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Summary. - A n  in vitro ultrastructural s tudy w a s  carried out  on  
t i s s u e  cultures  (J774, mur ine  macrophage-like tumour  cell line, and 
BHK-21, baby  hamster  kidney cell line) persistently infected with 
C. burnetii t o  investigate w h e t h e r  t h e  events  o f  cellular differentia­
t i o n  cou ld  b e  visual ized.  A t  a g iven s tage  of  t h e  deve lopmen ta l  
cycle, a p ropor t ion  o f  t h e  cells wi th in  t h e  a f fec ted  phago lysosomes  
clearly u n d e r w e n t  cellular  d i f fe rent ia t ion .  T h e  cells initially 
s h o w e d  asymmet r ica l  sep ta t ion ,  t h e  pr imary  s tage  o f  cellular di f fe­
ren t ia t ion ,  a n d  e n d e d  wi th  t h e  f o r m a t i o n  o f  t h e  d i f fe rent ia ted  
p roduc t ,  a p recurso r  t o  t h e  smal l  cell. T h e  resu l t s  ver i f ied o u r  initial 
observa t ion  t h a t  t h e  e v e n t s  occurr ing  du r ing  g rowth  in  a phagolyso­
s o m e  r ep re sen t  s tages  o f  a complex  deve lopmen ta l  cycle consis t ing  
n o t  on ly  o f  i) vegeta t ive  g rowth  b y  typical t ransverse  b inary  f iss ion,  
b u t  a lso ii) cellular  d i f ferent ia t ion .  

Key words: Coxiella burnetii; tissue culture; developmental cycle; 
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Introduction 

Coxiella burnetii t h e  etiological agen t  of  Q fever ,  is a n  obl igate  intracellular  
bacterial  p a t h o g e n  o f  eukaryot ic  cells, a n d  a n  acidophil ic microorganism 
(Hackstadt  & Wil l iams,  1981), t h a t  mul t ip l ies  in  t h e  phago lysosome  o f  h o s t  
cells. T h e  e v e n t s  t h a t  occu r  du r ing  g rowth  in  a phago lysosome a re  cons i s ten t  
wi th  a typical bacterial  g rowth  cycle a n d  cellular d i f ferent ia t ion ,  b o t h  of  wh ich  
a r e  characteris t ics  o f  t h e  C. burnetii deve lopmenta l  cycle (McCau l  a n d  
Wil l iams,  1981; M c C a u l  etal., 1990a). Ul t ras t ructura l  s tud ies  o f C .  burnetii have 
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provided evidence o f  i) symmetrical  (binary) cell division which w a s  identif ied 
as  constriction o f  the  equatorial region with t h e  concomitant appearance o f  t w o  
nucleoids giving rise to separate daughter  cells with equivalent  s ize  and f a t e  
(Anacker  et al., 1964; Burton  et al., 1975; McCaul and Wil l iams,  1981; Nermut  
el al., 1968, 1972), and ii) differentiation process involving asymmetrical 
septate  formation and segregation of  cytoplasmic DNA with o n e  daughter  cell 
becoming  a functionally differentiated cell and the  other a lysed mother  cell 
(McCaul and Will iams,  1981; McCaul  etal., 1990a). T h e  formation o f  sporelike 
f o r m s  h a v e  been identified in i) renograf in-purif ied  C. burnetii f rom yolk sac o f  
embryonated  e g g s  (McCaul and Will iams,  1981; McCaul  etal., 1981; McCaul  et 
al., 1990a), ii) sucrose density gradient purif ied C. burnetii cells f r o m  infected 
cell cultures  (Aitken  et al., 1987; Schaal et al., 1987; Schmeer  et al., 1987), and  
iii) C. burnetii cells naturally released f r o m  infected culture cells, and are inde­
p e n d e n t  o f  phase  variation (McCau l  et al., 1990a). R e c e n t  i m p r o v e m e n t s  in  t h e  
e lec t ron  microscopic  p rocedu re s  revealed,  in  C. burnetii cells, t h a t  t h e  d i f fe ren­
t iat ion process  involved,  a s  d e m o n s t r a t e d  in F igure  2 ,  i) a pr imary s e p t u m  (SI ) ,  
ii) layers o f  m e m b r a n e - l i k e  material  t h a t  c icrumscr ibed t h e  developing  cell, iii) 
f o rma t ion  o f  a d e n s e  b a n d  (peptidoglycan layer), a n d  iv) a secondary  s e p t u m  
(S2) (McCau l  and  Wil l iams,  1990a). S ince  t h e s e  observa t ions  w e r e  recorded  
f r o m  e i t he r  pur i f ied preparat ions ,  o r  cells t ha t  w e r e  natural ly re leased f r o m  
infec ted  cu l tu re  cells, a m o r e  detai led s tudy  o f  t h e  e v e n t s  o f  cellular  d i f ferent ia­
t ion requ i re  a n  in vitro u l t ras t ructural  examina t ion  o f  C. burnetii cells wi th in  t h e  
a f fec ted  h o s t  phagolysosomes .  W e  were  able  t o  s h o w  us ing  eukaryot ic  cell 
cu l tu re s  (J774, m u r i n e  macrophage- l ike  t u m o u r  cell l ine,  a n d  B H K - 2 1 ,  baby  
h a m s t e r  k idney cell l ine) tha t ,  a t  a given s tage  o f  t h e  deve lopmen ta l  cycle, 
a p ropor t ion  of  t h e  C. burnetii cells wi th in  t h e  a f fec ted  phago lysosomes  clearly 
u n d e r w e n t  cellular d i f ferent ia t ion .  

Materials and Methods 

Bacterial strains. Coxiella burnetii (9 Mile phase I - c lone  7, and RSA514 phase I) was purified 
f rom infected and ant ibiot ic-free,  hen  egg yolk sacs by isopycnic Renografin gradient centrifuga-
tion (Williams  et al., 1981). Purified preparations were propagated fur ther  in bo th  baby hamster  
kidney (BHK-21)  fibroblast cultures,  and mur ine  macrophage-l ike t u m o u r  (J774) cell line. 

Infection of BHK-21 and J774 cells with C. burnetii. T h e  BHK-21 cells were suitable for  exami­
ning naturally released cells whereas the  macrophage cell line was chosen for  examining the  C. 
burnetii cclls within the  phagolysosomes. T h e  procedure of infecting the  cells with  C. burnetii and  
harvesting the  released bacteria was carried out  according t o  t he  protocol out l ined by Zue rne r  and 
T h o m p s o n  (1983) with s o m e  modifications (McCaul  et al., 1990a). T h e  BHK-21 cells were grown 
in RPMI 1640 med ium prior t o  inoculation with C. burnetii whereas J774 cells were grown in P-25  
med ium  (pH 7.4) prior to inoculation. After  absorption of bacteria on to  the  cells, t he  med ium for  
t he  BHK-21 cells was changed t o  D M E M  containing glutamate (0.584 g . ľ 1 ) ,  and 10 % (v/v) 
newborn cal fserum.  For the J774 cclls, the medium was replaced with fresh P-25, (pH 7.4), contai­
ning 5 % newborn calf s e rum.  T h e  infected BHK-21,  and J774 cells were cultivated and passaged 
3 to 6 t imes  (>20 days) before  a persistent infection was established. 
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Coxiella burnetii cells that were naturally released from infected BHK-21 cells were harvested 
by replacing the medium with DMEM, pH 4.5, containing both glutamate and glucose (0.5 mM 
each). On the 1st day, the culture medium was  decanted into an ultracentrifuge tube and prepared 
for electron microscopy. T h e  J774 cells containing infected phagolysosomes were also subjected 
to electron microscopy. 

Electron microscopy: Naturally released C. burnetii cells. Culture medium was  used as a vehicle 
for  buf fer ing  the fixatives (McCaul et at., 1990a) to lessen drastic changes in osmolarity, that may 
cause disruption of the fragile large cells, especially in the extracellular environment. This  proce­
du re  also has  shown t o  greatly enhance  t h e  morphological  integrity o f  t h e  m e m b r a n o u s  s t ructures  
in t he  naturally released  C. burnetii (McCaul  et ai, 1990a). Glutaraldehyde as  fixative (final 
concentrat ion,  3 % v/v)  was  added into the  centr i fuge t u b e  containing t h e  decanted D M E M  
m e d i u m  and harvested bacteria. T h e  t u b e  was left at 22 ° C  for  3 h r  and  then  transferred t o  an  
ice-bath and  incubated at 4 ° C  for  an additional 1 h r  before  centrifugation at 53 000 x g at 4 °C. T h e  
pellet was suspended  in D M E M  without  se rum.  T h e  C. burnetii cells were centrifuged (17 000 x g) 
in ul tracentr ifuge adaptors  (Ernest  F. Ful lam,  Inc., Latham,  New York, U.S.A.) that  allowed t h e  
collection of t h e  fixed material on to  the  bo t tom of t he  conical capsules. T h e  pellet was p r e - em-
bedded  in 2 °/o (w/v) Noble  agar. Af ter  a brief r inse in D M E M ,  the  blocks were post-f ixed in 1 % 
(V-V) o s m i u m  tetroxide in D M E M  for  ľ hr at 4 °C.  T w o  washes  in 66 m M  cacodylate buffer  
containing 370 m M  sucrose were followed by dehydrat ion through serial di lutions of methanol .  
T h e  blocks were  stained fo r  1 hr  at room tempera ture  with 0.25 % (w/v) uranyl acetate in 30 % 
(v/v) me thano l  during dehydrat ion.  T h e  block were embedded  in Spurr epoxy resin. Ultrathin 
sections were  stained with potassium permanganate  and  examined in a Joel  100CX electron 
microscope operated at 80 kV. 

Intact C. burnetii cells within the phagolysosomes. T h e  cells were very carefully loosened f rom 
the  flasks e i ther  by gently rocking t h e  flasks or  scraped with a policeman before  fixing overnight at  
4 ° C  in 3 % (v/v) glutaraldehyde in 66 m M  cacodylate buffer ,  2.5 m M  C a C ^  (pH 7.9). P re -embed-
ding in 2 % (w/v) Nob le  agar was followed by a brief rinse in t h e  same buffer  containing 0.37 M 
sucrose.  Post-f ixat ion fo r  1 h r  at  4 ° C  with 1 °/o (v/v) o smium tetroxide in 66 m M  cacodylate was 
followed by two washes  in double  distilled water.  T h e  blocks were dehydrated th rough  serial dilu­
t ions o f  methanol .  T h e  cells were  stained fo r  1 hr  at room temperature  with 0.5 % (w/v) uranyl 
acetate in 1 0 %  (v/v) methanol  dur ing dehydrat ion.  T h e  blocks were embedded  in Spurr  epoxy 
resin. Ultrathin sect ions were  stained with potassium permanganate  and examined in a Joel  100 
CX electron microscope operated at 80 kV. 

Results and Discussion 

Naturally-released cells 
Small a n d  large cells of  C. burnetii are generally identified o n  t h e  basis of  t h e  

i) d imension ,  ii) density of t h e  nucleoid and  t h e  periplasmic space, iii) thickness 
of  t h e  cell wall, iv) presence of  t h e  mul t i - laminate  cytoplasmic membranes ,  v) 
quanti ty of  t h e  peptidoglycan-protein complex,  vi) sensitivity t o  osmot ic  and  
pressure lysis, vii) ability t o  metabolize exogenously supplied substrates,  and  
viii) presence of  a 29.5-kDa ou te r  m e m b r a n e  protein ( A m a n o  et ai, 1984; 
Canonico  et al., 1972; Kishimoto  et ai, 1977; McCaul  and  Williams, 1981; M c  
Caul  et ai, 1981; McCaul  et ai, 1990b; N e r m u t  et al., 1972; Schaal  et al., 1987; 
Wach te r  et al., 1975; W e i b e  et ai, 1972). Morphologically, t h e  intracellular 
m e m b r a n e s  (or t h e  mul t i - laminate  cytoplasmic membranes )  that  are promi­
n e n t  in t h e  small cell, are  noticeably absent  in t h e  large cells (McCaul  and  
Williams, 1981; McCaul  eta!., 1981; Schaal etal., 1987). However,  sensitivity of 
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the large cells to conventional fixatives especially after prolonged purification 
procedures may cause a dissolution to some degree of the intracellular 
membranes.  A n  addition of fixatives to the culture medium containing the 
naturraly-released  C. burnetii has shown an improvement in the retention of 
the intracellular membranes, especially in the large cells (Fig. la)  (McCaul et 
at., 1990a). Such an improvement in the integrity of  the membrane structures 
provides an important clue to the structure and function of  the intracellular 
membranes.  T h e  membranes are the important component of  the primary 
septum (McCaul et ai, 1990a). (Fig. 2) that is formed during the formation of 
the differentiating cell in the polar region of the mother (large) cell. The 
membranes therefore play a crucial and important role in forming the cell wall 
of  the differentiating cell (McCaul et ai, 1990a) (Figs, la,  3b), although not all 
the large cells carry the intracellular membranes.  T h e  morphology of  the diffe­
rentiating cell has been  recently characterized (McCaul  et ai, 1990a). A t  t h e  
final stage of  t h e  development ,  t h e  membrane- l ike  layers completely 
circumscribed t h e  dense  core (Fig. 3b), which has  been  shown t o  contain D N A  
using monoclonal  ant ibody against s ingle-  and  d o u b l e -  s tranded D N A  and 
colloidal gold (McCaul  et at., 1990a; McCaul and  Williams, 1990). T h e  
membrane- l ike  layers are  sur rounded  by an e lec t ron-dense  peptidoglycan, 
and  a single trilaminar ou te r  m e m b r a n e  (Fig. 3b). T h e s e  membrane- l ike  layers 
in t e rms  of  position correspond t o  t h e  intracellular membranes  commonly  
seen  in t h e  small cells (Fig. 3a). T h e  differentiated cell was apparently t h e  
precursor to  t he  small cell (McCaul  et at., 1990a). T h e  ultrastrutural similarities 
be tween the  small cells and  t he  differentiated cell clearly verified t he  existence 
of  a developmental  cycle in C. burnetii. 

Fig. l 
Naturally-released  Coxiela burnetii cells f rom infected BHK-21 cells 

a) T h e  addition of primary fixative into the  culture med ium preserves the  integrity of t he  membra­
n o u s  structures of  t he  large cells (arrows). T h e  m e m b r a n o u s  structures const i tute  t h e  cell wall of  
t he  differentiat ing cell (arrowhead).  B) T h e  differentiated product  is retained within the  peri-
plasmic space by the  mothe r  cell's outer  m e m b r a n e  in tegument  (arrow 4 1), and is only released 
o n  lysis of  t he  mo the r  ou te r  m e m b r a n e  (arrow 4 2). Bars—100 n m .  

Fig. 2 
Diagram of morphological changes occurring dur ing the  formation o f  t he  small cell in Coxiella 
burnetii as  seen in purified preparations and naturally-released cells f rom infected culture cells 
a) T h e  primary asymmetrical sep tum (SI)  appears as an invagination at the  polar region of t h e  cell; 
b) T h e  SI curves along the  cytoplasmic face of t he  cytoplasmic membrane  of t he  mothe r  cell. 
Simultaneously the  peptidoglycan (p) is synthesized; c) After  rouding the  pole, the  SI then  pene­
trates into the  cytoplasm; d) As  SI rejoins t he  original initalion site, where it fuses  directly with the  
cytoplasmic m e m b r a n e  of the  mothe r  cell, a second sep lum (S2) is formed at t he  opposite site of 
t he  initiation site o l ' t he  S I ;  c )  T h e  peptidoglycan is synthesized as  the  S2 cont inues  to migrate 
towards  the  initiation sit of  the  S I ;  I) T h e  S2 has completed its migration, and the  differentiating 
cell is now separated f rom the  mothe r  ccll cytoplasm, al though it is still within the  mothe r  cell 
envelope.  
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T h e  diľferntiated cells were generally loosely retained in the periplasmic 
space by the mother cell's outer membrane integument (Fig. lb).  However, the 
mother cell undergoes disintegration. During the later stages of cellular dif fe­
rentiation, t h e  loss of  morphological integrity of t h e  mo the r  cell ha s  b e e n  
shown t o  correlate with t h e  disintegration of t h e  m o t h e r  cell's nucleoid D N A  
(McCaul  and  Williams, 1990). T h e  sole funct ion of  t h e  m o t h e r  cell is therefore  
to  produce t h e  small cell t o  survive extracellularly, and  t o  guarantee  preserva­
tion of  t h e  D N A  for  f u t u r e  propagation. O n  lysis of t h e  mo the r  cell, t h e  diffe­
rentiated cell was finally released (Fig. lb) .  

Intraphagolysosomal C. burnetii cells 

A proportion (10-20 % in t h e  plane of  t h e  th in  section) of  t h e  C. burnetii cells 
within a phagolysosome may undergo  cellular differentiat ion (Figs. 3c, 4a). 
T h e  events  of  cellular differentiat ion recorded f rom previous s tudies  using 
naturally-released cells and  purified preparations (Mc Caul  et al., 1990a) are  
depicted in Fig. 2. T w o  structural features,  t h e  primary sep tum (SI) ,  and  t h e  
seondary sep tum (S2), are  involved in t h e  process of  cellular differentiation.  
T h e  s t ructure  of  t h e  asymmetrical  sep tum SI sep tum is clearly separate and  
apart f r o m  t h e  sep tum observed in symmetrical  transverse binary division 
(McCaul  and  William, 1990a). T h e  S I  (Fig. 4b) curves along t h e  cytoplasmic 
face of  t h e  cytoplasmic m e m b r a n e  of  t h e  mo the r  cell. Th i s  was also seen  in t h e  
phagolysosome (Fig. 4b). A n  e lec t ron-dense  region observed between the  
ou te r  face of t h e  SI and  t h e  cytoplasmic face of  t h e  cytoplasmic m e m b r a n e  of 
t h e  mo the r  ceil in naturally released cells and  in purified preparations may 
represent  t h e  peptidoglycan-protein complex of  t h e  small cell. Such an elec-
t r o n - d e n s e  region could also be  seen  in cells within t h e  phagolysosome (Fig. 
5a). As  shown in Fig. 2, t h e  SI migrated a round t h e  pole of  t h e  cell a n d  t h e n  
invaginated and  penetrated into t h e  cytoplam. T h i s  was also seen  invitro (Fig. 
5a). T h e  complet ion of t h e  engu l fmen t  process by t h e  S I  led to  t he  format ion 
of  a spherical s t ructure  tha t  was still sur rounded  by t h e  mo the r  cell cytoplasm 
(Fig. 5a). A secondary sep tum is therefore  involved in separating t h e  differen­
tiating cell f r o m  t h e  m o t h e r  cell cytoplasm (Fig. 2). T h e  result of separating t h e  
differentiated cell f rom the  mo the r  cell cytoplasm is demonst ra ted  in Fig. 5b. 

T h e  events  occurring during growth of  C. burnetii in a phagolysosome repre­
sen t  stages of  a complex developmental  cycle consisting no t  only of  vegetative 
growth by typical transverse binary fission, bu t  also cellular differentiation.  

F Í K -  3 

A )  anil B) Comparison in morphology between a) resistant and mature small cell, which was 
obtained i'rom rcnograľin-puriľicd C. burnetii from infected yolk sacs, and b) differentiating cell 
spore within the mother cell. P—Peptidoglycan; M—Intracellular membranes ;  C—Core; OM— 
Outer  membrane .  C)  Phagolysosome o f J 7 7 4  cells showing the  proliferation ol 'C.  burnetii cells. 

Bars — 50 n m  (a,b); I / / m  (c). 
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T h e  next question that needs  to b e  answered is what are the determinative host 
factors that induce cellular differentiation? A t  the present time, the physiolo­
gical and  biochemical factors t ha t  induce  sporogenic cellular differentiat ion in 
C. burnetii are  unknown .  T h e  regulatory signals and  genet ic  mechanisms  of  
initiation of  cellular differentiat ion are  also unknown.  However,  an  environ­
m e n t  poor  in nu t r ien t s  is commonly  o n e  of several biological responses of  t h e  
spore  fo rmers  t ha t  leads t o  sporulation (Sudo  and  Dworkin,  1973). Since t h e r e  
was n o  morphological  indication of  overt  cellular degradation within t h e  cyto­
plasm of  t h e  hos t  cell beyond  t h e  affected phagolysosomes,  t h e  signals tha t  
induce cellular differentiat ion may  have originated specifically within t h e  
phagolysosomes themselves .  Since phagosome-lysosome fus ion  is required t o  
genera te  condit ions favourable t o  C. burnetii replication (Hackstadt a n d  
Williams, 1981), t h e  con t inuous  growth of  t h e  microorganism may inevitably 
lead t o  a deplet ion of  essential  nu t r ien t  or  an  increase in t h e  p H  within t h e  
vacuoles.  A n  alteration in t h e  nutri t ional  s ta tus  and  p H  of t h e  phagolysosome 
may the re fo re  bring about  an  induction of  cellular differentiat ion.  

In  conclusion,  t h e  observations within t h e  affected phagolysosomes clearly 
verified o u r  initial observation tha t  t h e  developmental  cycle of  C. burnetii 
consists of  cellular differentiat ion in addition t o  vegetative growth by typical 
t ransverse binary division. 
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Fig. 4 
A)  Higher  magnif ica t ion o f  Fig. 3c, showing  s p o n t a n e o u s  init iation o f  cellular d i f ferent ia t ion 
(arrows) in Coxiella burnetii cells wi thin  t h e  phagolysosome o f  a n  infected J774 cell b )  C. burnetii 
cell showing  t h e  involvement  o f  pr imary s e p t u m  ( S I )  (arrow) du r ing  t h e  initial s tage o f  cellular 

d i f ferent ia t ion .  Bars=500 n m  (a); 100 n m  (b) 

Fig. 5 
Coxiella burnetii cells in t h e  phagolysosome o f  an  infected J774 cell 

a)  T h e  pr imary s e p t u m  ( S I )  (arrow) has  t e rmina ted  its migrat ion dur ing  dif ferent ia t ion,  b)  T h e  
di f ferent ia ted  cell o n  comple t ion  o f  cellular  d i f ferent ia t ion,  a l though  still retained wi thin  t h e  
c o n f i n e m e n t s  o f  t h e  m o t h e r  cell, ha rboured  s tructural  f ea tu res  o f  t h e  small cell. C = C o r e ;  
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