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We studied the in vivo killing and degradation of Mycobacterium aurum, a nonpathogenic, acid-fast bacillus,
within macrophages after inoculation into the peritoneal cavity of CD-1 mice. The degradative process could
be divided in five successive steps that were characterized on ultrastructural and cytochemical grounds and the
relative contributions of which were determined by quantitative electron microscopy of samples taken at
different times. The main ultrastructural alterations observed during the degradative process were ribosome
disaggregation, coagulation of the cytoplasmic matrix, and change in the membrane profile from asymmetric
to symmetric, with loss of the polysaccharide components from the outer layer, followed by membrane
solubilization and intracellular clearing, followed by digestion of the innermost (peptidoglycan) layer of the cell
wall, and at the end of the process, disorganization and collapse of the remaining layers of the cell wall. The
correlation between viability and morphology indicated that the first ultrastructural signs of viability loss are
cytoplasmic coagulation, change in the membrane geometry, and disappearance of ribosomes. The labeling of
lysosomes of peritoneal macrophages with ferritin or by the cytochemical demonstration of inorganic
trimetaphosphatase showed that fusion of lysosomes with phagosomes containing mycobacteria occurs in the
phagocytes in the mouse peritoneal cavity and is already extensive as soon as 1 h after the inoculation of the
bacilli.

In previous reports we described the main ultrastructural
alterations exhibited by Mycobacterium leprae undergoing
degradation by macrophages in the skin of untreated and
treated lepromatous patients (24, 25) and the membrane
alterations occurring in several mycobacteria damaged in
vitro or in vivo (24). In previous studies, we studied the fate
of cultivable mycobacteria with different degrees of patho-
genicity within the phagocytes of the peritoneal cavity of
several mouse strains following intraperitoneal inoculation.
We found that some mycobacteria are degraded by the
macrophages through a sequential process that is basically
similar to that previously observed with M. leprae (25).
As part of a program to study the interaction of mycobac-

teria of different degrees of pathogenicity with experimental
hosts of different degrees of susceptibility to mycobacterial
infections, the work described in the present report ad-
dressed the killing and degradation ofM. aurum, a nonpatho-
genic acid-fast bacillus (AFB), by macrophages in the peri-
toneal cavity of CD-1 mice. The choice of a nonpathogenic
mycobacterium as a test microorganism for the study of
mycobacterial degradation in vivo was based on the follow-
ing points. (i) Our previous observations (24, 25; P. M.
Macedo and M. T. Silva, XVII Annu. Meet. Soc. Port.
Electron Microsc. abstr. 28, 1982) showed that the degrada-
tive processes of several mycobacteria by macrophages in
vivo are ultrastructurally similar. (ii) Contrary to the situa-
tion with pathogenic mycobacteria, all M. aurum cells are
killed and degraded by the host macrophages in the initial
phases of the infection, thus making the analysis of the
killing and degradation easier and more amenable to quanti-
tation. The use of this experimental model to characterize
the antimycobacterial activity of phagocytes therefore has
several advantages for characterization of the antimycobac-
terial activity of phagocytes. These include the ability to
precisely determine the chronology of the different phases of
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the degradative process and the ability to accurately estab-
lish the correlation between ultrastructure and viability, so
that the distinction between viable and dead mycobacteria
can be correctly defined on morphological grounds. More-
over, the occurrence of lysosome-phagosome fusion and its
participation in the degradation of the mycobacteria can be
evaluated in vivo. In contrast to most published studies on
the interaction of mycobacteria and macrophages, which
were carried out with in vitro models, the present work has
been performed in vivo; thus the interaction of mycobacteria
and macrophages was studied under the natural conditions
for both the natural resistance and the immune resistance to
mycobacterial infection; these conditions can be manipu-
lated, for instance, by the use of immunosuppressed or
immunoactivated hosts. The methodology used in the pre-
sent work is proving useful in comparative studies, under
way in our laboratory, involving other mycobacteria, includ-
ing mouse pathogens, and mouse strains with different
degrees of susceptibility to mycobacterial infections.

MATERIALS AND METHODS
M. aurum 14121005 from the collection of the Institut

Pasteur, Paris, (kindly supplied by H. L. David) was grown
in nutrient broth (Difco Laboratories) supplemented with
0.04% Tween 80 at 37°C in a rotary shaker for 24 h. The
bacteria were collected from the cultures by centrifugation
and washed and suspended in saline supplemented with
0.04% Tween 80. The final suspensions were lightly soni-
cated (50 W, 10 s; model W 185 D Branson Sonifier) and
filtered through a 5-,um-pore-size membrane (6). The final
suspensions were found to consist mostly of single cells,
containing more than 90% viable bacteria; the actual number
of viable cells in each experiment is indicated in Results.
Bacterial suspensions (0.5 ml) containing a high inoculum (5
x 107 to 2 x 108 CFU), necessary for the electron-micro-
scopic studies, were injected into the peritoneal cavity of 4-
to 6-week old male CD-1 mice, which were housed under
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conventional conditions and fed commercial chow and water
ad libitum. Some experiments were carried out with 4- to
6-week old female C57BL/6 mice, which were housed under
the conditions indicated above. At intervals (from 1 h to 15
days) the animals were put to death by ether anesthesia, and
5 ml of Hanks balanced salt solution was injected intraperi-
toneally; after an abdominal massage the peritoneal fluid was
collected. Ziehl-Neelsen-stained homogenates from the
parathymic lymph nodes, liver, and spleen of each mouse
were observed for the presence of mycobacteria. The fol-
lowing studies were carried out with portions of the perito-
neal fluid.

Assessment of phagocytosis. Cytospin (model II Shandon
Cytospin) preparations of the peritoneal exudate were
stained by the Ziehl-Neelsen technique and used to deter-
mine the number of phagocytes containing ingested myco-
bacteria and the number of AFB per infected phagocyte. To
evaluate the rate of phagocytosis of the injected mycobac-
teria, we determined the number of extracellular bacilli by
using Ziehl-Neelsen-stained smears prepared with pellets
(centrifuged at 3,000 x g for 10 min) from the peritoneal fluid
that had been fixed (with 2.5% glutaraldehyde) immediately
after collection, to prevent lysis of the phagocytes during
specimen preparation.

Electron microscopy of leukocytes and mycobacteria. The
cells in the peritoneal exudate were separated by centrifu-
gation (1,000 x g for 2 min), and the pellet was processed for
electron microscopy by fixation in 4% formaldehyde-1.25%
glutaraldehyde-10 mM calcium chloride for 24 h at room
temperature, then in 1% OsO4-10 mM calcium chloride for
16 to 24 h at room temperature, and then in 1% uranyl
acetate for 1 h, as described previously (20-22). Further
processing for electron microscopy was carried out with
ethanol dehydration and Epon embedding. Ultrathin sec-
tions were stained with lead citrate (30) for 5 min or
double-stained with uranyl acetate (saturated aqueous solu-
tion) for 5 min followed by lead citrate for 3 min. The Thiery
procedure (29) was used for the ultrastructural detection of
periodic acid-Schiff (PAS)-positive molecules, usually with
silver vitellinate instead of silver proteinate (23, 24; M. T.
Silva, P. M. Macedo, R. Salema, and I. Santos, XVII Annu.
Meet. Soc. Port. Electron Microsc., abstr. 30, 1982). Trac-
ings of membrane profiles were made on photographic
negatives with a Joyce-Loebl MK III CS microdensitometer,
set to an arm ratio of 5Ox and a slit of 0.5 nm. Whenever
quantitative ultrastructural studies were to be carried out,
we cut sections, taking precautions to avoid serial section-
ing.
To better detect phagosome-lysosome fusion after phago-

cytosis of the mycobacteria by the phagocytes in the perito-
neal cavity of each mouse, two procedures were used. One
consisted of prelabeling the lysosomes with ferritin by the
method of de Bakker (J. M. de Bakker, Ph.D. thesis, Royal
University of Leiden, Leiden, The Netherlands, 1983); in
brief, 1 week before mice were inoculated with mycobac-
teria, they were injected intraperitoneally with iron-dextran
(Sigma Chemical Co.) diluted in saline so that 1 mg of iron
was given to each mouse in a volume of 0.5 ml. The study of
the peritoneal cell population showed that 7 days after the
injection of iron-dextran the population had recovered from
a brief and mild inflammatory reaction. Confirming the
results of de Bakker, we found that more than 95% of the
resident peritoneal macrophages (identified by their pattern
of peroxidase activity [3]) had lysosomes laden with ferritin,
which is a product of the conversion of the injected iron-
dextran (de Bakker, thesis). The second procedure, which

did not require pretreatment of the mice, consisted of the
ultrastructural demonstration of inorganic trimetaphos-
phatase, a better lysosome marker than acid phosphatase
(14), by the technique of Petty et al. (14); this technique was
applied to portions of peritoneal exudates collected as de-
scribed above and fixed with 1.0% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4), supplemented with 2% sucrose,
for 1 h. Ferritin labeling of lysosomes has the advantage that
the phagocytosed mycobacteria are better preserved, since
the fixation procedure developed for analysis of bacterial
ultrastructure can be used, whereas the enzymatic
cytochemistry has a deleterious effect on the fine structure of
the bacteria as a result of incubating and washing the
samples for the cytochemical reaction before the cells are
properly fixed. The ultrastructural studies were carried out
with Siemens Elmiskop 1A and 102 electron microscopes.

Fate of the mycobacteria in the peritoneal cavity. We
determined the total number of AFB and the viability of M.
aurum in samples collected from the peritoneal cavity of
mice as described above. Viability was determined by the
plate dilution method. In brief, a portion of the exudate
collected in Hanks solution was centrifuged (1,000 x g for 2
min) and the pelleted cells were suspended in a volume of
0.04% Tween 80 equal to the volume of the initial suspension
and lightly sonicated (50 W for 15 s in a Branson Sonifier) to
help the disruption of the phagocytes and disperse bacterial
clumnps. Preliminary experiments showed that this treatment
has no deleterious effect on M. aurum viability. Serial
dilutions of the sonic extract were plated in duplicate on
nutrient agar (Difco) and incubated for 8 days at 37°C. AFB
(expressed as the total number per peritoneal cavity) were
counted by two procedures. (i) For the sonicated bacterial
suspension used for viability studies AFB were enumerated
by the technique of Shepard and McRae (16), with coated
multispot microscope slides (Wellcome Research Laborato-
ries) containing 5 RI1 of sonic extract in each spot and with
Ziehl-Neelsen staining. This method was more satisfactory
for samples with large numbers of bacilli (above 107 per
peritoneal cavity) because the bacteria were dispersed owing
to the lysis of macrophages. (ii) For the cytospin prepara-
tions of the peritoneal fluid indicated above, the number of
AFB was calculated by counting the bacilli and the leuko-
cytes; the actual number of AFB per peritoneal cavity was
obtained by extrapolation from the ratio of bacilli to leuko-
cytes, taking into account the total number of leukocytes
determined as described above. This method was preferred
when lower numbers of AFB (below 107) were present.

RESULTS

Dynamics of phagocytosis and killing of M. aurum in the
peritoneal cavity of CD-1 mice. The enumeration of extracel-
lular and intraphagocytic bacilli showed that phagocytosis of
the inoculated bacteria is already extensive by 1 h (with
more than 99% of bacilli inside phagocytes) but that it takes
4 h to go to completion. The number of AFB present in the
peritoneal fluid at 4 h after inoculation was lower than the
number of AFB inoculated; in two independent experiments
1.04 x 107 + 0.32 x 107 and 1.74 x 107 + 0.37 x 107 AFB
were found after the inoculation of 8.0 x 107 and 9.7 x 107
AFB, respectively. Although such a reduction is due in part
to the adherence of macrophages with ingested bacilli to the
peritoneal wall, clearing of mycobacteria by lytnphatic drain-
age occurs as deduced from the early appearance of AFB in
the parathymic lymph nodes, spleen, and liver. However,
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TABLE 1. Number of AFB and viable M. aurum cellsa

Time No. of bacteria/peritoneal cavityb %
(days) after Viable
inoculation AFB Viable cells cells

4 h (1.44 ± 0.49) x 107 (1.37 ± 0.43) x 107 95.14
1 (1.48 ± 0.96) x 107 (5.25 ± 0.83) x 106 35.47
2 (1.36 ± 0.85) x 107 (4.78 ± 0.90) x 105 3.51
4 (1.24 ± 0.95) x 107 (2.73 ± 1.30) x 104 0.22
6 (2.10 + 1.06) x 106 (2.17 ± 1.29) x 103 0.10
8 (1.45 ± 1.11) x 106 (1.25 ± 1.05) x 103 0.09
10 (1.22 ± 1.13) x 106 (7.30 ± 5.80) x 102 0.06

a Number of cells in samples collected at the indicated times from the
peritoneal cavity of CD-1 mice inoculated with 8.0 x 107 bacilli (96.3%
viable).

b Values represent mean ± standard deviation of the number of bacteria
per peritoneal cavity for six mice.

macrophages with ingested bacilli persisted in the peritoneal
cavity for some time, and the counts of AFB in Ziehl-
Neelsen-stained smears of the peritoneal exudate showed a
plateau that was maintained for 4 days (Table 1). During that
period the number of AFB per phagocyte was 8.70 ± 0.79,
9.01 ± 0.78, 7.67 ± 0.86, and 7.37 ± 1.40 for samples
collected at 4 h, 1 day, 2 days, and 4 days, respectively,
indicating that M. aurum is not multiplying. Consequently
the progressive decline in the number of viable mycobacteria
(Table 1) indicates that the bacilli are killed within the
peritoneal macrophages. Such a situation gives us the op-
portunity to analyze the ultrastructure of the antimycobacte-
rial activity of macrophages.

Ultrastructure of M. aurum organisms undergoing killing
and degradation by peritoneal macrophages in CD-1 mice.
Preliminary observations showed that bacteria were quite
rare in samples collected after 8 days postinoculation. Ultra-
structural analysis of 784 individual electron tnicrographs of
bacillary profiles of M. aurum in sections from samples
collected from 4 h to 8 days after inoculation showed
ultrastructurally normal bacilli and bacilli under a progres-
sive process of degradation. The following steps could be
characterized.

Step 1 (Fig. 1A to C) is characterized by bacteria with
normal ultrastructure (22, 24), that is, bacteria with a con-
tinuous, undeformed cell wall and cytoplasmic membrane,
distinct ribosomes, and fibrillar DNA; the membranes are
asymmetric after both lead (Fig. 1A and B) and Thiery (Fig.
1C) staining.

Step 2 (Fig. 1D to F and 2A) is characterized by compact
cells with a change in the membrane profile from asymnmetric
to symmetric, a loss of the PAS-positive components from
the outer membrane layer (that is, the membrane becomes
Thiery negative) (Fig. 1F), and disorganization followed by
disappearance of ribosomes and/or the presence of blocks of
homogeneous material in the cytoplasm. The cell wall and
the nucleoid remnain unchanged.

Step 3 (Fig. 2B) is characterized by compact cells with a
discontinuous, symmetric, Thidry-negative cytoplasmic
membrane, the occurrence of intracytoplasmic arrays of
symmetric, Thiery-negative membranes, a cytoplasmic ma-
trix entirely composed of amorphous material identical to
that in the blocks seen in step 2, and areas with fibrils with
the characteristics of DNA. The peptidoglycan layer of the
wall exhibits signs of incipient degradation such as localized
thinning and small discontinuities.

Step 4 (Fig. 3A and B) is characterized by a progressive
deformation of the cell wall, which appears distorted and

discontinuous, indicating that peptidoglycan is being pro-
gressively digested. The cytoplasmic membrane is exten-
sively solubilized and eventually disappears. Empty spaces
appear in the cytoplasm, indicating that digestion of intra-
cellular material is occurring. The DNA areas appear hy-
drated or partially digested.

Step 5 (Fig. 4A to C) is the final phase of the degradative
process seen in this study, and the bacillary remnants consist
of irregular, frequently broken and collapsed fragments of
the wall, devoid of most or all the peptidoglycan layer. The
intracytoplasmatic material is completely absent or is re-
duced to scant granular remnants. Although the level of cell
wall remnants became too low to be detectable by electron
microscopy after day 8, no images were seen that could be
interpreted as corresponding to their degradation; it is pos-
sible that macrophages with such remnants leave the perito-
neal cavity before the digestion, if any, of the wall material.
There is no electron-transparent zone (4) around the

phagocytosed bacilli (Fig. 1A and D; Fig. 2A and B; Fig. 3A
and B).
Table 2 depicts the sequence of the main ultrastructural

alterations described above for the degradation process of
M. aurum within mouse peritoneal macrophages. Figure 5
shows the results of a quantitative study of the distribution
of the 784 bacilli seen in each of the morphological steps in
samples collected from 4 h to 8 days. Those results show that
the degradative process is not synchronous; that ultrastruc-
tural bacillary alterations occurring after the phagocytosis of
bacteria begin to be observed in the 24-h sample, since the
percentage of altered bacilli in the 4-h sample is similar to
that of nonviable bacteria in the inoculum; and that no bacilli
with normal ultrastructure are present after 2 days.
We studied in some detail the rate of appearance of the

initial ultrastructural alterations, i.e., those typical of step 2,
since they are likely to represent the first morphological
counterpart of bacterial death (see below). We found that the
only ultrastructural alteration in 13.6% of the bacilli in step 2
seen in the 24-h sample was the presence of the cytoplasmic
blocks; that is these cells still have asymmetric membranes
and ribosomes. The percentage of cells with cytoplasmic
blocks increased progressively, reaching 100% of compact
bacilli at day 4. On the other hand, all bacilli with symmetric
membranes had no visible ribosomes in the samples taken at
1 day or later.
Assessment of phagosome-lysosome fusion in CD-1 and

C57BL/6 mice. Lysosomes were occasionally seen in contact
or undergoing fusion with the phagocytic vacuoles (Fig. 3A
and 4A). The occurrence of extensive phagosome-lysosome
fusion after phagocytosis of the injected mycobacteria was,
however, clearly demonstrated by the use of both ferritin
prelabeling of lysosomes of peritoneal resident macrophages
(Fig. 6A to C) and postlabeling of lysosomes by demonstra-
tion of trimetaphosphatase activity (Fig. 6D and E), because
these procedures allowed the detection of phagosome-
lysosome fusion in cases in which the plane of the section did
not show the actual fusion (Fig. 6C to E). The use of those
lysosomal markers showed that extensive phagosome-
lysosome fusion occurs in peritoneal resident macrophages
soon after the inoculation of M. aurum. At 1 h after
intraperitoneal inoculation of 2.0 x 108 M. aurum cells (1.9
x 108 viable cells) in CD-1 and C57BL/6 mice, the number of
AFB per infected macrophage was 15.92 + 3.30 and 15.35 +
4.11, respectively, and the percentage of phagosomes con-
taining mycobacteria that had fused with lysosomes (as
deduced from the presence of trimetaphosphatase activity
inside the phagosome) was 89.7 and 94.3%, respectively. At
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FIG. 1. (A) M. aurum cells within a CD-1 mouse peritoneal phagocyte in a sample collected 4 h after inoculation. The ultrastructure of
the bacilli is normal (step 1). Notice the presence of distinct ribosomes (R) and the asymmetric profile of the cytoplasmic membrane (M). The
cell wall, with its three layers (outer layer [OL], electron-transparent layer [EL], and peptidoglycan layer [PL]) is intact. No electron-
transparent zone is present between the bacillary surface and the phagosome membrane (PM). N, Nucleoid. I, intracytoplasmic inclusions.
Lead stain. Magnification, x80,960. Bar, 0.2 pum. (B) Same sample as in panel A at a higher magnification, showing the asymmetric profile
of the cytoplasmic membrane (M). The membrane profile is also represented by a densitometric tracing. Lead stain. Magnification, x 110,400.
Bar, 0.1 p.m. (C) Same sample as in panel A, Thiery stained for PAS-positive molecules. The micrograph shows bacillus (step 1) with a

Thidry-positive membrane outer layer (M). There is an intracytoplasmic inclusion (I) with a positive Thidry reaction. Magnification, x 115,920.
Bar, 0.1 ,um. (D) M. aurum cells (step 2) in a sample collected 4 days after intraperitoneal inoculation. Notice the symmetric profile of the
cytoplasmic membrane (M) and the disorganized ribosomes (arrowheads). Blocks of electron-dense material are present in the cytoplasm (B).
The cell wall (OL, EL, and PL) is intact. Lead stain. Magnification, x95,680. Bar, 0.1 ,um. (E) Part of the same cell as in panel D, showing
at higher magnification the symmetric profile of the cytoplasmic membrane (M). The membrane profile is also represented by a densitometric
tracing. Lead stain. Magnification, x134,320. Bar, 0.1 p.m. (F) Thiery stain of a bacillus in the same sample as in panel D. Notice the
Thidry-negative profile of the cytoplasmic membrane (M) and the presence of PAS-positive inclusions. Magnification, x 115,920. Bar, 0.1 p.m.
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FIG. 2. (A) M. aurum cell at step 2 in a 4-day sample. Notice the symmetric cytoplasmic membrane (M), the absence of intact ribosomes,
and the presence of dense blocks in the cytoplasm (B). The arrowheads indicate disorganized ribosomes. Uranyl-lead stain. Magnification,
x95,680. Bar, 0.1 p.m. (B) M. aurum cell at step 3 in a 6-day sample. Notice the symmetric profile of the cytoplasmic membrane (M); this
membrane is solubilized in places (arrowheads). Arrays of symmetric membranes are present in the cytoplasm. No ribosomes are visible, and
the cytoplasmic matrix has the same structure as the blocks seen in step 2 cells. The peptidoglycan layer of the wall (PL) shows signs of
incipient degradation (unlabeled arrows). There is no electron-transparent zone. Uranyl-lead stain. Magnification, x 114,080. Bar, 0.1 ,um.

1 h after inoculation of 9.2 x 107 M. aurum cells (8.3 X 107
viable cells) into the peritoneal cavity of CD-1 mice, 90.2%
of phagosomes containing bacilli had ferritin labeling. In
samples collected later in the process, trimetaphosphatase
activity and ferritin molecules were seen inside damaged
mycobacteria (Fig. 6D), indicating that a severe perme-

abilization of the bacterial envelopes had occurred. As
expected from the absence of an electron-transparent zone
around the phagocytosed bacilli, the deposits revealing
trimetaphosphatase activity or the ferritin molecules were
seen in close contact with the mycobacterial surface (Fig. 6B
to E). The same observation had been reported by others for
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FIG. 3. (A) M. aurum at step 4 in a 4-day sample. Notice the deformation of the cell wall with breaks in its peptidoglycan layer (PL), the
discontinuous, symmetric cytoplasmic membrane (M), and the presence of membrane vesicules in the cytoplasm (V). Blocks of homogeneous
material (B) are present in the cytoplasm, which has no ribosomes and is clearing at some places. N, Areas of hydrated DNA; L, a lysosome
close to the phagosome. No electron-transparent zone is present. Uranyl-lead stain. Magnification, x 104,000. Bar, 0.1 ,um. (B) Part of an M.
aurum cell at a more advanced stage 4 than in panel A. The sample was collected 6 days after the intraperitoneal inoculation. The cytoplasm
is under advanced digestion, with only some blocks of dense material (B) and DNA fibrils (N) remaining. The cytoplasmic membrane (M) is
extensively solubilized. The cell wall is undulated and has breaks in the peptidoglycan layer (PL). Intracytoplasmic inclusions are still present
(I). Uranyl-lead stain. Magnification, x164,000. Bar, 0.1 ,um.
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FIG. 4. (A) M. aurum at step 5 in a 6-day sample. Notice the bacillary ghost with a deformed cell wall consisting of the outer dense layer

(OL) and the electron-transparent layer (EL) with some remnants of the peptidoglycan layer (PL) attached to the inner surface of the
electron-transparent layer. The cytoplasm is reduced to scant granular material. Lysosomes (L) are in contact with the phagosome. No
electron-transparent zone is present. Uranyl-lead stain. Magnification, x95,680. Bar, 0.1 p.m. (B) Deformed and collapsed cell wall remnants
in M. aurum at step 5 in a 6-day sample. Uranyl-lead stain. Magnification, x69,920. Bar, 0.1 ,um. (C) Part of a bacillus at step 3 (right side
of the picture) and a bacillary ghost at step 5. The picture clearly shows that the wall remnants typical of step 5 originate from the outer and
electron-transparent layers of the wall. The sample was collected 6 days after intraperitoneal inoculation. Uranyl-lead stain. Magnification,
x92,000. Bar, 0.1 ,um.

macrophages infected in vitro with M. aurum and with acid
phosphatase as a lysosomal marker (7).

Correlation of viability and morphology in M. aurum cells
within peritoneal macrophages in CD-1 mice. Assessment of

the percentage of viable mycobacteria in the peritoneal
bacillary population during the initial 10 days after inocula-
tion of M. aurum (Table 1) indicates that no significant loss
of viability occurs during the first 4 h, because the percent-
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TABLE 2. Summary of the main ultrastructural characteristics typical of each step of the degradative process

Cell walla Cytoplasm
Step Membranes DNA

EL PL Matrix Ribosornes

1 Normal Normal Normal Normal Normal Normal
2 Normal Normal Asymmetric or sym- Normal or blocks Normal or disorga- Normal

metric and Thidry nized or absent
negative

3 Normal Thinner in places Partially solubilized Blocks Absent Hydrated or partially
digested

4 Deformed Deformed and partially Extensively solubi- Extensively digested Absent Extensively digested
solubilized lized or absent or absent

5 Collapsed and Extensively solubilized Absent Absent Absent Absent
deformed or absent

a EL, Electron-transparent layer; PL, peptidoglycan layer.

age of viable organisms in the 4-h sample was similar to that
in the inoculum. A progressive reduction in the number of
viable mycobacteria occurred during the 10 days following
inoculation, and no viable bacteria were found after that
time. Comparison of the viability ofM. aurum cells (Table 1)
with the distribution of each of the ultrastructural steps of
the degradative process of that mycobacterium inside the
phagocytes during the same period (Fig. 5) shows that the
percentage of viable bacilli is close to the percentage of
bacilli in step 1. This suggests that only the bacilli with
normal ultrastructure (step 1) are viable and that the appear-
ance of any of the three alterations associated with step 2 is
accompanied by loss of viability.

DISCUSSION

Since the M. aurum cells that persist in the peritoneal
cavity of mice after an intraperitoneal inoculation are pro-
gressively killed and degraded by the peritoneal macro-
phages, we are dealing with a model that allows the in vivo
quantitative and chronological study of the antimycobacte-
rial activity of macrophages.

100s

78

BACILLI

25 3

1 2 44 6 8
TIME (d)

FIG. 5. Percentage of bacilli in each of the five steps (indicated
by the arrows labeled 1 to 5) of the degradative process of M. aurum
in samples taken at the indicated intervals after intraperitoneal
inoculation of 8.0 x 108 bacilli (7.7 x 107 viable cells) in CD-1 mice.

The first ultrastructural alterations detected in the myco-
bacteria under degradation (step 2) occur in the cytoplasm
and membranes and represent morphological signs of lethal
bacillary damage. The asymmetric profile found in normal
M. aurum membranes changes to a symmetric profile, and
the PAS-positive components of the membrane outer layer
are lost early in the degeneration process. These two mem-
brane alterations indicate membrane damage and have been
found in several situations, both in vitro and in vivo, in
which gram-positive bacteria, including AFB, are damaged
by lysis or by treatment with membrane-active agents
(17-19, 24, 26, 27). We have previously shown that the loss
of PAS-positive components from the outer layer of dam-
aged membranes in those bacteria is associated with the
change in the membrane profile from asymmetric to sym-
metric (19, 24). Ribosomes become invisible during the
initial phase of the degradative process, and homogenous
blocks appear in the cytoplasm. Ribosome disappearance
has been found for several damaged gram-positive bacteria
(15, 22, 27). Several mechanisms can be advanced to explain
ribosome disappearance: ionic leakage associated with the
loss of membrane-selective permeability as a result of mem-
brane damage at the beginning of the degradative process (as
deduced from the above reported membrane ultrastructural
alterations and from the observation of deposits of trimeta-
phosphatase activity and of ferritin molecules inside myco-
bacteria under degradation), because ribosome stability de-
pends on the intracellular ionic environment (22); activation
of bacterial endogenous RNases that is known to occur in
some situations of membrane damage (12, 15); and access to
the bacterial cytoplasm of lysosomal RNases, facilitated by
the loss of the cytoplasmic membrane permeability barrier
owing to the early membrane damage. The last is a likely
mechanism for that alteration in situations in which phago-
some-lysosome fusion occurs, as is the case in the present
study. Support for the relationship between membrane dam-
age and ribosome disappearance implicated by the above
mechanisms is obtained from our observation that bacilli
without ribosomes have symmetric (altered) membranes.
The early occurrence of blocks of amorphous material in

the cytoplasm of bacilli deserves some comment. This
alteration, although rather discrete in morphological terms,
seems to represent a lethal alteration. Such an alteration was
previously found in Bacillus cereus cells exposed to moist
heat (26) and, most interestingly, ih M. aurum cells killed in
vitro by exposure to oxygen-dependent bactericidal radicals
(R. Appelberg and M. T. Silva, International Symposium on
Mycobacteria of Clinical Interest, abstract 90, 1985).
From the results of our study of the correlation between
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FIG. 6. (A to C) M. aurum cells inside peritoneal macrophages prelabeled with ferritin. The sample was collected 1 h after the
intraperitoneal inoculation of 8.8 x 107 AFB (8.2 x 107 viable cells). In panel A, two heavily labeled lysosomes are close to the phagosome
containing a bacillus, but there is no ferritin in the phagosome, indicating that phagosome-lysosome fusion had not occurred. In panel B, the
plane of the section clearly shows fusion of a lysosome with a phagosome containing one bacillus. In panel C, there is a phagosome containing
one bacillus and ferritin in the space between the phagosome membrane and the surface of the mycobacterium, indicating that
phagosome-lysosome fusion had occurred although no such fusion is visible in the plane of the section. Sections were lightly stained with lead
to increase the relative contrast of ferritin. Magnification, x46,920. Bar, 0.2 ,um. (D and E) Trimetaphosphatase activity in peritoneal
macrophages with ingested M. aurum cells. The sample was collected 24 h after intraperitoneal inoculation of 9.5 x 107 AFB (8.7 x 107 viable
cells). The presence of the lysosomal enzymatic activity around the mycobacteria indicates that they are inside phagolysosomes. The
unlabeled arrow indicates trimetaphosphatase activity inside a bacillus. Sections were lightly stained with lead. Magnification, x67,712 (panel
D), x78,200 (panel E). Bar, 0.2 ,m.

ultrastructure and viability, we conclude that mycobacterial
death inside the macrophages occurs before the disaggrega-
tion of the bacilli; that is, bacterial death precedes bacteri-
olysis, so that dead bacilli may have a compact structure
(cells at steps 2 and 3). As stressed in previous reports from
this group on the ultrastructure of mycobacterial cells (19,

20, 22), the present work shows that correct methodology is
essential for a significant micromorphological analysis of
normal and damaged mycobacteria. For example, some of
the alterations described as typical of steps 2 and 3, namely
absence of ribosomes and change in membrane geometry,
are found in normal bacilli when fixation is inadequate (20,

I.;
I

t.
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22). It has often been assumed in the past that compact
mycobacterial profiles correspond to normal (sometimes
referred to as viable) bacilli and that only the bacteria
undergoing lysis are scored as damaged (and nonviable). Our
results show that compact bacilli can have ultrastructural
alterations that are incompatible with viability, as is the case
with mycobacteria in steps 2 and 3.
The alterations observed after step 3 can be interpreted in

terms of progressive digestion of dead bacterial cells. The
hydrolytic enzymes of the macrophage lysosomes are likely
to be responsible for this digestion. Extensive and early
fusion of lysosomes with phagosomes containing mycobac-
teria was observed in the present study. On the other hand,
it has been found that in vitro autolysis of mycobacteria with
significant cell clearing takes much longer than the lysis we
observed in the present in vivo study: mycobacteria killed by
exposure to rifampin or sodium azide, or dying during the
decline phase of broth cultures, remain compact for weeks
(24). Moreover, in vitro experiments have shown that hy-
drolysis of the cell wall peptidoglycan by mycobacterial
endogenous autolysins is not accompanied by significant cell
clearing (10) and is almost completely inhibited at low pH
(10), which is known to prevail inside macrophage phago-
lysosomes (8, 9). In other words, the degradation of myco-
bacterial cells inside macrophage phagocytic vacuoles,
whenever it occurs, seems to be due to heterolysis (28)
rather than to autolysis.

In M. aurum the peptidoglycan layer is the last structure
to be completely solubilized during degradation by macro-
phages, leaving the electron-transparent layer and the out-
ermost electron-dense layer of the wall as remnants of the
mycobacterial cell. This observation confirms previous re-
sults regarding the resistance to degradation of the myco-
bacterial wall components (25).

It is known that bacterial killing within phagosomes can
occur in the absence of lysosome-phagosome fusion, since
the phagosome membrane has the capacity to generate
antibacterial oxygen-dependent mechanisms (2, 5, 11). The
fusion of lysosomes with phagosomes, however, amplifies
the antibacterial capacity of the phagocyte by releasing into
the phagosome several lysosomal constituents that increase
the killing activity of the phagosome (1). On the other hand,
the formation of phagolysosomes is necessary for bacterial
degradation, because the hydrolytic enzymes involved in
bacterial degradation are stored in the lysosomes. Our
observation that lysosomes fuse with phagosomes contain-
ing M. aurum rather early and extensively indicates that the
full armamentarium of the mouse peritoneal phagocytes is
operating from the beginning in the control of the infection.
Moreover, M. aurum has no electron-transparent zone, a
structure that has been considered to be a protective barrier,
preventing the access of the antibacterial agents of the
phagosome and phagolysosome to the phagocytosed myco-
bacteria (4). All these observations explain the rapid killing
and degradation rates of M. aurum within the peritoneal
phagocytes of CD-1 mice. This is in contrast to the situation
described for pathogenic mycobacteria, which have several
efficient evasion mechanisms that allow them to survive or
multiply inside the host macrophages (1).

In a recent publication, Frehel et al. (7) reported on the
extent of phagosome-lysosome fusion in bone marrow-
derived macrophages from C57BL/6 mice infected in vitro
with the same strain of M. aurum used in the present study.
The results of their studies showed that at the early stages of
the infection only 60 to 70% of the phagosomes containing
mycobacteria had fused with lysosomes. This contrasts with

the value of 94.3% we found in the present study for
peritoneal macrophages in the same mouse strain. Several
possibilities can be put forward to explain the above differ-
ences, including the different origin of the macrophages used
in the two studies (peritoneal cavity versus bone narrow),
the use of in vivo versus in vitro conditions, and the use of
inorganic trimetaphosphatase versus acid phosphatase for
labeling the lysosomes.

In essence, the ultrastructural alterations now described
for M. aurum undergoing degradation within mouse perito-
neal macrophages follow a sequence similar to that previ-
ously reported for M. leprae degenerating within skin mac-
rophages of untreated lepromatous patients (24, 25), another
situation in which dead mycobacteria are degraded within
phagolysosomes (13).
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