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Thin sections of Escherichia coli were examined by electron microscopy at se-

quential intervals after addition and then removal of chloramphenicol. The first
changes, occurring at 1 hr after exposure to the drug, were disappearance of the
ribosomes and aggregation of the nuclear material toward the center of the bac-
teria. At 2 hr, aggregates of abnormal cytoplasmic granules first appeared and sub-
sequently increased in size. By 23 hr, amorphous, electron-dense material had ac-

cumulated within, and at the periphery of, the nuclear matrix. With the removal of
chloramphenicol, the bacteria became normal in appearance, passing through a

series of stages that were sequential but not synchronous. At 145 min after removal
of chloramphenicol, bacteria were encountered in the process of abnormal divi-
sion. The influence of deoxyribonucleic acid and ribonucleic acid synthesis, and of
energy metabolism, upon the changes seen electron microscopically in chloram-
phenicol-treated cells, was investigated by selectively inhibiting these functions
with hydroxyurea, azauracil, and sodium azide, respectively.

The biochemical events which result from ex-
posure of growing bacteria to chloramphenicol
(CM) have been the subject of intensive investi-
gation. CM is an antibacterial agent which pri-
marily inhibits protein synthesis (10), apparently
by interfering with the growth of nascent protein
chains ( 15, 33). The synthesis of deoxyribo-
nucleic acid (DNA) in CM-treated cells continues
for some time at a reduced rate and then stops (5).
An accumulation of DNA may be correlated with
the increase in size of bacterial nuclei, examined
by light microscopy (11). The DNA made during
CM treatment appears to be functional (3). The
ribonucleic acid (RNA) made during exposure of
bacteria to CM is increased in amount (8, 11) and
appears to be abnormal in certain respects, includ-
ing its localization within the cell (2, 6). Recent
studies of CM-treated bdcteril have shown the
accumulation of messenger RNA (12, 20, 24),
and a family of small ribonucleoproteins (18S and
23S) named CM-particles (19, 25). The latter vary
in size and in the ratios of RNA to protein, thus
differing from the ribosomes of normal cells (19,
25), but the RNA present in CM-particles appears
to be identical to normal ribosomal RNA (19,
25). Indeed, evidence ha,is been presented which
indicates tlhat, upon removal of CM, bacteria
transform CM-particles into ribosomes (13, 14,
23, 31). The protein of CM-particles is presumaLbly
derived from a pool of ribosomal protein subunits

that are formed before the addition of CM (14,
18).

In view of the foregoing observations, it was
decided to examine by electron microscopy
Escher-iclici coli treated with CM in order to
determine whether there were structural lesions
that might correspond to the chemical changes.
Previous studies of E. coli doubly fixed in glutar-
aldehyde and osmium tetroxide (21) revealed ex-
cellent preservation of cytoplasmic details; ac-
cordingly, this method of fixation was employed.

MATERIALS AND METHODS

The bacterial strain (E. coli C600) and the mediumii
(HA) Lised in this study have been described, as have
the procedures lor determinlinig the viability anid tur-
bidity of treated bacteria (26, 28).

Bacteria in medium HA were brought to the expo-
nenitial growth phase (ca. 2 X 108 cells per ml), at
which- titiie portions of the culture were distributed
into llasks containiing CM, azauracil, hydroxyurea,
or sodiumi azide (final concenitrationis, 40,g/ml, 3(0)
,ug/ml, 0.2 Ni, anid 0.01 si, respectively) or a mixture
of these compounds. The cclls were incubated at
37 C witlh aeration, anid portions of the cultures were
removed at intervals for determiiniationi of viability
and turbcidity anid for electron microscopic examina-
tioil.

In those experimiienits in wlich CM was remiioved,
the bacteria were waslhed several times with sterile
saline and resuspended to their originial density in
warm IliedliulIl HA.
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The preparation ol' slpecimenis lor clectroni niicros-
copy followed the procediure outlineed previou0sly (21).
The bacteria were fixecd l'or 3 hr in I glutaralde-
hyde, washed thoroughly) fixed for 3 hr in osmium
tetroxide, dehydrated in ethyl alcolhol, and embedded
in Epon 812. Sections were stained With iranvil ace-
taite and lead citrate.

Azautracil was obtained from Scliwarz BioResearch,
Inc., Oraangeburg, N.Y.; CM from Plarke, Davis and
Co., Detroit, Mich.; hydroxy urea from Nuitritionial
Biochemicals Corp., Clevelaid, Olio; aindi sodium
a'ide from Fisher Scientific Co., New York, N.Y.
Solutions of hydrox LUrca were alway s f'reshly pre-
pared.

RFSULTS
Figur-es 1 -3 illustrate normatl bacteria, showing

the average length of the cells, the disposition of
ribosomes, and vaitation in the appearance of
nuclerar mraterial , the last being chlmracterized by
translucent areas containing line and coar-se,
often branched, filcaments. Figures 1 26 are re-
produced at the same magnification X 4(,0)(
to faLcilitate comparison.
One hour after addition of CM (Fig. 4 6), the

nuclear material had beguni to aggregrate aLt the
center of the bacterica, and the cytoplasm was
more linely granular, compared to the controls,
suggesting thalt the normnal ribosomes had become
disassembled. It is of interest that bacteria, pre-
sumed to be in the process of binary fission when
the drug was added hacd two foci at whiclh nucleaLr
material localized (Fig. 6), aLlthouglh balcterial
division did not appear to proceed.
By 2 hr (Fig. 7- 9), some bacteria hld become

elongated (Fig. 9); others developed scattered
cytoplasmic vacuoles devoid of limiting mem-
branes (Fig. 7). Ther-e wals frequently a slight
retraction of the cytoplasmic membra-ne fronm the
cell wLll (Fig. 7.) Examination of the bacteria
shown in Fig. 5 and 9 reveals thlt cytoplasm
protrudes into the nuclear maLtrix, the appearance
of an island of cytoplasm (Fig. 6 8) probably
reflecting the angle aLnd level of sectioning. In r-are
instances, a smaLll cluster of dense granules ap-
peared within a cytoplasmic vacuole (see arrow
in Fig. 8). By 4 hr, the cluster-s hld become lacrger
lnd mor-e numerous, although in any given
bacterium there were seldom more thalnL two. Thev
tended to be located at the ends of the cell (Fig.
1)0). By 23 hr (Fig. 11 13), the aggregates were
still alrger and the granules more uniform in size.
The nuclear region waLs neacrly devoid of cyto-
plasmic protrusions. In acddition, tlhere were now
collections of aLmor-plhous, electron-dense ma-
terial within, and at the periphery of, the nuclear
maLtrix. Not infrequently, greatly elongated bac-
teria were observed (Fig. 12).

With removal of CM, the bacteriaL underwent

sequential, tlouglh not synchronous, chianges in
the process of reversion to the normal state. The
first to be observed (in saLmples taken -at 83 min)
were beginning redistribution of the nuclear
maLtrix Cand disappearance of the denise anmorphous
m-ateriCl (Fig. 14 Iand 15). By 130 min, the nuclear
maLteriaLl was nearly normnal in aippeairaLnce and
distribution (Fig. 16 19.) Analogous changes
aLlso occur-red in cells presumed to halve been
arrested in divis;ion by the addition of CM (Fig.
18). Wheni aggreg-ates of cytoplasmnic granules
were transected, clearing wals observed Cat the
perliplher-y of the cluster- (Fig. 19). By 145 min
(Fig. 20 23), the aggregates of graLnules haLid dis-
appeared and ribosomiies were again apparent in
the cytoplasm. Attempted divis ion rapparently
hacd begun but the process was abnornal. There
wer-e tortuous, irregular infoldings of the plasmaL
memnbrCane unaccomnpanied by ingr-owtlh of the
cell wall. Bacteria rarely were encountered aRt
stages of normal cleavage or fission. By 190 min
(Fig. 24 26), nor-maizil baLcterial division finally
was obser-ved, but simultaneously bacteria were
also seeni whichl exhibited the changes slhown to
occui (at preceding intervIals. Presumlably, such
cells had died in the cour-se of the experiment and
had mraintained the structur-al -abnormalities that
were present when metabolism ceaLsed.

Fine str-ucture could be seen witlh greater clarity
at higher macgnification, which revealed severalI
unusual features. Two hour-s -after addition of
CM, the cabnormnal cytoplasmiic gratnules were not
unifor- in appearance. In Fig. 27, for example,
ther-e is a smiiall cluster- of granules whlich differ in
size. Above aLnd to the riglht, convolutions of the
plasmia membrnane lie at various angles to the
plane of section. (Suclh convolutions are illus-
trated mor-e clearly in Fig. 29.) In Fig. 28, the
grCanules aLre sparse in both polar aggregaltes, and
thiln filanments are visible. Four hour-s alfter addi-
tion of CM, the cluster-s of granules were larger
and the granules themnselves slhowed malrked
varliation in size aLnd shape (Fig. 29 and 30). It is
of interest thalt, within 4 hr, reduplication of the
plasnmCa mnembrane was frequently encountered in
close proximity to the cluster-s of granules. Suclh
reduplication is evident Cat two sites near the
uppermlilost aggregate in Fig. 29. A striking
exarmple of reduplicated memnbranes is also seen
in Fig. 30. In view of the unlikelihood of such
membranes lying perpendiculai- to the plane of
section and hence appearing well defined, their
freqluent presence would suggest that they were
very nunmer-ous indeed. Larminated memnbrCanes in
association with the cluster-s of abnornial granules
were not as commonly encountered ait later inter-
vals after drug additioni, but they again become
numerous upon removal of the CM. Figure 31,
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FIG. 1-3. Ulimreated, co/it rol hocteric. Fig. 1-26, X 40,000.
FIG. 4-6. Cliloramiphelieiccol, 1 hr.

FPi. 7. Clulorcrnpheniicoi, 2 hr.
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Fi(u. 8 an1d 9. ChlormplLenicol, 2 Ir.
FIG. 10. Cli/oramphenicol, 4 fir.

FIG. I 1 anid 12. Clil/dorplhnicol, 23 fir.
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FIG. 17 andd 18. Ce//s 130 mi a/1loet- r-eliOtvul (i1 e/10/or1wlnpleliCO/l.
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FIG. 19. Cell 130 min cifter removal of clhlorainp/heicol.
FIG. 20-23. Cells 145 )ini acfter removal of clhloraimphlzeicol.
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4*

FIG. 24-26. Cells 190 iii9 i/cter removal oj'lclorcunplenicol.

for example, shows a bacterium 130 min after
drug removal. Laminated membranes, this time
on the inner aspect of the aggregate of atbnormal
granules, are clearly seen.

Figure 32 illustrates a bacterium 23 hr after
addition of CM. The clusters of abnormal cyto-

plasmic granules and dense amorphous pern-
nuclear material are evident. (It will be noted
that the granules are more closely packed and
more uniform in size than those shown in Fig. 29
and 30.) Retraction of the plasma membrane
from the cell wall is also seen. For comparison of

1 994 J. BACTERIOL.
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FIG. 27 and 28. Clrlo-iainphemicol, 2 hr. X 90,000.

the ribosomes, a normal bacterium undergoing abortive attempts at division are seen in Fig.
division is seen on the right (Fig. 33). (Un- 34-36 (145 min after removal of CM). In Fig. 34,
fortunately, to show the entire bacterium, a differ- the plasma membrane, although slightly oblique
ent magnification had to be used.) Abnormal or to the section and hence not clearly defined,
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FIG. 29. C/iloramplheizicol, 4 f1r. X 155(000.
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FIG. 30. Clhloram?1plheniicol, 4 hr. X 260,000.
FIG. 31. Cell 130 ininalofter removal of clhlorainplheniicol. X 176,000.
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appears to have become convoluted and to extend
into the nuclear matrix. The cell wall is not
altered. Figures 35 and 36 show complex infold-
ings of the plasma membrane, together with the
presence of laminated membranes. It is not clear
whether the latter are reduplications of the plasma
membrane or are laid down de novo. In com-
parison to cells undergoing normal division (Fig.
33), the walls of bacteria such as these do not
grow inward in an orderly falshion, and thus lead
to cleavage of the cell.
To ascertain the nature of the various struc-

tures seen in CM-treated bacteria, cells were
treated with sodium azide (an inhibitor of energy
metabolism), azauracil (an inhibitor of RNA
synthesis), and hydroxyurea (an inhibitor of
DNA synthesis). The biological effects of these
inhibitors are listed in Table 1. CM alone is
bacteriostatic, as is azauracil (27). Hydroxyurea
alone is bactericidal, whereas CM prevents the
bactericidal action of hydroxyurea (27).

Cells treated with both CM and sodium azide
closely resembled normal bacteria. Bacteria
treated with CM and azauracil contained clusters
of granules in the cytoplasm but lacked the
electron-dense amorphous material at the periph-
ery of the nuclear matrix. Central aggregation of
nuclear material was also observed, but the
phenomenon was less consistently encountered
than in bacteria treated with CM alone. Bacteria
treated only with azauracil showed no clusters of
dense granules, and the nuclear material was
normally distributed. Bacteria exposed simul-
taneously to hydroxyurea and CM contained the
electron-dense, amorphous material as well as
the clusters of dense granules. (The electron-
microscopic appearance of cells treated with
hydroxyurea alone showed complex changes,
which will form the subject of a future report.)
Bacteria treated with CM, hydroxyurea, and
azauracil simultaneously had nuclei that were
normal in appearance. Clusters of cytoplasmic
granules were encountered but they were not
numerous; there was also extensive vacuolization
of the cytoplasm.

DISCUSSION
The morphological changes seen in the electron

microscope can be correlated with the biochemical
events that have been described in CM-treated
bacteria. Thus, the cytoplasmic granules may
well be the CM-particles. Their formation, which
is not dependent on DNA and RNA synthesis
(they occur in bacteria treated with either hy-
droxyurea or azauracil), is consistent with the
hypothesis that they are derived from pre-existing
molecules (14, 18, 25). The variation in size and
shape of the granules revealed by the electron

TABLE I. Effect of variouls iilihibito-s ol thie gr-owth
of EscIhericlhia coli,

E,xpt Time

I

II

III

1hr
0

23
23
23
23

0
24
24
24
24

0
24
24
24
24
24

Additionis

None
CM, 40,g/ml
Azauracil, 300,ug/ml
CM + azauracil

None
Hydroxyurea, 0.2 M
CM, 40,ug/ml
CM + hiydroxyurea

None
CM, 40,ug/ml
NaN3, 0.01 NI
CM + NaN3
CM + azauracil +
hydroxyurea

Turbid- Viable
ity bacteria/ml

0.286
1.5
0.412
1.2
0.390

1.6 X 108
2.3 X 10'
1.8 x 108
4.3 X 108
1.3X 108

2.8 X 108
4.4 X 109
5.0 X 104
3.0 X 108
1.0 X 108

2.5 X 108
2.7X 109
3.3 X 108
2.1 X 108
1.9 x 108
1.7X 108

a Bacteria (E. coli C600) in medium HA were
brought to the exponential growth phase, at which
time portions were divided into flasks containing
measured amounts of the various drugs. At zero-
time and at the end of 23 or 24 hr, the viability
and turbidity of the cultures were determined and
representative portions of the bacteria were
processed for electron microscopy.

micrographs would be expected on the basis of
existing chemical and physicochemical data (14).
In view of the fact that laminated membranes,
which appeared to result from reduplication of
the plasma membrane, were frequently en-
countered in close proximity to the granules,
particularly at times when the granules were
either being formed from (Fig. 29 and 30) or
assembled into (Fig. 31) ribosomes, leads to the
conclusion that both processes depend on the
presence of these laminated membranes. The
membranes appear to differ from the septate
form encountered in E. coli after magnesium
repletion (22) and from the structures encoun-
tered by Schnaitman and Greenawalt (30) in one
strain of E. coli.

It has been suggested that DNA synthesis
occurs at the cell membrane, which becomes
laminated and infolded to form mesosomes (7,
32). These structures are uncommon in E. coli,
having been reported only by Kaye and Chapman
(16) and by Ryter and Jacob (29). In the present
study, extensive examination of untreated bacteria
rarely revealed reduplication of the plasma mem-
brane. Nevertheless, the nuclear matrix was fre-
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quently obser-ved in close proximity to the plaCsmaica
membrane Fig. 1 3). In normail bacteria, the
DNA of the nuclear matrix presumably is syn-
thesized close to, or on, the periphercil membrane
of the cell aind migrates inward, with resulting
dispersal of the nuclear maiterial in the cytoplasnm.
Wheni bacteria aire treated with CM, the cycle of
DNA synthesis is comilpleted atnd is lollowed by
detacliihment of DNA froimi sites near the cell
membirane aind by centrail aiggregaition. Kellen-
berger-, RNtei, and S6chaud (17), aLs well ais
FraLnklill nd Granboulani (9), observed this
centrcil location of the nucleair matrix. shortly
aIfter cells wei-e treated withi CM. (They described
it as the vesicular fornm of the nucleoid,'' a
phi-rase whicih is not entii-ely cleair.) On the basis
of the foregoing model, it could be predicted that,
after CM was reimioved aind befor-e cellulai-r replica-
tion was resumed, the DNA would assume its
foi-mer distribution. This indeed wals found to
occur.
The aimorphous, electi-oni-denise imiteria l is un-

doubtedly RNA, since it waLs not found in cells
treated withi alzauracil, wlichi blocks RNA syn-
thesis. Its presence near the DNA of the nuclear
matrix Cagrees with cihr-omaitin' loccilization of
the RNA, which has been- described in CM-
treated bacterlica (6). Presumably, thils material is
aictually the messenger RNA, which is known to
accumulate (12, 20, 24).

It is of interest that the CM-induced niorpho-
logical chlaiiges are dependent upon en1ergy m1ietab-
olism (inhibited by sodiumil azide) anid that they
aie independent of DNA synthesis (not prevented
by hydroxyurea in combination with CM). Elon-
gation of the bacteria and delay in the recovery
from the eflects of CM treatment hCave been
described by other investigators (1, 4). The
presence of infolded reduplications of the plasmia
membrane is a prominent feature of the abortive
attempts ait cell division thait follow removal of
CM (Fig. 20-23, 34 -36). This pheinomenon, at
least ats observed in the present experiments, is
not consisteint with the hypothesis aidvanced by
Fitz-James (7) and Van Iter-son (32) thlait mie-
sosoim1es are related to th1e forimiationi of the cell
wall.
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