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Using a new approach, we estimated the physical strength of the cell envelopes
of three species of gram-negative, gas vacuolate bacteria (Microcyclus aquaticus,
Prosthecomicrobium pneumaticum, and Meniscus glaucopis). Populations of
cells were slowly (0.5 to 2.9 h) saturated with argon, nitrogen, or helium to final
pressures up to 100 atm (10, 132 kPa). The gas phases of the vesicles remained
intact and, upon rapid (1 to 2 s) decompression to atmospheric pressure, expanded
and ruptured the cells; loss of colony-forming units was used as an index of
rupture. Because the cell envelope is the cellular component most likely to resist
the expanding intracellular gas phase, its strength can be estimated from the
minimum gas pressures that produce rupture. The viable counts indicated that
these minimum pressures were between 25 and 50 atm; the majority of the cell
envelopes were ruptured at pressures between 50 and 100 atm. Cells in which the
gas vesicles were collapsed and the gas phases were effectively dissolved by rapid
compression tolerated decompression from much higher gas saturations. Cells
that do not normally possess gas vesicles (Escherichia coli) or that had been
prevented from forming them by addition of L-lysine to the medium (M. aqua-
ticus) were not harmed by decompression from gas saturation pressures up to
300 atm.

In contrast to the extensive amount of infor-
mation available on the chemistry, biosynthesis,
structure, and function of the cell walls and
envelopes of bacteria, relatively little is known
about the physical characteristics of these im-
portant cellular constituents. The elasticity of
the envelope was demonstrated by Waimoscher
(22) during micro-dissection of bacteria and by
Isaac and Ware (11), who stretched gram-nega-
tive bacteria two to three times their original
length without rupture; upon release of the ten-
sion, the cells returned to their original size and
shape. The elastic cell envelope allows some
swelling and contraction when cells are exposed
to media of differing osmotic pressures (14), but
it is sufficiently rigid to be able to maintain the
shape of the cell against surface tension forces
that tend to produce a spherical shape in non-
rigid objects the size of bacteria (15); when the
cell envelope is wholly or partially removed, very
often cells that are normally rod-shaped become
spherical (1, 24).
The cell envelope is strong enough to resist

rupture or even deformation by turgor pressures
of several atmospheres in gram-negative bacte-
ria (14, 19, 20) and up to about 30 atm (3,040
kPa) in gram-positive bacteria (14, 16). Most
species can withstand hypotonic conditions
without lysis, but should the cell envelope be
removed or weakened, the cells usually swell

and burst if the osmotic stress is applied rapidly
(1, 2).
Although some minimum cell envelope

strengths can be inferred from such observa-
tions, no attempt appears to have been made to
directly determine the strength of the cell en-
velope in the absence of osmotic stress. It has
been suggested that rupture somehow can be
produced in bacteria and other microorganisms
by exposing the cells to gas supersaturations
(e.g., references 4 and 5), but it has been dem-
onstrated (6, 9) that this is not feasible due to
the difficulty or impossibility of nucleating the
required gas phase within the cells.
However, an intracellular gas phase is present

in those species of gram-negative bacteria capa-
ble of forming highly refractile, hollow, cytoplas-
mic inclusions bounded by rigid nonunit mem-
branes that are freely permeable to gases (21).
These gas vesicles might make it feasible to
introduce large pressures within the cells. In the
present study we explored this possibility by
subjecting three species ofgas vacuolate bacteria
to various gas saturation and decompression
conditions for the purpose of inducing rupture
of the cells. Rupture was assessed by determin-
ing the loss of viable cells in the experimental
population after decompression. The limited
amount of fine structural and biochemical data
available (10, 13, 18) suggests that the three
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species of interest have a fairly typical gram-
negative cell envelope. Such envelopes usually
consist, from the inside out, of the cytoplasmic
membrane; a thin layer of peptidoglycan, the
bag-shaped macromolecule that encloses the cell
and is generally thought to confer rigidity and
strength to the cell envelope (15, 17, 23); and an
outer membrane composed of protein, phospho-
lipid, and lipopolysaccharide in varying amounts
(3). Inasmuch as the cell envelope most likely
provides the major resistance to intracellular gas
phase expansion during decompression, its ap-
proximate strength can be related to the mini-
mum gas pressure required for rupture.

MATERIALS AND METHODS

Bacteria. The two species of obligately aerobic,
heterotrophic gas vacuolate bacteria, Prosthecomicro-
bium pneumaticum (ATCC 23633) and Microcyclus
aquaticus (ATCC 27068), were obtained from the
American Type Culture Collection, Rockville, Md. M.
aquaticus was maintained at 30°C in the Casamino
Acids medium recommended by the American Type
Culture Collection; P. pneumaticum was maintained
at 250C in the defined medium recommended by the
same source. Both were transferred about every 4
weeks. Cultures 3 to 5 or 5 to 7 days old, respectively,
incubated in stationary tubes containing 8 ml of the
recommended medium, were used in each experiment;
the cells floating near the surface in a dense layer were
removed by gentle suction and diluted approximately
1:3 in sterile distilled water. From 95 to 99% of the
cells in the population had gas vesicles, as judged by
their bright appearance in a phase-contrast micro-
scope. Viable counts were performed by spreading
small amounts of serial dilutions in sterile distilled
water on the surface of the appropriate liquid medium
solidified with 1.2% (wt/vol) Noble agar. Plates spread
with P. pneumaticum were incubated at 25°C for 10
to 20 days before colonies were counted; colonies of
M. aquaticus were counted after 3 to 4 days of incu-
bation at 30°C.
The rod-shaped strain of Meniscus glaucopis, an

aerotolerant, anaerobic, heterotrophic, gas vacuolate
bacterium, was supplied by R. L. Irgens and was
maintained on basal growth medium that had been
autoclaved with 1% CaCO3 and 1.2% Noble agar (both
wt/vol) (10); after cooling, and before the plates were
poured, filter-sterilized vitamin B12 was added to a
final concentration of 1 ,ug/liter (Irgens, personal com-
munication), and an autoclaved stock solution of mal-
tose was added to a final concentration of 0.3%. Stock
cultures, streaked on plates of this medium, were kept
in a GasPak 100 Anaerobic System (BBL Microbiology
Systems, Cockeysville, Md.) at 30°C and transferred
every 4 to 6 weeks. Experimental suspensions were
prepared by suspending several colonies from 5- to 8-
day-old streak plates in liquid basal growth medium;
usually about two-thirds of the cells in such suspen-
sions contained gas vesicles. Dilutions for viable count
determinations were carried out in liquid basal growth
medium. The spread plates were incubated at 30°C in
an anaerobic incubator filled with N2 and CO2 (ap-

proximately 89 and 11%, respectively) for 7 to 9 days.
For experiments lasting more than 0.5 h, the exper-

imental suspensions of all three species were prepared
in 4.5-ml amounts; 0.5 ml was removed for viable count
determinations, and then 2.0 ml was pressurized and
2.0 ml was stirred at the same speed at atmospheric
pressure. Viable counts were performed on each at the
end of the experiment. All microscopic observations
were made with a phase-contrast microscope at
x 1,000.
The species without gas vacuoles, Escherichia coli,

was obtained and handled as described previously (6).
For certain experiments, cells ofM. aquaticus without
gas vesicles were obtained by growing the cells in 100
ml of a defined medium which contained 50 ,ug of L-
lysine per ml (12); the culture was incubated in a 250-
ml Erlenmeyer flask on a reciprocal shaker (about 100
strokes per min) at 30°C for 2 days. No gas vacuoles
could be seen in the cells. Konopka (12) has shown
that under these growth conditions no gas vesicle
protein can be detected by immunological methods.
The culture was diluted with distilled water and other-
wise treated as described above.
Experimental procedure. The experimental ap-

paratus and procedures have been described elsewhere
(6, 9). Briefly, 2 ml of the bacterial suspension was
placed in a 10-ml glass dish contained within a 12-ml
stainless steel chamber. The chamber was closed and
flushed with argon, nitrogen, or helium of 99.99% or
better purity. After flushing for 1 to 2 min, the gas was
admitted to the equilibration pressure either rapidly,
within 40 s (fast compression), or slowly, in a stepwise
fashion with an 8-min pause between each step for
equilibration (slow compression). This latter proce-
dure was designed to preserve the gas phase within
the cytoplasm of gas vacuolate bacteria, or any poten-
tial nucleation site within the cytoplasm of non-gas
vacuolate bacteria, that otherwise might be dissolved
by the rapid application of hydrostatic pressure with-
out accompanying high dissolved-gas tensions. The
slow compression was carried out in steps as follows:
for equilibration pressures up to 50 atm, the pressure
steps ranged from 1.3 to 8 atm; for pressures from 50
to 100 atm and 100 to 200 atm, the steps ranged from
9 to 15 and 15 to 30 atm, respectively. Commercial
tank pressures of about 150 atm were boosted to the
required levels by compressing the gas in an accumu-
lator by means of a hydraulic water pump. All exper-
iments were carried out at room temperature.
The suspensions were equilibrated at full pressure

for 20 to 30 min by using a magnetic stirrer at 250 rpm.
Separate experiments have shown that this is about
twice as long as is needed for complete equilibration
of water samples of equivalent volumes. After equili-
bration, the gas in the chamber was discharged rapidly,
and complete decompression was obtained within 1 to
2 s (fast decompression); the exhaust gas was trapped
by a bed of cotton to prevent contamination of the
laboratory. In some experiments, the gas was dis-
charged slowly in steps (slow decompression) by re-
versing the slow compression sequence; these latter
experiments required about 5 h. After decompression
was complete, samples of the suspension in the cham-
ber and of the control suspension were taken for
microscopic observation and for viable count deter-
minations.
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RESULTS
Populations of gas vacuolate cells that were

slowly saturated with argon and rapidly decom-
pressed experienced little loss of viable cells
when the saturation pressures were 25 atm or
less (Fig. 1, open bars); with M. aquaticus and
M. glaucopis, even 50 atm did not yield a clear
effect. With higher argon saturations, many cells
of all three species were killed, and with 100 atm
the survival was less than 40%. Concurrent with
this decrease in colony-forming units was the
appearance of phase-light, cell-shaped objects
among the phase-dark cells that had lost their
gas vacuoles. The characteristics of these two
different cell types were not further examined,
nor were their relative numbers estimated.
When the cell populations were compressed

rapidly rather than slowly, the decompression
generally caused considerably less killing (Fig. 1,
solid bars). Even after decompression from 100-
atm saturation, the majority of the cells sur-
vived; these cells lacked phase-bright gas vacu-
oles but otherwise appeared normal, and only a
few phase-light, cell-shaped objects were pres-
ent. Somewhat more killing was observed with
P. pneumaticum possibly because the prosthe-
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FIG. 1. Effects on the survival of three species of
gas vacuolate bacteria after fast decompression of
gas-saturated cell suspensions. The suspensions were
either compressed slowly (open bars) or rapidly (solid
bars) to the full gas saturation pressure. (*) repre-
sents the mean of two separate experiments.
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FIG. 2. Effects on the survival ofthe gas vacuolate
bacterium, M. aquaticus, after fast decompression of
cell suspensions saturated with either nitrogen or
helium. The suspensions were either compressed
slowly (open bars) or rapidly (solid bars) to the full
gas saturation pressure. (*) represents the mean of
three separate experiments.

cae characteristic of this species (18) were dam-
aged by extemal bubbles that formed in the
suspending fluid during fast decompression from
the higher gas saturations.
The effects of gases other than argon were

tested on M. aquaticus (Fig. 2). Although nitro-
gen and in particular helium vary substantially
from argon in their physical properties, the pat-
terns of decrease in viable cells were generally
the same as for argon. However, fast compres-
sion and saturation with helium to 100 atm had
no detectable effect.

Bacteria that are incapable of forming gas
vesicles (E. coli) or that can be prevented from
producing them (M. aquaticus grown in defined
medium with lysine) were not affected after
either slow or fast compression to an argon sat-
uration pressure of 100 atm followed by fast
decompression. Cells of M. aquaticus that were
grown in the same defined medium without ly-
sine produced gas vesicles as expected, and, after
either slow or fast compression, they were nearly
as sensitive to decompression from 100 atm of
argon as cells grown in the Casamino Acids
medium. Cells that lacked gas vesicles before
the experiments were unaffected even by rapid
decompression from 300 atm of argon (Table 1);
in contrast, only 3 to 5% of gas vacuolate cells of
M. aquaticus and P. pneumaticum survived,
and large numbers of phase-light, cell-shaped
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TABLE 1. Fast compression of bacteria with and
without gas vacuoles to a gas saturation pressure of
300 atm of argon, followed by fast decompression

Colony-forming
units per ml %

Gas vac- Sur-Species uoles Before After de- vval
compres- compres-

sion sion

E. coli Absent 2.3 x 107 3.0 x 107 130

M. aquaticus Absenta 3.8x 108 3.6x 108 95
Presentb 1.5x 108 0.4x 107 3
Present' 4.3x 108 2.0x 107 5

P. pneumaticum Present 4.6x 107 1.6x 106 3.5

M. glaucopis Present 9.5x 107 2.9x 107 30.5
a Cells were grown in defined medium with 50,g of

L-lysine per ml (12).
b Cells were grown in the same defined medium

without added lysine; more than 99% had gas vacuoles.
c Cells were grown in the Casamino Acids medium;

more than 98% had gas vacuoles.

objects were observed. The effect was less pro-
nounced with M. glaucopis, probably because
such a large percentage of cells in the initial
suspensions did not have gas vacuoles as judged
by their appearance in the phase-contrast micro-
scope.
Slow stepwise compression of M. aquaticus

and M. glaucopis to 200 atm of argon, followed
by slow decompression to atmospheric pressure,
resulted in little or no killing, indicating that
hydrostatic pressure and gas exposure per se had
no effect. However, in a suspension of P. pneu-
maticum, 16% of the cells were killed and the
survivors required approximately twice the
usual time to form colonies; thus, the long-term
exposure of this species to experimental factors
other than gas phase expansion may have had
some adverse effects.
Experiments were carried out to estimate the

resistance of the gas vesicle membrane to explo-
sion by an expanding gas phase. Suspensions of
cells of M. aquaticus and of P. pneumaticum
that had been subjected to slow compression
with argon using stepwise increases well below
the critical threshold for gas vesicle collapse
were rapidly decompressed. Loss of phase
brightness was taken as evidence of gas vesicle
explosion. Our preliminary results indicated that
the critical threshold for explosion ofthe vesicles
in vivo was no more than about 12 and 25 atm,
respectively, whereas the pressures needed to
collapse the vesicles are roughly 10 and 20 atm
lower (13, 20).

DISCUSSION
Bacteria that do not form gas vesicles or that

are prevented from forming them were remark-

ably resistant to gas supersaturations induced
by fast decompression from gas saturation pres-
sures of up to 300 atm (Table 1; 6). Even though
such gas supersaturations lead to profuse, spon-
taneous nucleation of bubbles in aqueous solu-
tions (7, 8), the cells were not seriously affected,
as shown by their subsequent ability to form
colonies. The absence of killing suggests that
cytoplasm is stable and resists gas phase nuclea-
tion even at such extreme gas supersaturations.

Bacteria that do form gas vesicles were af-
fected markedly by fast decompression from
considerably lower gas saturation pressures (Fig.
1). This strongly suggests that the stepwise gas
saturation did maintain, as intended, the gas
phases of the vesicles. Although the pressure
increases for each step in the beginning stages
were kept below the value for inward collapse of
the gas vesicle membrane, estimated as 5 to 6
atm for P. pneumaticum (20) and as 2 atm for
M. aquaticus (13), collapse probably occurred
later on when larger pressure steps were utilized
to avoid excessive equilibration times. But the
gas contents ofthe vesicles then were sufficiently
high to prevent their dissolution. Under such
circumstances, their stabilization may be aided
by a decreased surface tension from gradual
aggregation of polar molecules around the gas
phase or, alternatively, by molecular "shells" or
"skins" (25).
Once an intracellular gas phase has been sta-

bilized and has gained a substantial gas pressure,
the sudden removal of the hydrostatic pressure
by rapid decompression will create a large pres-
sure difference between the inside and outside
of the cell as the pressure of the internal gas
phase is transmitted hydraulically throughout
the cell. These pressure differences had few se-
rious consequences for any of the gas vacuolate
species examined when decompressions were
carried out from saturation pressures up to
about 50 atm. However, when the pressures were
higher, many of the cells in each population were
killed by the outward force of the expanding
intemal gas phase, which presumably ruptured
the cells.
A similar pattem of results was obtained when

various helium or nitrogen supersaturations
were induced in gas vacuolate cells of the rep-
resentative species, M. aquaticus (Fig. 2, open
bars). Argon, helium, and nitrogen represent a
wide range of solubilities and diffusivities. Thus,
the decompression time of 1 to 2 s employed in
the present study appears to be fast enough so
that even the small helium atoms must take part
in the initial expansion of the intracellular gas
phase rather than immediately rushing out of
the cells.
Whereas slow stepwise compression main-

tained the intracellular gas phase, rapid expo-
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sure of gas vacuolate bacteria to the hydrostatic
pressures accompanying the gas saturation pres-
sures used in the present study would collapse
the vesicles at once (13, 19, 20) and would dis-
solve the internal gas phases. Yet some killing
occurred upon fast decompression from an argon
saturation pressure of 100 atm (Fig. 1, solid bars)
and considerable killing from 300 atm (Table 1).
These observations suggest that under condi-
tions in which gas vesicles are collapsed imme-
diately during compression, intracellular gas
phases are also formed, provided the gas super-
saturations are sufficiently high. These gas
phases may originate from traces of gas trapped
within the remnants of the vesicle membrane, or
the remnants alone may serve as nucleation
sites. Whatever the mechanism, gas phase initi-
ation after fast compression differs fundamen-
tally from the situation that exists during slow
compression, in which an actual gas phase is
maintained as a physical entity throughout the
entire compression-decompression procedure.
A value may be placed on the strength of the

cell envelope, the cellular component which
most likely withstands the outwardly directed
pressure of the expanding gas phase, by assum-
ing that the percentage of decrease in colony-
forming units in the cell suspensions corresponds
to the percentage of cells that are ruptured.
Neglecting the minute (in the present context)
interfacial tensions acting on the cell envelope,
the external pressure upon complete decompres-
sion will be zero (gauge pressure), and the inter-
nal pressure will be equal to the pressure in the
intracellular gas phase minus the inward pres-
sure of the cytoplasmic surface tension that
would tend to oppose the expansion. The cyto-
plasmic surface tension appears to be relatively
unimportant in withstanding the gas phase ex-
pansion, as was indicated by the ease with which
dissolution of the gas phase was avoided during
the slow compression process. The presence of
a gas vesicle membrane around the gas phase
would not matter provided its strength in resist-
ing explosion is less than that of the cell enve-
lope, as our observations indicated was the case.
The net force acting per unit area of the cell
envelope will be approximatly equal to the pres-
sure of the intracellular gas phase, which in turn
is equal to the gas tension in the cytoplasm and
the extracellular medium as defined by the equil-
ibration (gauge) pressure. Thus, by taking the
lowest predecompression gas saturation pressure
that produces killing upon decompression as the
threshold for rupture, the cell envelopes of the
three gram-negative bacteria examined are
strong enough, as a minimum, to withstand in-
ternal pressures between 25 to 50 atm, but most
rupture between 50 and 100 atm. The fact that
a considerable fraction of the cells survived after

100-atm saturation could be due to their posses-
sion of very strong cell envelopes; more likely
such cells lost their gas phases during the slow
compression or, as in the case of a certain per-
centage of the population of M. glaucopis, they
lacked gas vesicles at the beginning of the ex-
periments.
We believe that it will be feasible to refine the

present approach for determining the strength
of the cell envelope and to relate the values
obtained, for example, to the age of the cells.
However, before attempting to do so, more in-
formation should be gained on the state of the
vesicles as the cells undergo compression to es-
tablish optimum schedules for maintenance of
the intemal gas phase. Although the contribu-
tion of turgor pressure would not interfere in a
major way with the estimnates of cell envelope
strength, corrections of several atmospheres
may be necessary since turgor pressures ofgram-
negative bacteria have been placed in the range
of 1 to 6 atm (14, 19, 20). Future investigations
utilizing the present experimental approach
should also address the intriguing possibility
that, under some conditions, part or most of the
cytoplasm is expelled from the ruptured cells,
thereby allowing the mostly intact envelopes to
be separated from cytoplasmic constituents.
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