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Summary 

In  dengue virus infected Aedes albopictus cells, electron-dense particles, larger 
than single ribosomes, were arranged on the cytoplasmic sides of rough endo- 
plasmic reticulum (I~ER) membranes.  Mature virions 40---45 nm in diameter as 
well as vesieulotubular structures 50--120 nm in diameter appeared in enlarged 
cisternae of I~EI~ filled with fine granular substance. Many of the mature virions 
and somewhat degenerated vesiculotubular structures remained to be enclosed in 
membranous structures presumably derived from I~.EI~, even after degeneration 
of infected cells. The findings suggest tha t  development of dengue viruses in cul- 
tured A. albopictus cells takes place in close relationship with the activated mem- 
branes of RELY. 

Other morphological changes observed in dengue infected A. albopictus cells 
were 1. electron-dense "double-track structures" in areas of virion morphogenesis, 
2. fine crystalline structures in type-2 dengue infected cells, and 3. aggregates of 
nucleoid structures, in cells persistently infected with type 2 dengue virus. The 
implication and nature of these structures in relation to virion morphogenesis 
remain to be investigated. 

Introduction 

Dengue hemorrhagic fever has been one of the most important  virus diseases 
in Southeast Asia and is caused by  four different serotypes of dengue (DEN) virus 
(16, 17). The vii~ases belong to group B arboviruses, flavivirus of Togaviridae (27) 
and are t ransmit ted by  Stegomyia mosquitoes such as dedes aegypti or A. albopictus 
between susceptible vertebrate  hosts, mainly human beings (9). 
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Studies on the hmdamental process of the growth of virus in mosquito vectors 

as well as in vertebrate hosts are important in order to understand the basic biol- 

ogy and ecology of the arboviruses in nature. Morphological studies on the deve- 

lopment of dengue viruses have been performed using electron microscopy in 

c u l t u r e d  v e r t e b r a t e  cells  s u c h  as  L L C - M K 2  (8, 12, 30),  V E R 0  (25), B H K 2 1  (22, 

45), h u m a n  l y m p h o b l a s t o i d  (46) or  l e u k e m i c  (24) cell  l ines  as  wel l  as  s u c k l i n g  

m o u s e  b r a i n s  (32, 43, 44). H o w e v e r ,  s u c h  a s t u d y  h a s  n o t  b e e n  r e p o r t e d  i n  c u l t u r e d  

m o s q u i t o  cells. 

I n  t h i s  r e p o r t  we d e s c r i b e  t h e  m o r p h o l o g i c a l  c h a n g e s  o b s e r v e d  i n  t h e  v i rus -  

s e n s i t i v e  A. albopictus cell c lone  (19) a c u t e l y  or  p e r s i s t e n t l y  i n f e c t e d  w i t h  d e n g u e  

v i r u s e s .  

Materials and Methods 

Viruses 
Following deng~le viruses were used: type i (DEN-I) ~awaiian strain, type 2 

(DEN-2) New Guinea B strain, type 3 (DEN-3) II-87 strain, and type 4 (DEN-4) H-241 
strain. The origins and passage histories of the viruses were described elsewhere (19). 
Ten per cent homogenates of infected suckling mouse brains were prepared in Eagle's 
(I 3) minimal essential medium (MEM) containing 0.2 per cent of bovine plasma albumin 
fraction V (Armour, Ill. U.S.A.). The supernatants of centrifugation (10,000rpm, 
30 minutes) were stored at --70 ° C as seed viruses. Titers of infective viruses were 
assayed by focus counting using the indirect fluorescent antibody method as described 
(i 9, 20). Rabbit antisera against DEN viruses were kindly supplied by Y. Okuno of this 
Department and were used at I:150 dilation. Fluorescent isothiocyanate conjugated 
antirabbit 7S gammaglobulin goat globulin was obtained from I-Iylaad Division 
Traverol Laboratories, Inc. Calif. U.S.A. and was used at 1:70 dilution. Titers were 
expressed as focus forming units (FFU) per in]. 

Cells 
The  isola t ion  of v i rus - sens i t ive  clone C6/36 f rom Singh ' s  A. albopictus cells (40) 

has  b e e n  desc r ibed  (t9).  The  c loned  ceils were  g rown a t  28 ° C w i t h  10 pe r  cen t  fe ta l  calf 
s e r u m  in  E m e d i u m  (MEM s u p p l e m e n t e d  w i t h  0.2 m ~  each  of n o n es s en t i a l  a m i n o  acids).  
B I ~ K 2 1  cells were  g rown a t  37 ° C w i t h  I0 pe r  c en t  calf s e rum in  MEM.  

Virus Infection 
Repl i ca t e  cu l tu res  of A. albopictus, clone C 6/36, cells were p r e p a r e d  in  2 ounce  

r u b b e r - s t o p p e r e d  bo t t l e s  b y  seeding 5 × 105 cells in  5 m l  of cell g r o w t h  m e d i u m .  Af te r  
3 days '  i n c u b a t i o n  a t  28 ° C, each  b o t t l e  c o n t a i n e d  3 - ° 5  × 106 cells f o rmi n g  mono laye r s .  
M e d i u m  was  r e m o v e d  f rom each  b o t t l e  a n d  seed v i rus  was i n o c u l a t e d  (0.2 m l / b o t t l e )  a t  
i n p u t  mul t ip l i c i t i e s  of 0.1 F F U / c e l l  for D E N - l ,  D E N - 3 ,  a n d  D E N - 4  viruses ,  or I F F U /  
cell for  D E N - 2  vi rus .  Af te r  2 hou r s  v i rus  a d s o r p t i o n  a t  28 ° C, res idual  v i rus  was r emov-  
ed a n d  cell shee ts  were  w a s h e d  twice  w i t h  4 m l  of p h o s p h a t e  buf fe red  saline.  Cells were 
i n c u b a t e d  w i t h  5 m l / b o t t l e  of v i ru s  m a i n t e n a n c e  m e d i u m  (2 p e r  cen t  fe ta l  calf  s e r u m  
in  E m e d i u m )  a t  28 ° C. Spec imens  were  h a r v e s t e d  eve ry  d a y  u p  to  7 days  a f t e r  infec-  
t i on  a n d  in fec t ive  v i ru s  re leased in to  t he  m e d i u m  was as sayed  as desc r ibed  a b o v e .  

Maintenance o] Persistent Infection 
On t h e  7 th  d a y  a f t e r  infect ion,  in fec ted  cells were r e s u s p en d ed  in  cell g r o w t h  

m e d i u m  a t  t × 105 cel ls /ml  a n d  were  t r a n s f e r r e d  i n to  f resh  2 ounce  b o t t l e s  (5 m l / b o t t t e ) .  
I n c u b a t i o n  a t  28 ° C was  c o n t i n u e d  c h a n g i n g  m e d i a  once a week.  W h e n  cells were  
g rown  up  to fill t h e  bot t le ,  t h e y  were t r an s f e r r ed  once a week  w i th  1 : 20 spli t .  

Prelaaration el the Specimen ]or Electron Microscopy 
I n f e c t e d  cell sheets  in  glass bo t t les ,  h a r v e s t e d  a t  va r ious  t imes  a f t e r  t h e  in i t i a l  

infect ion,  were  w a s h e d  twice  w i t h  0.1 ~ p h o s p h a t e  buffer ,  pI-I 7.4 (PB).  Af te r  p re f ixed  
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with 2 per cent glutaraldehyde in PB (4 ° C, I hour), cells were washed 3 times with 
0.2 ~t sucrose in PB and were scraped into ~he same solution. Cells were collected by 
centrifugation (600 rpm, 5 minutes) and were postfixed with 1 par cent OsO4 in 
Millonig's buffer (28) at 4 ° C for 1 hour. Fixed cells were pelletted by centrifugation 
(600 rpm, 3 minutes) and were rinsed briefly with distilled water and were stained with 
2 per cent uranyl acetate in ethanol for 20 minutes. Specimens were dehydrated by 
graded ethanol series (50, 70, and 95 per cent, 10 minutes each) and were immersed 
in 1 : 1 mixture of ethanol and glycidyl-n-butylether (GBE) for 15 minutes, and then 
1:1 mixture of GBE and epoxyresin for 30 minutes, respectively. Specimens were 
collected by centrifugation (1000 rpm, 5 minutes) and were transferred into BEEM 
capsules containing 100 per cent Spurr's epoxyresin (42). After 2 hours infiltration of 
the resin, specimens were sedimented to the bot tom (2000 rpm, 5 minutes). Fresh 
resin was added and was polymerized at 60 ° C for 15 hours. Ultrathin sections of 50 
to 90 nm thickness were prepared by LKB type 4801 ultramicrotome using glass 
knives. Sections were put  on 200 mesh grid and were stained with t~ranyl acetate and 
bismuth nitrate (37), and were observed under Hitachi  model H U - t l D S  electron 
microscope. 

R e s u l t s  

Growth o/Dengue Viruses in A. albopictus Cells 

Figure  1 represents growth curves of 4 types  of D E N  viruses in cul tured 

A. albopictus, clone C6/36, cells. Af ter  1 day ' s  lag period, infectious virus t i te r  in 

the  med ium increased and  reached p la teau  4 - - 5  days  after  infection.  M a x i m u m  

t i ters  were around 106 F F U / m l  for D E ~ - I ,  DEN-3 ,  and  DEN-4 ,  and a round 

l0  s F F U / m l  for DEN-2 .  I n  this exper iment  seed viruses were prepared  from in- 

fected suckling mouse brains, however ,  the  pa t t e rns  of growth  curves were similar 
to those obta ined  with  seed viruses prepared  f rom infected A. albopictus cells (t9) 

except  t h a t  the  lag periods were somewhat  longer. 
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Days after Infection 

Fig. i. Growth of dengue viruses in A. albopictus cells, l%eplicate cultures of A. albo- 
pictus, clone C6/36, cells prepared in 2 ounce bottles were inocuIated with DEN-1 
(o o), DEN-2 (z~ •), DEN-3 ( . - - - -  .), or DEN-4 ( A - - - -  A) virus, 
and were incubated under virus maintenance medium at 28 ° C. Portions of infected 
culture fluids were harvested every day and assayed for infectious virus in order to 

provide virus growth curves as described in Materials and Methods 
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Morphological Changes in Acutely In/ected A. albopictus Cells 
Many  rough endoplasmie re t ieulums (RER) were observed in uninfected 

A. atbopictus cells, however, no virus-like particles were present  inside the cyto- 
plasm or in  the cisternae of R E R .  Morphological changes observed in. A. albopictus 

Fig. 2. A. albopietus cells 2 days after infection with DEN-1 virus. Arrangement of 
electron-dense particles (P) ,  larger than  single ribosomes (r), on the membranes of 
distended RER, which contain mature virions (V) and vesicular or tubular  structures 

(vt). Scale 500 nm in A and 100 nm in B 
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cells following DEN infections were essentially similar with every serotype of DEN 
viruses except for slight differences. 

The earliest change observed one day after infection is the swelling of RER, 
and the arrangement of some electron-dense particles, about 2--3 times the size 
of single ribosomes, on the cytoplasmic sides of the R E R  membranes. The cisternae 
of RER were filled with fine granular substance, in which a few mature virions 
40--45 nm in diameter and vesicular structures appeared. As the virus growth 
entered into logarithmic phase, the cisternae of R E R  increased in size, and the 
RER,  electron-dense particles on their membranes, mature virions, and vesicular 
or tubular structures increased in number (Fig. 2A, B). These vesicular and 
tubular structures of 50--120 nm in cross sections are probably the same kind of 
structures with different planes of sectioning and are possibly derived from, by 
distension of their lumens, from those tubular structures of 50 nm diameter which 
contained low-electron-dense material along their membranes. 

Fig. 3. "Double-track st.ruetures" arranged in circular form in A. albopictus cells 5 days 
after DEN-I infection. Scale 100 nm 

Sometimes, electron-dense paralleI structures somewhat resembling desmosomes 
were observed in the area of virion morphogenesis. The structures are heneeforee 
called "double-track" structures. Figure 3 shows highly developed "double-track" 
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Fig. 4. Large  n u m b e r s  of ve s i cu lo tubu l a r  s t ruc tu re s  in  N. albopictus cells 1 week  a f te r  
D E N - 3  infect ion.  Scale 500 n m  

Fig. 5. Degene ra t i on  of A. albopictus cells a n d  release of m e m b r a n o u s  s t r u c t u r e s  con- 
t a i n ing  m a t u r e  v i r ions  a n d  d e g e n e r a t e d  ve s i cu lo t u b u l a r  s t ruc tu res .  Two weeks a f t e r  

D E N - 4  infect ion.  Scale 100 n m  



Fig.  6. A.  albopictus cells in fec ted  w i t h  D E N - 2  vi rus .  A Crys ta l  b o d y  in  t h e  c y t o p l a s m  
w i t h  m a i n  spac ing  of 10 n m ,  obse rved  2 weeks a f t e r  infect ion.  B Crysta] lo id  aggrega tes  

of 30 n m  par t ic les  obse rved  10 weeks a f t e r  infect ion.  Scale 100 n m  
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structures arranged in circular form, which was observed 5 days after DEN-1 in- 
fection. A few mature virions were observed in close proximity to these structures. 
These structures were not observed in DEN-2, very rarely in DEN-3, and only 
occasionally in DEN-4 infected cells. Figure 4~ shows large numbers of vesiculo- 
tubular structures found one week after DEN-3 infection. 

After t week of infection, most of the cells showed some degree of degeneration, 
resulting in the release of some mature particles. However, many  mature  virions 
and vesieulotubular structures with somewhat degenerated appearance were still 
enclosed in smooth-surfaced membranous structures possibly derived from gE lg  
(Fig. 5). 

Morphological Changes in Persistently In/ected A. a]bopictus Cells 

Observations were performed 2 weeks after infection and thereafter every 
4 weeks up to 30 weeks after the initial infections. In  the ease of DEN-t ,  DEN-3, 
or DEN-4 infected cells, fundamental changes observed in persistently infected 
cells were similar to those found in acute infections, while in DEN-2 infected cells, 
fine crystalline structures were often observed 2 weeks after infection. The main 
spacing of the crystal was around 10 nIn (Fig. 6A). Ten weeks after DEN-2 
infection, erystalloid aggregates of particles 25--30 nm in diameter were observed 
in the area with many  vesiculotubular structures and some "double-track 
structures" which were characteristic of DEN infected cells (Fig. 6B). 

Discussion 

Several reports have described dengue virus morphogenesis in cultured verte- 
brate cells (8, t2, 22, 24, 25, 30, 45, 46) and in vertebrate hosts (32, 43, 44). Most 
of these observations are consistent in the points that  dengue virion morphogenesis 
takes place in close relationship with the intracellular membranes, especially R E R  
membranes, and that  mature virions are observed mostly in the eisternae of these 
membranous structures. Such fundamental characteristics of virion morphogenesis 
appear to be common features in ftavivirus infected vertrebrate cells (1, 2, 3, 4, 5, 
6, 7, 10, 11, 18, 23, 26, 29, 31, 34, 35, 36, 39, 41, 47, 49) or mosquito cells (14, 21, 
48). Our observations in dengue infected A. albopictus cells are also consistent 
with these points. SOUL,SInGeR recently referred to the virions found in intra- 
cellular vacuolar membranous structures mentioning that  these particles could be 
the dead end products of incompletely processed vh'ions; he suggested that  other 
possibilities including surface budding from plasma membrane should be con- 
sidered for the dengue virion morphogenesis (38). MAmS~-~u~A et aL observed 
budding of dengue virions from plasma membranes of infected human leukemic 
cell line (24). Also OYA~ra et al. observed similar surface budding of Japanese 
encephalitis virus from infected VERO cells (33). Active budding from plasma 
membranes was supposed to be related with high virus yields from these infected 
ceils, however, we seldom observed pictures suggesting budding of precursor par- 
ticles from plasma membranes of dengue infected A. a.lbopictus cells in spite of 
high virus yields. 

Atthough we observed electron-dense particles, larger than the size of single 
ribosomes, on the cytoplasmic side of REI~ membranes, we could not obtain de- 
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finite proof showing tha t  these particles bud through R E R  membranes to become 
mature virions. These electron:dense particles resembled precursor particles ob- 
served in DEN-2 infected LLC-MK2 cells (45) or those particles in "rosary body" 
in DEN-4 infected BHK21  cells (22), however, the possibility still remains tha t  
these particles could be aggregates of ribosomes. 

In  dengue infected A. albopictus cells, swelling of R E R  was observed, and 
their cisternae were filled with fine granular substance, in which mature  virions as 
well as a large number of vesieulotubular structures appeared. Such remarkable 
vesiculotubular structures were not observed in dengue infected BHK21  cells, 
but were reported in Culex pipiens salivary glands infected with St. Louis ence- 
phalitis virus (48). Vesicular structures of similar appearance but  fewer in number 
were also observed in distended cisternae of R E R  in dengue infected mouse 
brains (43, 44) or LLC-MK2 cells (8, 12, 45). Also similar structures have been de- 
scribed in other flavivirus-infected cells or tissues (4, 5, 6, 7, i0, 29, 34, 36, 39, 49). 
The origin and function of these vesiculotubular structures are still unknown, 
although some authors suppose that  they might be related to viral RNA synthesis 
(39) as in the case of alphaviruses (15). Others think tha t  these structures could be 
incomplete capsid protein (6). Otherwise, they may  be some nonspecifie reaction 
of host cells to the infection with flaviviruses. 

The mechanism of virus release from the cisternae of RElg into the culture 
medium is also unknown. In  some cases, however, some swollen REI~ containing 
mature virions lie closely beneath the plasma membrane. I f  membrane fusion 
takes place between the membrane of the R E R  and the plasma membrane, as a 
consequence, mature virions will be released into the medium, as sometimes sug- 
gested for the release of flaviviruses (10, 12, 25). Another possibility will be the 
disintegration of infected cells and disruption of the membranes enclosing mature 
virions and vesiculotubular structures. However, the limiting membrane of such 
structures appear to be fairly tight and remain after degeneration of infected cells. 
I t  might be necessary to disrupt those membranes to obtain maximum infectious 
titer of the viruses as suggested for St. Louis encephalitis virus (29). 

Some other morphological changes in dengue-infected A. albopictus cells are 
1. double-track structures existing in close proximity to the area of virion morpho- 
genesis, 2. fine crystals with main spacing of 10 nm, and 3. crystalloid aggregates 
of 25--30 nm particles. The first structure was especially remarkable in DEN-1 in- 
fected cells and the lat ter  two structures were observed in DEN-2 infected cells, 
though lattice crystals have been reported h 'om DEN-3 infected LLC-MKz cells 
(30). The particle size of the aggregate corresponded to the core size of the virion, 
and crystalloid aggregates of incomplete particles was observed in DEN-2 infected 
ga j i  cells (46). However, the nature and function of these structures in relation 
to dengue virus morphogenesis still remain to be studied in further detail. 
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