses; g, Golgi.

bodies to G1 and G2 did not react with the viroplasm or dense
masses, but did specifically tag virions (Fig. 1) (data not shown
for G2) and amorphous inclusions (Figs. 2A; 3C; 4A). Fibrous,
paracrystalline arrays were immunolabeled by anti-NSs antibod-
ies (Fig. 3A and B), but did not react with anti-N or antibodies to
G1 and G2 (Fig. 3C and D). Virions and inclusions were absent
and immunolabel negligible (less than serum controls) (Table 1)
in negative controls consisting of insects of the same age fed on
noninfected plants.

In addition to cytoplasmic inclusions, autophagic vacuoles
were found near viroplasms, dense masses and amorphous inclu-
sions throughout the midgut epithelial cells of infected larvae
(Figs. 4B; 5; 6A and B; 7). In some cases, vacuoles abutted viro-
plasms and amorphous inclusions, possibly fusing at the edge of
these inclusions (Fig. 5). Vacuoles had distinctive double mem-

Fig. 6. Electron micrographs of serial thin sections of a larval thrips midgut
epithelial cell revealing the protein composition of the contents of a putative
autophagic vacuole. Bars = 0.5 pm. (A) The autophagic vacuole is bounded
by a distinct double membrane (arrow). Contents include amorphous, elec-
tron-dense material and membranous, vesicular material. A possible coated
vesicle and lysosome can be seen adjacent to the vacuole membrane. The
membrane bounding the vacuole and some of the contents are im-
munostained with polyclonal antibody against tomato spotted wilt tospovirus
(TSWV) nucleocapsid protein. Label is 15 nm Protein A-gold (PAG). (B)
Section serial to that shown in (A). Membrane bounding the vacuole and
contents are immunostained with polyclonal antibody against the TSWV 78
kDa membrane glycoprotein (G1). Label is 15 nm PAG. AV, autophagic
vacuole; vs, vesicle; 1, lysosome.
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branes (Fig. 6A and B) and the vacuole contents included mem-
branous bits, whorls, spheres, and amorphous electron-dense ma-
terials (Figs. 4B; 6A and B; 7). The cytosol side of the vacuole
membrane frequently had electron-dense deposits (Fig. 4B)
similar to those occurring when clathrin are deposited following
fusion between vacuoles and coated vesicles (Fig. 6A and B).
Immunolabeling of serial sections revealed that the membrane
bounding the vacuoles, as well as some of the vacuole contents,
reacted with anti-N and antibodies to G1 and G2 (Figs. 5; 6A and
B; 7), but were not tagged by anti-NSs antibodies (data not
shown). Autophagic vacuoles containing virus encoded proteins
were also observed along the basal and intercellular plasma
membranes and apparently fused with the labyrinth of basal lami-
nar infoldings at the basement membrane of the midgut epithelial
cells (Fig. 7). Autophagic vacuoles in noninfected control larvae
did not immunolabel with any of the antibodies used in this in-
vestigation.

Residual bodies were found in midgut epithelial cells of
TSWV-infected larvae that reacted specifically with anti-G1 and

anti-G2 antibodies (Fig. 4C and D), but did not react with anti-N
or anti-NSs antibodies. Anti-N and antibodies to G1 and G2 also
tagged membranes of the Golgi complex (Fig. 8A and B), sec-
tions of the zonula continua (a junctional specialization of the
intercellular membrane separating midgut epithelial cells) (Fig.
9A) and sections of the midgut epithelial cell basement mem-
brane abutting circular and longitudinal muscle cells containing
viroplasms with embedded dense masses (data not shown). Fi-
brous, paracrystalline arrays apparently spanning intercellular
membranes reacted with anti-NSs antibody (Fig. 9B).

DISCUSSION

Our observations indicate that multiplication of TSWV in
thrips cells results in viral proteins compartmentalized in cyto-
plasmic inclusions and localized at intercellular membranes and
membranes thought to be part of the Golgi complex. In addition,
viral proteins were found in various vesicles and vacuoles asso-
ciated with autophagic pathways indicating that intracellular

Fig. 7. Electron micrograph of a thin section of a larval thrips midgut epithelial cell showing a putative autophagic vacuole possibly fusing to an infolding of the
basement membrane. Possible residual body within the vacuole and a portion of the basement membrane infolding (arrow) are immunostained with polyclonal

antibody against tomato spotted wilt tospovirus (TSWV) 78 kDa membrane

glycoprotein (G1) Bar = 0.5 pm. Inset shows a putative autophagic vacuole im-

munostained with monoclonal antibody to the TSWV 58 kDa membrane glycoprotein (G2). Bar = 1 pm. Label in main photo and inset is 15 nm Protein A-gold.
AV, autophagic vacuole; bmi, basement membrane infolding; bm, basement membrane.
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transport takes place in thrips in response to infection by TSWV.
The conclusion that viral N, G1, G2, and NSs proteins are
compartmentalized in cytoplasmic inclusions is supported by
immunolabeling of serial sections from infected thrips cells. Im-
munolabeling indicated that the viroplasm and dense masses were
composed predominantly of N protein and not viral membrane
glycoproteins or NSs (Figs. 2B; 3A and D; 4A; 8A). This con-
firms previous findings in plants infected with TSWV or INSV, in
which the viroplasm and dense masses have also been shown to

Fig. 8. Electron micrographs of thin sections of a larval thrips midgut epithe-
lial cell. Label is 15 nm Protein A-gold. Bars = 0.5 pm. (A) Putative Golgi
region adjacent to a viroplasm with embedded dense masses. Numerous
coated vesicles and microtubules (arrow) can be seen. Viroplasm, dense
masses, and amorphous material in the Golgi region are immunostained with
polyclonal antibodies against the tomato spotted wilt tospovirus (TSWV)
nucleocapsid protein. (B) Putative Golgi region several serial sections after
that shown in (A) immunostained with polyclonal antibody against the
TSWV 78 kDa membrane glycoprotein (G1). Many vesicles can be seen in
the region. cv, coated vesicle; DM, dense masses; g, Golgi; vs, vesicle; VP,
viroplasm.

accumulate N protein (18,20,39). Amorphous inclusions were
found adjacent to the viroplasm and embedded dense masses
(Figs. 2A; 3C; 4A). In these inclusions TSWYV membrane gly-
coproteins accumulated, but not the N or NSs proteins. In serial
sections of viroplasms with embedded dense masses and amor-
phous inclusions, even when these inclusions were adjacent and

Fig. 9. Electron micrographs of thin sections of a larval thrips midgut epithe-
lial cell. Bars = 0.5 pm. (A) Amorphous, electron dense material along inter-
cellular membranes (arrows) immunostained with polyclonal antibody
against tomato spotted wilt tospovirus (TSWV) nucleocapsid protein. Label
is 15 nm Protein A-gold. (B) Fibrous, paracrystalline array immunostained
with antibody against TSWV nonstructural protein encoded by the S RNA
spanning intercellular membranes (arrows). Label is 15 nm goat anti-rabbit
gold. F, fibrous, paracrystalline array.

Fig. 10. Electron micrograph of a thin section of a larval thrips midgut
epithelial cell showing a possible storage or transport vacuole (arrow) im-
munostained with polyclonal antibody against the tomato spotted wilt to-
spovirus 78 kDa membrane glycoprotein( G1). An adjacent vesicle (asterisk)
immunolabels. Label is 10 nm Protein A-gold. Bar = 0.5 pm.,
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abutting one another, the viral proteins were found compartmen-
talized. This suggests that viroplasms and amorphous inclusions
may be parts of a single compartmentalized structure.

Although glycoproteins previously have been shown to occur
in mature virions in plant cells and partially purified preparations
(10,18) this is the first reported use of immunolabeling to indicate
that amorphous inclusions are composed of membrane glycopro-
teins in insect or plant cells infected with TSWV. An amorphous
inclusion was reported in plant cells infected with INSV, however,
it did not label with antibodies to TSWV N and G2 (39). The
composition was not further determined (39) and we do not know
whether INSV induced amorphous inclusions are related to the
amorphous inclusions we observe in infected thrips.

The NSs protein is compartmentalized in fibrous, paracrystal-
line arrays (Figs. 3A and B), but the N, G1, and G2 proteins were
not detected in these inclusions. These observations affirm previ-
ous research documenting that the NSs protein is found solely in
fibrous, paracrystalline arrays in insect cells, and not in the cyto-
plasm, viroplasms, dense masses, or amorphous inclusions (18,
31). These findings differ from those of Wijkamp et al. (43), in
which NSs was localized in the cytoplasm of some thrips cells, as
well as in fibrous, paracrystalline arrays. This difference may be
related to variation in virus isolate, as NSs production does ap-
parently vary with isolate (18,20), variation in thrips populations
and their response to TSWYV infection, or with variations in the
time at which viral replicative events were documented. The role
of NSs in the replicative process in thrips and plants remains un-
known; however, the presence of this protein in thrips midguts,
muscle cells, and salivary glands affirms previous findings that
TSWYV replicates in all these thrips cells (36,42,43).

The conclusion that viral N, G1, and G2 proteins may be trans-
ported to the Golgi complex is supported by the immunolabeling
of these proteins at membranes thought to be part of the Golgi
complex (Fig. 8A and B). Designation of these membranes as
part of the Golgi complex is based on their morphology, includ-
ing their configuration in serial sections, stacked appearance, and
the large number of coated vesicles occurring nearby (26). The
structural resolution of membranes in these immunolabeled ultra-

Fig. 11. Electron micrograph of a thin section of an adult thrips muscle cell
showing a viroplasm with embedded dense masses within the cell. Adjacent
midgut epithelial cells can also be seen. Bar = | pm. DM, dense masses; mg,
midgut epithelial cell; s, cross section of striated muscle; VP, viroplasm,
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thin sections is less distinct than it would be if the specimens had
been osmicated and embedded in Spurrs resin; however, these
treatments are not compatible with immunolabeling because they
destroy the antigenicity of TSWV (42). Similar membrane con-
figurations were observed in noninfected thrips that had been
osmicated and embedded in Spurrs. Therefore, it is our conten-
tion that these membrane configurations are part of the Golgi
complex and not TSWV-induced structures. Membrane glycopro-
teins of other viruses in the family Bunyaviridae have been local-
ized specifically in the membranes of the Golgi complex where
they are thought to accumulate prior to virus maturation (6,8,22,
28,30,31,41). The Golgi complex has been suggested as a site of
TSWYV maturation based on analogy to other viruses in the family
Bunyaviridae (18) and configurations in the Golgi of TSWV-
infected plants that have been interpreted as membranes budding
to form particles (24). This is the first report providing serological
evidence that TSWV-encoded proteins are associated with mem-
branes thought to be part of the Golgi complex of infected plant
or insect cells. We cannot ascertain whether the proteins we are
labeling were produced de novo during TSWV replication or
entered the cell during virus endocytosis and are being processed
in the Golgi complex (26). However, if the proteins in the Golgi
complex were produced de novo, they may be accumulating prior
to virus maturation providing evidence toward support of a model
in which the Golgi is the site of TSWV maturation. We have not
observed the process of virion maturation in thrips cells; however,
our data represent a first step toward defining the events leading
to virion maturation in thrips cells.

The function and/or fate of TSWV-encoded proteins accumulat-
ing in inclusions has not been elucidated. It has been suggested

Fig. 12. Electron micrograph of a thin section of an adult thrips salivary
gland cell showing cytoplasmic inclusions and mature virions. Bar = 1 pm.
DM, dense masses; F, fibrous paracrystalline array; v, virions; VP, viroplasm.



for other plant viruses, such as cauliflower mosaic virus, that
inclusions may have a role in the viral replication cycle and may
serve as centers of degradation for viral proteins (29). While it
seems likely that TSWV-encoded proteins that are compartmen-
talized in inclusions in thrips cells may have more than one fate,
we found these proteins in putative autophagic structures where
they could be degraded and exocytosed. Putative autophagic
vacuoles containing TSWV N, G1, and G2 proteins were found
near inclusions and possibly fusing at the edges of inclusions.
Thus, the vacuoles could acquire proteins directly from inclu-
sions. In addition, autophagic vacuoles containing TSWV pro-
teins apparently fuse with infoldings of the basal membrane of
the midgut cells (Fig. 7). This indicates that proteins may be exo-
cytosed through the basal membrane.

The morphology of the vacuoles strongly supports their role in
autophagy. They are bound by a distinctive double membrane
characteristic of autophagic vacuoles (Figs. 4B; 6A and B) (4,15,
26,27). The electron-dense deposits on the cytosol edge of the
bounding membrane (Fig. 4B) are characteristic of the presence
of clathrin, the protein that coats coated vesicles, remaining at the
membrane surface (14). In serial sections, the vacuoles appeared
fused with coated vesicles (Fig. 6A and B), which is characteris-
tic of autophagic vacuoles because proteins designated for re-
moval from the cytoplasm and degradative enzymes are delivered
to the vacuole by continuous fusing with coated vesicles (14).
After coated vesicles fuse with vacuoles, the clathrin coating of
the vesicles is often left at the surface of the receiving vacuole
leaving an electron-dense deposit on the cytosol side of the
vacuole membrane (15). Presence of viral N, G1, and G2 proteins
in autophagic vacuoles suggests that these proteins are trans-
ported intracellularly, degraded, and possibly exocytosed from the
cell via these subcellular structures. Other vesicles that may be
storing proteins or moving them intracellularly are also common
and can be seen adjacent to autophagic vacuoles (Fig. 10). Thus,
TSWYV proteins appear to be transported around the cell in a va-
riety of ways and proteins may be delivered to autophagic vacu-
oles by several agents of the cell’s internal transport system.
Similar autophagic vacuoles that did not immunolabel were found
in noninfected control insects. This shows that these structures
are not endomembrane systems induced by virus infection, as is
postulated for double enveloped virions and paired parallel mem-
branes (24). Instead these structures are part of the cell’s normal
autophagic system. As would be expected, the abundance of
autophagic vacuoles in infected thrips is greater than in nonin-
fected control insects. This outcome is logical because the
autophagic system is part of the cell’s defense against accumula-
tion of foreign proteins and this system is known to fluctuate in
response to altered physiological states (15,26,44).

Additional evidence that TSWV proteins enter the cell’s
autophagic system is provided by finding residual bodies contain-
ing viral G1 and G2 proteins (Fig. 4C and D) in infected midgut
epithelial cells. Residual bodies are thought to be a degradative
endpoint for proteins entering a cell’s autophagic system (15).
There may be more than one autophagic pathway involved in
degradation of TSWV proteins as only TSWV membrane gly-
coproteins were detected in residual bodies while viral N, G1, and
G2 proteins were detected in autophagic vacuoles. The amor-
phous inclusions in which viral glycoproteins were compartmen-
talized were often filled with membranous whorls similar to those
later seen in residual bodies. Amorphous inclusions were also
frequently highly vacuolated and associated with microtubules
indicating association with the cell’s internal transport system
(Fig. 4A). Some of these amorphous inclusions may be in the
early stages of processing that results in residual body formation.
Residual bodies, autophagic vacuoles, and Golgi processing of
foreign proteins are all stages in the dynamic process of protein
digestion and membrane turnover that occurs in cells (15,26,27),
and thus, these subcellular structures may be part of a thrips cell

response to accumulation of viral proteins. Autophagy has not
been previously shown in insect vector cells infected with a virus
that is also pathogenic to plants nor have any of the other viruses
in the family Bunyaviridae been shown to cause cytopathology in
their vectors (13). This information also supports the hypothesis
that TSWYV is pathogenic in both its animal and plant hosts.

The functions of viroplasms, amorphous inclusions, and para-
crystalline arrays are unknown. However, their presence in thrips
midguts, muscle cells, and salivary glands indicates that TSWV
infection is widespread (Figs. 2—4; 11; 12). The detection of viral
inclusions in the muscle cells of larvae after only 48 h of acquisi-
tion feeding shows that virus rapidly spreads from organ to organ.
Virus movement from larval midguts was previously demon-
strated after just 1 to 2 h of acquisition feeding (35) and viro-
plasm with embedded dense masses were detected in larval mus-
cle cells after 24 h of acquisition feeding (43). Although TSWV
infection in thrips is widespread and viral proteins are readily
detected in cells, the only assembled virus particles observed in
larvae are those present in the midgut lumen following ingestion
from infected plants (Fig. 1). The lack of virions in cells when
infection is widespread is unusual and contrasts with other vi-
ruses in the Bunyaviridae, in which infection results in produc-
tion of mature virions that spread from cell to cell by exocytosis
or budding at basal membranes (3,7,14,22,33). Our data suggest a
different model, in which TSWV spreads from cell to cell as viral
protein-RNA complexes and not as mature virions (36). The in-
fections we observed occur in conjunction with production of
mature virions in the salivary glands, and adults subsampled for
plant inoculation successfully infected plants. Thus, our findings
do not represent abortive or abnormal replicative processes. The
pathway for replication and maturation of TSWV appears to be
unique compared with other viruses in the family Bunyaviridae
and with other plant viruses that replicate in insects. Future eluci-
dation of the mechanisms underlying TSWV maturation and
transport between thrips cells may lead to a better approach to
managing the many diseases caused by this virus.
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