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provided evidence of i) symmetrical (binary) cell division which was identified
as constriction of the equatorial region with the concomitant appearance of two
nucleoids giving rise to separate daughter cells with equivalent size and fate
(Anacker et al., 1964; Burton et al., 1975; McCaul and Williams, 1981; Nermut
et al., 1968, 1972), and ii) differentiation process involving asymmetrical
septate formation and segregation of cytoplasmic DNA with one daughter cell
becoming a functionally differentiated cell and the other a lysed mother cell
(McCaul and Williams, 1981; McCaul et al., 1990a). The formation of sporelike
forms have been identified in i) renografin-purified C. burnetii from yolk sac of
embryonated eggs (McCaul and Williams, 1981; McCaul ef al., 1981; McCaul er
al., 1990a), ii) sucrose density gradient purified C. burnetii cells from infected
cell cultures (Aitken er al., 1987; Schaal et al., 1987; Schmeer et a/., 1987), and
iii) C. burnetii cells naturally released from infected culture cells, and are inde-
pendent of phase variation (McCaul et al., 1990a). Recent improvements in the
electron microscopic procedures revealed, in C. burnetii cells, that the differen-
tiation process involved, as demonstrated in Figure 2, i) a primary septum (S1),
ii) layers of membrane-like material that cicrumscribed the developing cell, iii)
formation of a dense band (peptidoglycan layer), and iv) a secondary septum
(S2) (McCaul and Williams, 19904). Since these observations were recorded
from either purified preparations, or cells that were naturally released from
infected culture cells, a more detailed study of the events of cellular differentia-
tion require an in vitro ultrastructural examination of C. burnetii cells within the
affected host phagolysosomes. We were able to show using eukaryotic cell
cultures (J774, murine macrophage-like tumour cell line, and BHK-21, baby
hamster kidney cell line) that, at a given stage of the developmental cycle,
a proportion of the C. burnetii cells within the affected phagolysosomes clearly
underwent cellular differentiation.

Materials and Methods

Bacterial strains. Coxiella burnetii (9 Mile phase 1 - clone 7, and RSAS514 phase I) was purified
from infected and antibiotic-free, hen egg yolk sacs by isopycnic Renografin gradient centrifuga-
tion (Williams er al., 1981). Purified preparations were propagated further in both baby hamster
kidney (BHK-21) fibroblast cultures, and murine macrophage-like tumour (J774) cell line.

Infection of BHK-21 and J774 cells with C. burnetii. The BHK-21 cells were suitable for exami-
ning naturally released cells whereas the macrophage cell line was chosen for examining the C.
burnetii cells within the phagolysosomes. The procedure of infecting the cells with C. burnetiiand
harvesting the released bacteria was carried out according to the protocol outlined by Zuerner and
Thompson (1983) with some modifications (McCaul er al., 1990a). The BHK-21 cells were grown
in RPMI 1640 medium prior to inoculation with C. burnetii whereas J774 cells were grown in P-25
medium (pH 7.4) prior to inoculation. After absorption of bacteria onto the cells, the medium for
the BHK-21 cells was changed to DMEM containing glutamate (0.584 g.1°!), and 10 % (v/v)
newborn calf serum. For the J774 cells, the medium was replaced with fresh P-25, (pH 7.4), contai-
ning 5 % newborn calf serum. The infected BHK-21, and J774 cells were cultivated and passaged
3 to 6 times (2220 days) before a persistent infection was established.
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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. An 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. 1a) (McCaul ez
al., 1990a). Such an improvement in the integrity of the membrane structures
provides an important clue to the structure and function of the intracellular
membranes. The membranes are the important component of the primary
septum (McCaul et al., 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 er al., 1990a) (Figs. 1a, 3b), although not all
the large cells carry the intracellular membranes. The morphology of the diffe-
rentiating cell has been recently characterized (McCaul er al., 1990a). At the
final stage of the development, the membrane-like layers completely
circumscribed the dense core (Fig. 3b), which has been shown to contain DNA
using monoclonal antibody against single- and double~- stranded DNA and
colloidal gold (McCaul er al., 1990a; McCaul and Williams, 1990). The
membrane-like layers are surrounded by an electron-dense peptidoglycan,
and a single trilaminar outer membrane (Fig. 3b). These membrane-like layers
in terms of position correspond to the intracellular membranes commonly
seen in the small cells (Fig. 3a). The differentiated cell was apparently the
precursor to the small cell (McCaul er al., 1990a). The ultrastrutural similarities
between the small cells and the differentiated cell clearly verified the existence
of a developmental cycle in C. burnetii.

Fig. 1
Naturally-released Coxiela burnetii cells from infected BHK-21 cells
a) The addition of primary fixative into the culture medium preserves the integrity of the membra-
nous structures of the large cells (arrows). The membranous structures constitute the cell wall of
the differentiating cell (arrowhead). B) The differentiated product is retained within the peri-
plasmic space by the mother cell’s outer membrane integument (arrow # 1), and is only released
on lysis of the mother outer membrane (arrow < 2). Bars=100 nm.

Fig. 2

Diagram of morphological changes occurring during the formation of the small cell in Coxiella
burnetii as seen in purified preparations and naturally-released cells from infected culture cells
a) The primary asymmetrical septum (81) appears as an invagination at the polar region of the cell;
b) The ST curves along the cytoplasmic face of the cytoplasmic membrane of the mother cell.
Simultaneously the peptidoglycan (p) is synthesized; ¢) After rouding the pole, the S1 then pene-
trates into the cytoplasm; d) As S1rejoins the original initation site, where it fuses directly with the
cytoplasmic membrance of the mother cell, a second septum (S2) is formed at the opposite site of
the initiation site of the S1; ¢) The peptidoglycan is synthesized as the 82 continues to migrate
towards the initiation sit of the S1; ) The S2 has completed its migration, and the differentiating
cell is now separated from the mother cell cytoplasm, although it is still within the mother cell
envelope.
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The differntiated cells were generally loosely retained in the periplasmic
space by the mother cell’s outer membrane integument (Fig. 1b). However, the
mother cell undergoes disintegration. During the later stages of cellular diffe-
rentiation, the loss of morphological integrity of the mother cell has been
shown to correlate with the disintegration of the mother cell’s nucleoid DNA
(McCaul and Williams, 1990). The sole function of the mother cell is therefore
to produce the small cell to survive extracellularly, and to guarantee preserva-
tion of the DNA for future propagation. On lysis of the mother cell, the diffe-
rentiated cell was finally released (Fig. 1b).

Intraphagolysosomal C. burnetii cells

A proportion (10-20 % in the plane of the thin section) of the C. burnetii cells
within a phagolysosome may undergo cellular differentiation (Figs. 3c, 4a).
The events of cellular differentiation recorded from previous studies using
naturally-released cells and purified preparations (Mc Caul er al., 19904) are
depicted in Fig. 2. Two structural features, the primary septum (S1), and the
seondary septum (S2), are involved in the process of cellular differentiation.
The structure of the asymmetrical septum S1 septum is clearly separate and
apart from the septum observed in symmetrical transverse binary division
(McCaul and William, 1990a). The S1 (Fig. 4b) curves along the cytoplasmic
face of the cytoplasmic membrane of the mother cell. This was also seen in the
phagolysosome (Fig. 4b). An electron-dense region observed between the
outer face of the S1 and the cytoplasmic face of the cytoplasmic membrane of
the mother cell in naturally released cells and in purified preparations may
represent the peptidoglycan~protein complex of the small cell. Such an elec-
tron-dense region could aiso be seen in cells within the phagolysosome (Fig.
5a). As shown in Fig. 2, the S1 migrated around the pole of the cell and then
invaginated and penetrated into the cytoplam. This was also seen invitro (Fig.
5a). The completion of the engulfment process by the S1 led to the formation
of a spherical structure that was still surrounded by the mother cell cytoplasm
(Fig. 5a). A secondary septum is therefore involved in separating the differen-
tiating cell from the mother cell cytoplasm (Fig. 2). The result of separating the
differentiated cell from the mother cell cytoplasm is demonstrated in Fig. Sb.

The events occurring during growth of C. burnetii in a phagolysosome repre-
sent stages of a complex developmental cycle consisting not only of vegetative
growth by typical transverse binary fission, but also cellular differentiation.

Fig. 3
A) and B) Comparison in morphology between a) resistant and mature small cell, which was
obtained from renografin-purified C. burnetii from infected yolk sacs, and b) differentiating cell
spore within the mother cell. P=Peptidoglycan; M=Intracellular membranes; C=Core; OM=
Quter membrane. C) Phagolysosome of J774 cells showing the proliferation of C. burnetii cells.
Bars = 50 nm (a,b); 1 um (c).
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