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"Chondrioids" (I~YTE~ and KELLE~BE~GER 1958), "mesosomes" 
(FITZ-JAMES 1960) or "plasmalemmosomes" (EDwAlCDS and STEVENS 
1963) seem to be ubiquitous in bacterial species. In  Gram-negative bac- 
teria mesosomes (this term will be used throughout this paper) have been 
demonstrated in Spirillum serpens ( ~ y ~ u  1960/61), Escherichia coli 
(KAYE and Cm~'MAN 1963 ; VAN~):E~WI~VJ, and Mv~AY 1962), Neisseria 
gonorrhoeae (FITz-JAMES 1964), Moraxella (RYT]~ and PI]~C~AUD 1963), 
Treponema (I~YTE~ and P~LOT 1963), Fusobaeterium (TAKAGI et al. 1963) 
and Caulobaeter (STovE PO~DEXTER 1964). They seem to be formed 
under unfavorable growth conditions ()/[V~R~Y 1962), though no perti- 
nent data have been reported as to the physiological factors leading to the 
formation of mesosomes. In  contrast to Gram-positive bacteria, meso- 
somes in Gram-negative species do not seem to occur regularly near the 
division plane (FITz-JA~ws 1964). The function of mesosomes has been 
related to cell wall resynthesis in L-forms (I~YTER and LA~DMAN 1964), to 
septa formation during sporogenesis (FITz-JAM]~s 1960; OY~]: and MVR- 
RELL 1962), tO cell division (C~Ar~AN and t~n~LIER 1953) and to partition 
of nuc]eoids (RYTE~ and JACOB 1964). Large mesosomes and "lamellar 
bodies" have been reported for germinating Azotobacter cysts (Tc~A~ et 
al. 1962). The function of the "lamellar bodies" has been ascribed to the 
production of enzymes for the dissolution of the cyst coat and exosporium 
during cyst germination. I t  is worth noting that  t~he authors made a dis- 
tinction between the mesosome as an intrusion of the cytoplasmic mem- 
brane and the "lamellar bodies", both located in the apical part of the 
germinating cyst. No explanation was given as to the origin of the 
"lame]lar bodies", nor was a typical mesosomal structure discernible for 
these organelles. 

Mesosomes have not been previously observed in the myxobacteria;  
however, it has been shown (VoELZ and DWORK~ 1962) tha t  during 
microcyst formation by the fruiting strain FB of Myxococcus xanthus 
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invagina t ions  of the cytoplasmic membrane  appear  to form membrane-  
bound  vacuoles. These invagina t ions  were denoted as peripheral  bodies 
though being funct ional ly  different from those described by  CI~AP~A~- and  
HILLIEg (1953) for Bacillus cereus. They were t en ta t ive ly  correlated to the 
process of rounding  up  of the vegetat ive cells prior to complet ion of the 
format ion  of the microcysts.  This report  concerns the format ion of meso- 
somes in M. xanthus and  its physiological basis. 

Material and Methods 

Organ i sm and  media.  The fruiting strain FB of M. xanthus was used in all 
experiments. The strain has been maintained for more than 3 years on casitone agar. 
The casitone medium, exclusively used in the experiments, as well as the medium 
and method for spheroplast formation was described by DwoRxi~ and VOELZ (1962). 
Casitone as a liquid medium is referred to as CT-broth; casitone plus 2~ agar is 
referred to as CT-agar. Dispersed growth in CT-broth was measured with a Klett- 
Summerson co]orimeter using a No. 54 filter. Cell counts were made on CT-agar and 
generation time was determined in the conventional manner. 

E l e c t r o n  microscopy.  Specimens for thin sectioning were prepared by the 
method of RYTER and KELLE~BE~aE~ (1958) using Epon 812 for embedding. For 
ghtaraldehyde fixation, cells were suspended in 2o/0 glutaraldehyde in Ryter- 
Kellenberger buffer for 10 rain at room temperature, washed 5 times in buffer, 
treated with buffered 10/90sO~ for 30 rain and processed for electron microscopy by 
the method mentioned above. Thin sections were observed under a I%CA EMU-3 G 
electron microscope at 100 KV. 

Phys io log i ca l  exper imen t s .  For dispersed growth cells were grown in 
1000-ml Erlenmeyer flasks containing 500 ml of CT-broth medium. The cultures 
were aerated by bubbling with various concentrations of 02 in mixtures of N2 plus 
50/9 CO 2 using Berkefeld filter candles as described by Moss (1956). Tile O2-eoneen. 
tration in the medium was determined with a Beckman oxygen sensor attached to 
a Beckman pH meter with extended scale. Aeration pressure was maintained at 
50 mm. The oxygen concentration in the medium was regulated by adjustment of 
the oxygen cylinder valve according to control measurements with the oxygen sensor. 
Anions and cations to be tested were added to casitone broth in concentrations of 
0.02 and 0.2 ~. 

Results and Discussion 

1. ~ormation and regression o/mesosomes 

W h e n  M. xanthus was ma in t a ined  on CT-agar as vegetat ive cells, i.e., 
wi thout  passing through a rest ing stage (microeysts), numerous  meso- 
somes were found to be widely d is t r ibuted  th roughout  the whole cell. 
They were relatively small and their sites were not confined to the division 
plane (Fig. i). When transferred into CT-broth, the cells began to divide 
more rapidly than on agar with a generation time of 3.5 hrs (DWORKI~ 
1962). After transfer of me sosomes-contMning cells from colonies into 
CT-broth and incubating at 28~ with aeration the first cell division 
occurred in about i0 hrs. During this time the mesosomes decreased in 
number and size. During the first or second cell division after transfer into 
CT-broth, mesosomes were formed at the division plane (Fig. 2). These 
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membranous structures were large and more complex than those seen in 
cells continuously grown on CT-agar. After a second transfer into fresh 
CT-broth, no mesosomes were observed after six generations and division 

Fig.  1. Thin  section of  vege ta t ive  cells of  Myxococcus xanthus grown on CT-agar  conta ining mesosomes 
dispersed throughout  the cells. •  

Fig.  2. La rge  mesosome formed a t  the  divis ion plane a f te r  t ransfer  of  cells into CT liquid. 
Poly-phosphate  granule  (p) enclosed by  the mesosome,  x 100000 

was by constriction without forming any detectable membranous folds, 
particulate cytoplasmic organelles or inclusions (Fig. 3). Upon transfer of 
cells, lacking mesosomes, onto CT-agar small mesosomes and short in- 
foldings of ~he cytoplasmic membrane occurred at the division plane 
during the first three or four cell divisions (Fig. 5). The cells pile up and 
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produce considerable amounts of slime 
while moving over the agar surface 
by  a gliding motion. Sections through 
these cells revealed numerous small 
mesosomes which were at  no particular 
area but  were dispersed within the 
cytoplasm as seen in Fig. 1. The exact 
number  of cell generations necessary 
for the acquisition of mesosomes which 
appeared after growth on CT-agar 
could not be determined. 

2. Physiological conditions 

Jor the ]ormation el mesosomes 

From the observations on the 
formation of new mesosomes described 
in the previous section, one may  pre- 
sume that invaginations of the cyto- 
plasmic membrane and consequently 
the formation of large mesosomes in 
M. xanthus grown in CT-broth were a 
reaction of the cell to a change in 
growth conditions. Assuming tha t  the 
bulk of respiratory enzymes are 
located in the cell envelopes (literature 
reviewed by  SALTON 1964), a rapid 
increase of oxygen in the medium 
may  indirectly influence growth and 
subsequently infolding of the cyto- 
plasmic membrane,  thereby enlarging 
the respiratory surface. Thus, in case 
of formation of mesosomes by  depletion 
or rapid increase of oxygen in the 
medium, the formation of this cyto- 
plasmic organelle may  rather  be a 
transient requisite of a functional 
unit than a congenital structure 
comparable with the mitochondria of 
higher cells as was suggested by ~VIUDI) 
et al. (1951) and others; see also 
M v ~ a Y  (1962). This would not ex- 
clude the possibility tha t  mesosomes 

Fig. 3. Vegetative cells during ceil division 
after growth in CT-liquid for more than 

6 genera~im~s. • 30000 
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under certain conditions may assume a specific function, e.g., harboring 
the majority of the redox-system of the cell (VANDElCWINKEL and ~V~uRI~AY 
1962 ; T~,~AGI et al. 1963 ; VA~ ITEgSO~ and LEEN~ 1964a, b). Apart from 
the valuable observations on S. serpens by VA~DEgWrN~:Er, and Mvn~AY 
(1962), no pertinent data are available as to the factors controlling the 
formation of mesosomes. We have, therefore, attempted to define the 
physiological conditions which initiate the formation of mesosomes or 
infoldings of the cytoplasmic membrane in M. xanthus. 

In  preliminary experiments it was noticed that  mesosomes were formed 
when cells, containing no mesosomes at the beginning of the experiment, 
were grown in CT-broth ~dthont aeration. These cells, however, settled to 
the bottom of the culture flasks and died very quickly. An estimate of 
their growth rate was, therefore, impossible. In  experiments with dis- 
persed growth, cells were maintained in CT-broth with aeration at 28~ 
until mesosomes were no longer detectable in thin sections. A mixture of 
02 and N 2 plus 5 ~ CO 2 at various 02-concentrations was bubbled through 
cultures with a cell density of 350--400 Klett units. The cell density was 
measured hourly. Samples were taken every 3 hrs and processed for thin 
sectioning. When the Q-concentration in the medium was lowered to 
5 �9 10 -5 M the cell generation time increased to 15 hrs compared with 
3.5 hrs under optimal growth conditions. Small mesosomes and invagina- 
tions of the cytoplasmic membrane appeared in thin sections of most of 
the cells after the cells were subjected to a low O~-concentration as of 
10 -4 ~ at an approximate cell density of 450 Klett  units for 6--9 hrs. 
Growth came to a complete stop when the 02-concentration was lowered 
below 10 -5 M. A gradual increase of the 02-concentration in these cultures 
caused linear increase of the growth rate proportional to the increase of 
Q-concentration in the medium. Mesosomes were, however, still present 
and located at no particular area within the cell. An increase of 02 did not 
result in a formation of new mesosomes near the division plane nor did 
continued aeration eliminate the mesosomes. After transfer of these cells 
into a fresh medium with optimal aeration, mesosomes gradually dis- 
appeared. 

These results as well as the observation that  mesosomes were tempo- 
rarily formed at the division plane after transfer of cells, harboring meso- 
seines, from CT-agar into CT-broth (section l, p. 61) suggest that  a low 
oxygen concentration in the medium may have induced the formation of 
a factor responsible for the formation of mesosomes. This postulated 
factor, or chain of factors, once formed by the cell could presumably not 
be eliminated by an increase of oxygen in the medium. Only a transfer of 
cells into fresh medium with optimal aeration established growth con- 
ditions under which mesosomes disappeared. I t  follows that  this factor 
was secreted into the medium when oxygen concentration was low. In  
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order to see whether altered physiological conditions would enhance or 
suppress the effect of this factor, growth conditions were varied in cul- 
tures of cells with or without mesosomes. 

Cations such as Na+, K+, Mg++, as chlorides or sulfates, or anions such 
as CI-, S04--,  PO~---  added to the medium caused no stimulatory or 
inhibitory effect on mesosome formation at any oxygen level. Tempera- 
tures above 32~ resulted in autolysis of cells at an Q-concentration of 
5 �9 i0 -5 ~ but caused chain formation of cells with or without mesosomes 
at optimal aeration. Temperatures below 23~ further lowered the growth 
rate without any detectable influence on mesosome formation. Within the 
pI-I range of 6.0--8.0, only the growth rate varied. I t  decreased at pig 
lower than 7.0 but no particular change was noticed above pI-I 7.0. 
Neither formation nor regression of mesosomes occurred under these con- 
ditions. Further studies will be concerned with the identification of the 
factor which stimulates ingrowth of the cytoplasmic membrane. 

3. Structure o/mesosomes 

The mesosomes of M. xanthus are multi-layered and intrude into the 
cytoplasm or nuc]eoids. No portion of either one, however, seems to 
become engulfed by the folds (Fig. 4 a and b). The membranes constituting 
a mesosome were found to vary in their fine structure. Fig. 6 shows a 
mesosome in a cell taken from one of the first five or six generations after 
transfer from CT-broth onto CT-agar. In contrast to the triple-layered 
mesosomes shown in Figs. 2, 4 a, 4 b, 5 and 7, the single membranes of this 
mesosome were composed of five layers. Three dense lines of the same 
width were found to alternate with two translucent layers (Fig.6, 
arrows). Two triple-layered membranes seem to have merged during 
infolding, though one could expect a central dense line twice as wide as 
the outer ones. The width of the membranes which constitute the meso- 
somes was approximately 120 A. This is, however, not in accord with our 
assumption that  two portions of the cytoplasmic membrane have merged, 
since one could then expect a width of the mesosomal membrane of 160 A 
[80 A as being the width of the cytoplasmic membrane of M. xanthus 
VO~LZ and I)wo~xI~ (1962)]. High metabolic activity near the mesosome 
in Fig.2 may be responsible for the formation of a large poly-phos- 
phate granule found to be enclosed by the mesosome. (The formation 
of poly-phosphate granules in M. xanthus and their identification will be 
reported elsewhere). Mesosomes are not known to function in the accumu- 
lation of reserve material, however, there exists a striking similarity 
between the formation of this granule in a mesosome and the occurrence 
of calcium phosphate granules in mitoehondria (LE~r~GEa 1964). It 
would be of interest to see whether the mesosomes have a specific function 
in this regard comparable to that of mitoehondria. 

Arch. ~Iikrobiol., Bd. 51 5 



Fig .4a .  Oblique section th rough a spherical  mesosome 
located in  the nucleoid, x 64000 

F ig .4b .  Cross section th rough  a mesosome located in the 
cytoplasm.  • 50000 

Fig.  5. Vege ta t ive  cell a f t e r  re t ransfer  onto CT agar .  Short  
infoldings of  the  cytoplasmic  m e m b r a n e  and  small  

mesosomes  a t  the  divis ion plane, x 60000 

Fig .6 .  Mesosome cons is t ing  of  5-layered m e m b r a n e s  
(arrows). • 170000 

Fig.  7. Cytoplasm invaded  by  mesosomes.  :Notice shape of  
mesosomes at  border  be tween cy toplasm and  nucleoids. 

x 70000 
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One may  discern two types of organelles in M. xanthus both resem- 
bling mesosomes but  structurally, physiologically and possibly functio- 
nally different. There is evidence tha t  the mesosomes of cells from colo- 
nies and those of anaerobically-grown-liquid cells differ in : a) the appear- 
ance of granules in one type, but  not the other, though grown in the same 
medium; b) different number  of layers in the two types. Structure and 
function of mesosomes apparently change with the physiological state of 
the cell. 

Fig.8. Spheroplast of M. xanthus with unrolled mesosome (arrows) and poly-phosphate granule (/)). 
x 30000 

The infoldings of the cytoplasmic membrane,  forming a mesosomal 
structure, constitute a more or less spherical figure provided the cyto- 
plasm or nueleoid into which they intrude is homogeneous, t Iomogeneity 
of the nuclear material  is presumably responsible for the shape of the 
spherical mesosome in t~ig.4a and the homogeneous cytoplasm for the 
spherical mesosome in Fig.4b. /-[eterogeneity between cytoplasm and 
nuclear material is demonstrated in Fig. 7. I t  shows a spherical mesosome 
located in the cytoplasm with one edge bordering the nuclear region and 
thereby slightly eompressed at  the bordering side. A second mesosome 
located in the cytoplasm is entrenched between two nucleoids which 
account for its shape. One may  assume tha t  the shape of a mesosome is 
affected by the physieaI state of the eyto- and nueleoplasm rather than 
by  autonomous growth of the mesosome forming a predetermined struc- 
ture. Further  proof for the plasticity of mesosomes could be derived from 

5* 
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deformed mesosomes in spheroplasts. Fig. 8 shows a section through a 
spheroplast with a large, partially unrolled mesosome stretching almost 
throughout the whole cell. 

The question whether the formation of mesosomes is restricted to a 
certain area of the cell, e.g., the division plane, cannot easily be answered. 
Based on the studies of COsA-RoBLES (1963), one may  assume that  an 
area of a less intimate association between cell wall and cytoplasmic 
membrane may  be prerequisite for an ingrowth of the cytoplasmic 

Fig.  9. P lasmolyzed cells o f  M. xanthus. Glutara ldehyde  fixabion. I n d e n t e d  cell wall a~ plasmolyzed 
zones points  to a lack of  a r ig id  layer.  • 28200 

membrane.  In  order to define these areas, cells not containing any meso- 
somes or infoldings of the cytoplasmic membrane were plasmolysed 
during their log phase. Cells were grown in CT-broth with optimal aeration 
for more than six generations. Samples were briefly washed in distilled 
water and subjected to 0.5 M sucrose in 0.01 M phosphate buffer, pI-I 7.2 
for 10 min. The cells then were fixed in glutaraldehyde followed by 
osmium tetroxide t reatment  and processed for electron microscopy. The 
time for plasmolysis was critical. A prolonged exposure of cells to sucrose 
resulted in an undesired complete plasmolysis. In  order to achieve 
plasmolysis it  was necessary to wash the cells in distilled water prior to 
t reatment  with sucrose, and fixation in an aldehyde. The electron micro- 
graph (Fig. 9) of a longitudinal section through a partially plasmolyzed 
cell demonstrates the location of plasmolyzed zones typical of the major- 
i ty of the population under the same conditions. The plasmolyzable zones 
appeared not to be confined to certain areas in the cell, though less 
resistant zones could be found at the tips of the cells, and in the zone pre- 
determined for cell division. Provided that  this assumption is correct, it 
then appears likely that under eertain growth conditions, the ingrowth 
of the cytoplasmic membrane may take place at any area in the cell 
preferably at the division plane. 
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The process of ingrowth of the cytoplasmic membrane leading to the 
formation of mesosomes is certainly of a very complex nature. These 
investigations may thus be considered only preliminary attempts to 
analyze morphogenetical events in the bacterial cell induced by physio- 
logical factors. Moreover, the data presented pertain only to one species. 
They cannot be generalized nor applied to other species, particularly not 
to Gram-positive bacteria. However, the results presented strongly 
support the suggestion by ~ [ u ~ A u  (1962), that  mesosomes occur in cells 
subjected to underoptimal growth conditions. 

Summary 
Vegetative cells of Myxococcus xanthus, strain FB,  were found to 

contain numerous small mesosomes distributed throughout the cell. They 
persisted in the cell as long as the cells were maintained on casitone-agar. 
When these ceils were transferred into casitone-broth and grown under 
aeration large mesosomes were newly formed at the division plane during 
the first and second cell division after transfer. After four to six more 
generations when transferred a second time into fresh easitone broth 
mesosomes were no longer detectable in the cells but reappeared when 
the cells were retransferred onto easitone-agar. 

A low oxygen concentration in the medium caused the formation of an 
unidentified factor found to be responsible for the formation of meso- 
somes in cells of colonies or in a liquid medium. 

The shape of the mesosomes seems not to be predetermined but 
depends upon the inhomogeneity of cytoplasm and nucleoids into which 
they intrude. In  some large mesosomes the infolded membrane consisted 
of five layers, one dense layer alternating with a translucent one with 
dense layers limiting the membrane. The width of these membranes was 
120 A instead of 160 A as could be expected for two merged triple-layered 
cytoplasmic membranes each measuring about 80 A. A large poly-phos- 
phate granule was found to be enclosed by a mesosome. 
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