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I~PORT FOR PE~~OD F~~M 31 DEC~~B~~ 1975 TO 1 AP~~L 1977

I. Introduction

The stated goals of the project are to define the bases for differences in
barotolerance among microorganisms in terms of the pressure sensitivities of
specific biochemical or physiological processes and to explore ways of using
pressure advantageously as a tool for both basic and applied microbio1o~~r .

The past support period has seen the ext ension of these goals to include
studies of the effect s of high—pressure gases on microbial cells. These studies
are complic at ed ones technically, arid moreover, it is necessary to distinguish
between effects due to hydro static pressure and specific gas effects. However,
the work seems important and pertinent in view of the recent finding that man
may be able to work at pressures as ~~eat as 150 atmospheres {atm}. Survival
and function at these extreme pressures is thought to depend on antagonistic
interactions between hydrostatic pressure and the inert , narcotic gases used
as ballast to keep the lungs from collapsing in hyperbaric atmospheres. Some
of our past work {Fenn and Marquis, i968} suggested that at least part of the
narcotic effects of inert gases and of N20 are general cellular effects, and it
was possible to slow the ~~owth of unicellular bacteria with these gases. There
is currently a critical need for biochemically detailed information on the
actions of narcotic or anesthetic gases and on the interactions of narcotic
gases, oxygen and hydrostatic pressure. We hope to be able to use microorganisms
to obtain some of this information, ard a part of our work in this area is
described below.

Another component of the proj ect that is currently demanding more of our
attention is the study of the ef fec ts  of relatively low pressures on the ~~owt h
arid physiolo~ r of bacteria. A review of the develoun ent of microbial ba.robiolo~~
reveals an inordinat e interest in the effects of extreme biospheric pressures of
up to 1100 atm that are ambient in the abyssal—hadal regions of the ocean . This
understandable tendency to focus attention on extremes has led to relative neglect
by microbial barobiologists of the effects of lower pressures, less than 200 atm,
that are ambient in the regions of the continental shelves arid slopes arid in the
upper levels of the open ocean . Part of this neglect can be trac ed also to the
laboratory- findings that pressures below 200 atm have little or rio effec t on most
bac t eria. However, these nu.l findings can be relat ed to the usual laboratory procecure
of setting ~~owt h conditions to near optimal values arid then applying pressure .

~rcwth tri natural environment s ordinarily does not occur under cot imal conditio~~ ,
and i. one considers t~ie effec~.s of pressure or. bacterial ~ ‘owt h in ~~noptimal

~~rlh._. -
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circumstances, major effects of low pressures can be de~iionstrated. In fact ,
it is possible to completely stop ~ ‘owt h by- application of pressures less than
100 atm. We now feel that pressures less than 200 atm are more important
ecologically in the ocean , and presumably al so in bodies of fr esh wat er , th an
are the high pressures in the abyssal—hadal regions where the microbial
population is relatively- sparse.

We have also continued, work on the physiologic bases from ~ ‘owth inhibition
by high pressur e ar id on specific uses for hydro static pressure in applied micro—
biolo~~r. Some of our result s are described below .

II. Effects of High—pressure Gases on Microorg anisms.
A. Nit rous oid.de. We had found previou sly {Fenn and Marquis, i968.} that bac t eria

can be inhibit ed in their ~~owt h by narcotic gases arid that the pot ency series for
inhibit ion of Str eotococcus faec alis ~ ‘owth is Xe or N20 >  A r >  N2 > He. Mor e
rec ently , Enfors ar id Molin {l97~} reported that nit rogen, nitrous oñde arid argon
are highly inhibitory- for germination of Bacillus cereu s spores. The process of
germi nation could be inhibit ed by a~ little as 50 atm argon, and 64% of the spores
in a germinating population were stopp ed by only one atm of nitrous o,cide. Because
of this extr eme sensitivity, it seemed that inhibition of germination might be a
more readily monitored response to narcotic gases than is inhibition of growth.
Therefore, we undertook to repeat the observations of Enfors ar id Molin and to
evaluat e the comparative sensitivities of ~~owt h and germination to N20.

Our result s indicated that germination can , indeed , be inhibit ed with N20.
For these exper iments , we used L—al anine and adeno sine as gerr ninan ts. They were
dissolved in a 61.3% {wt/volume} aqueous solut ion of Carbowax 4000, and this
solution plus a ma~ ietic stirring bar were placed at the bottom of a tube . Then a
suspension of spores was layer carefu lly over the solution of C arbowax plus
germinan ts. The tub e was placed in a pressure chamber made of nonma~~etic, stainless
st eel , and compressed N2° from a commercial t ank was used to pressurize the
chamber. After pressuriz ation , the chamber was plac ed on a ma~~ietic stirrer so that
the solution of germinants was mixed with the spor e suspension.

In a typical experiment , a spore population exposed emily to air underwent
essentially 100% germin ation during a five—hour period with about 30% of the
cells germinating within the first hour of incub ation. Here germination was assessed
by observing loss of ref ractilit y with the phase micro scope . The spores were fixed
with 5% formalin to stop the germination process. In the same experiment, a snore
population expo sed to 10 atm N20 plus 1 atm air showed only about 7% germination 

—--~~~~ - ,- - — — —  -— -~~-~~
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even after 23 hours. Decompression of the suspension led to nearly complete
germination within one hour unless formaldehyde was added. Clearly, germination
of ~~. cereus spores is highly sensitive to narcotic gases.

However, during the same set of experiments, we assessed the sensitivity of
S. feac alis growth to N20 and found that 10 atm of the gas caused a readily apparent
decrease in average size of colonies formed from cell suspensions spread over the
surfaces of agar plates. For example, aft er 24 hours of growth at 240C, colonies on
plates exposed to air were clearly visible, where as rio colonies were visible to the
naked eye on plates expo sed to air plus 10 atm of The bacteria exposed to
nitrous oxide were not ld.lled, and after several day s of incub ation , a full complement
of colonies was visible. Gro wt h in liquid culture al so was slowed by N20, arid we
concluded that spore germination was perhaps somewhat more sensit ive to narcotic
gases than was growth but that the differe nc e was not major. As a result of these
findings, we decided to continue work on growth resp onses but feel that the
germinat ion syst em may be useful in deciphering the biochemi st ry of gas narcosis.

More detailed studies on growth inhibition by N20 for cells in liquid media
showed that the resp onse included bot h a slowing of exponential growth and a
reduction in cell yield. An example is presented in Fig. 1. Here S. faecalis was
grown at 22°C in a complex , tryptone—gluco se—yeast —extract medium. The generation
time, or mass doubling time, in the culture exposed only to air was 1.5 hours.
Addition 01’ 14.7 atm N20 to the air in the pressure chamber resulted in an increase
in generation time to 1.6 hours , whil e 20.4 atm caused an increase to 3.2 hours.
The effects of the gas on final culture densities are al so apparent , althoug h th ey
are less marked than the rate effects.

These resu lt s confirm our earlier conclusion that bacteria are affected by
narcotic gases ar id that at least part of the action of these cases is gener al for
all organisms. ~~. faec alis is less sensit ive to nitrous oxide than is man, for whom
the anesthetizing dose is less than one atm. However, it seems that bacteria should
be useful in the study of anesthetic mechanisms in terms of molecular arid cellular
responses, and we plan now to determine just what it is that nitrous oxide does
to ~~. faec alis to slow growth and reduc e yield.

A major component of the prog ress in the rep orted experim ents is techxiologic.
We now have a large pressur e chamber made of norim a~~ietic steel that allows for
accurat e growth assessment s with a single stirred culture in a high—pressur e gas
environment . It is possible also to incub at e agar plates in the chamber.

L. . . - ~~.. ..~~~~~~ - - _ _ _ _ _
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Fig. 1. Inhibitio n of growth of Streptococcus faecalis 9790 by nit rou s
oxide. Flasks of tryptone—glucose~yea~~_extr~ct broth were inoculat ed with
approximately 2. 5 X 10~ cells/mi from a 24—hour culture in the same medium.
The flasks, which contained ma~ ietic stirrers, were plac ed in pressure chambers.
The chamber s were pressurized with the indicat ed gases. Medical—grade N20 was used.
At intervals, the culture s were decompres sed ar id sampled. Optical densities
were measured with a Beclonan DU spectrophotometer set for 700 mm and with 1.-cm
lightpath cuvettes. Cultures were diluted with wat er, and care was taken to remove
gas bubbl es. The cultures were stirr ed throug hout the growth period. The growth
temper ature was 22°C.
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B. Helium. The study of Brauer and Way {l97o} of the effect s of high—pressure
gases on the righting reflex of mice indi cat ed that helium has a negative narcotic

potential of -0.045, compared with a positive value of 1.00 for nitrogen. In past

work with bacteria {Fenn arid. Marquis, l968} we had found that helium had little or
no axxtibacterjal effect, and Macdonald {i97~} found that high—pressure helium had
less inhibitory effect on growth and division of Tetrahymena ~~~~.formis than did
hydrostatic pressure alone. In contrast, Keni s {l971} rep orted that helium at
pressures greater than 100 atm was inhibitory for a wide range of bacteria, and
Buchheit et a].. {i966} found that a pkle of (EQ atm slowed Neuros-pora growth to
about 67% of the control value . Schiamm et al. {1974} found that growth of E. coli
in minima], medium was enhanc ed by 68 atm helium in the presenc e of 0.2 atm oxygen.

Cert ainly , if helium has little or no narc otic potential, it would be extremely
useful for mary type s of experiments in which it is desir abl e to transmit pressur e
through a gas phase. However , the result s of the studies mentioned above suggest
that there may be specific helium effects that differ from effects due solely to
hydro static pres sure . The growth curves presented in Fig. 2 show that helium can
stimulat e 5. faec ai.is. Here , 23.8 or 40.8 atm helium , in the presenc e of air,
si~~ificant ly increased the rat e of growth and slightly enhanced culture yields.
The mass doubling time of the culture in air was about i.6 hours compared with
a value of about 1.0 hours for the helium—treat ed cultures. Strangely, the
stimulato ry effect was relatively independent of pressure over the r ange from
23.8 to 40.8 atm . Experiments are currently underway to test a wider range of
pressures. The ~~owt4timulation repo rted here for S. faec alis is different than
that reported for E. coli by Schlaxnm et al. {1974}. In their experiments , helium
reduc ed the lag before growth began , apparently bec ause of enhanc ed uptake of iron,
but did not affect the subsequent growth. In our experiments , effect s on growth lag
were minimal , ar id the major effect was a stimulation of growth rate.

We al so carried out companio n experiment s with the cultures enclosed in
stoppered glass vials. In this way, the cells were exposed to pres sure but riot
to helium . At the experimental temper ature of 220C, hydro st atic pressures of 23.8
and 40.8 atm were slightly inhibito ry for growth. Therefore , the st imulation
observed in Fig. 2 seems to be due specifically to helium and not to hydro static
pressure .

- 
1 . T 2 ~~T~ _T 
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9.

Fig. 2. Stimulation of streptoc occal growth by helium. The gener al
experimental procedure is described in the legend to Fig. 1. 

~~~~ ~~~~~~~~~~~~ a
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The finding that helium stimulates bact erial growth and replication was
unexpected . It may be that growth responses of bacteria faithfully mirror narcotic
effect s in higher animals and that growth stimulation by helium can be relat ed to
its negat ive narcotic potent ial . The rel ative indepe ndenc e of growth stimulation
on pHe in the relatively narrow range studied here is difficult to interpret , although
it may be that some element in the bacterial resp onse syst em is saturat ed with the
gas at a low concentration. Thichheit et a]. {i966} found a similar puzzling dose effect
in that growth inhibition of Neuros pora crassa due to (Ec atm helium was as great as
that due to 120 atm of the gas. Regardless of the mechaniam, it is clear that helium
does have definit e effect s on living organ isus that are dist inct from the effect s
due only to hydrostatic pressure.

C. Oxygen. As indicated by the sample dat a presented in Fig. 3, the resp onses of
cultures of S. faeca lis growing in complex medium at 22°C to hyperbaric oxygen
includ e both a slowing of growth and a reduction in yield. In this particul ar 

-

experiment, 17 atm 02 in the presenc e of air caused a 36% reduction in growth
rat e and a 35% reduction in yield. Oxygen al so is lethal for this bacterium ,
and viable count s after 25 hours of incubation in the hyperb aric at mo sphere were
some 20% of tho se obtained with similar cultures incubated in air. Tot al , direct
counts, obt ained by use of a Pet roff—Hausser counti ng chamber , were lower for the
culture exposed to 17 atm 02 but were pred ictabl e from a knowledge of the optical
density.

Oxygen 1d,J ,led cells of S. faecalis had nearly normal appearanc e in the phase
• microscope. However, oxygen induc ed large —scale lysis in cuJ ,tur es of a relat ed

bacterium , St r eptococcus ~j ctis. Lysis occurred after completion of growth and it
could be induc ed with as litt le as 3 atm of 02. We are curr ent ly investigating the
lytic mechaxiisn. Previous work reported last year indicated that oxygen caused
massive degradation of RNA in I. coJi . However , in the course of a series of
experiment s desi~~ed to identify the specific nuc leases resp onsible for this
degradation , the bacterium gradually changed its resp onse to oxygen to one in
which killing was not accompanied by RHA breakdown . We currently have no reasonabl e
int erpretation of the change. When a lyophilized stock of the test strain of E.
coli was used as a sourc e of organisms, there still was no RNA degradation. It
seems that the change may hav e had to do with some minor change in the growth
medium . Although , because the medium used was a defined , minimal one , it is
difficult to envision what change could hav e occurred .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
k- - — ~~~~~~~~~~
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12.

Fig. 3. Inhibition of growth of Streptococcus faecalis 9790 by oxygen.
The general experimental procedure is described in the legend to Fig. 1.
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In our experiments with 5. faec a].is, we were somewhat perplexed by what
appeared to be a greatly increased oxygen toleranc e of the organism. In our
previou s experiments , it was possible to achieve a 50% inhibition of the ext ent

• of growth with 3 to 4 atm of °2 {Ferin and Marquis, l968}. However, in the present
• series, this same response required some 25 atm of oxygen. In an effort to discern

the basis for this change, we used a defined medium for 5. faeca].is described by
Mat sumura {l975}. Growth in this medium proved to be much more sensitive to
oxygen than was growth in the complex, tryptone—glucose—yeast—extract medium
used to obtain the results presented in Fig. 3. For example, in one experiment
growth yield in the defined medium was reduced nearly 70% in response to treatment
with 10.2 atm 02. The defined medium was made up initially with 50 mM phosphate
buffer. Because of precipitation that~occurr ed when the pH of the medium was
raised above 7, we decided to reduce the phosphate concentration to 25 mM. To
our surprise, we found that growth in the medium with reduced phosphate was
less sensit ive to oxygen. In fact , it was only about as sensitive as was growth
in complex medium. Addition of more pho sphat e to the mediu m resulted in enhanced
oxygen sensitivit y. Moreover, we found that addit ion of 0.1 H phosphat e buff er
to complex medium result ed in markedly increased sensitivity to both the growth—
inhibitory and lethal actions of oxygen. For example, in one experiment, growth in
complex medium was reduc ed 34% in extent by 20.4 atm of 02. A companion culture with
the same medium plus 0.1 M phosphate buffer was inhibit ed by some 66%. Moreover,
after 24 hours of ir.cubation, the viable count in the medium without pho sphat e
exposed to oxygen was 24% of the count in the unexposed culture. In the medium

-

• with phosphate, the viabl e count in the oxygen—exposed culture was only 11% of
that in the unexposed one . The basi s for phosphate enhancement of oxygen toxicity
for S. faecalis is now being investigated.

D. Combined actions of oxygen ~~~~~~~~ nitrous oxide. As shown by the dat a presented
in Fig. 4, it is possible to inhibit S. faecalis growth with combinations of oxygen
and nitrous oxide. Again, there is both a slowing of growth and a reduction in yield.
We had previously found that narcotic gases could potentiat e th e toxi c action of
oxygen.Howeve r , th e effect seen here is little, if any , more than addit ive. Ten
atm of 1P120 plus 10 atm of 02 produced a reduction in yield of about 39%, or about
what one would expect from a simple additive combined action. The aggregate dat a
presented in Fig. 5 suggest that oxygen acts simply as a narcotic gas for S. faecalis
and that it has approximately the same potential as N20, as one would expect from its



4

15. 0

Fig. 4.. Inhibition of Stre ptococcus faec alis growth by nitrous oxide and
nitrous oxide plus oxygen. The general experimental procedure is described in the

legend to Fig. 1.
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Fig. 5. Reductions in growth yield of Streptococcus faecalis cultures caused
by nitrous oxide or oxygen. Control cultures were incubated in an air atmosphere ,
and air was present in pressurized cultures. The general experimental procedure is
described in the legend to Fig. 1.
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molecular weight.
In our past work with S. faecali,~ we had found that the inert gas xenon

greatly pot entiat ed the toxic action of oxygen. Why do we now obtain such
different resuJ.t s~ The most likely explanation for the change is a loss of
capacity of ~~. faecalis to met abolize oxygen when growing in tryptone—glucose—
yeast—extract medium. Thus, S. faecalis is r.ow similar to Lactobacillus plantarum.
This latter organism has essentially no superoxide dismutase or cat alase {Mccord
et al., l971} and yet it is oxygen tolerant . The basis for this tolerance is an
inability of the bacterium to metabolize oxygen and to produce toxic metabolic
products. We had thought of using L. plarit arum as a test organi sm that would allow
us to evaluate the narcotic potency of oxygen without the complication of other
toxic effects. It appears that S. faecalis is as good a candidate organi sm and
that the experi ment s we have done will allow us to estimate narcotic potency of
oxygen.

However, it should also be pointed out that oxygen must be acting as more
than just a narcotic gas against S. faecalis because of the low plate count s
obtained when oxygen—poisoned cultures were plated at about 24 hours aft er inoculation.
Culture~~hat were inhibited to the same degree with nitrous oxide yielded viable
count s that were essentially what one would expect from a knowledge of the culture
optical density. In all, there seem to be two effects of oxygen — a narcotic action,
reflected in slower gr3wth and lower yields, and a lethal action, reflected by low
viable counts after long—term expo sure. In addition, as indicated above, the response
of the organism to oxygen is much more severe when it is growing in phosphat e
supplemented medium, and presumably, it is able to metabolize oxygen in the presenc e
of high levels of phosphate. Certainly, phosphate—induced oxygen sensitivity is an
intriguing phenomenon that bears further investigation.

~~. Combined actions of oxygen and helium. ZoBeU and Hittle {1967} showed that
hydrostatic pressur e markedly potentiates the toxic action of oxygen for bacterial
cells. We initially thought that thi s pot erxtiation could be due to pressure inhibition
of superoxide dismutase, the major protective enzyme of aerobes. However, the results
of experiments described in a previous report indicat ed that supero ,d.de dismutase is
remarkably pressure tolerant and is fully active at 1000 atm. We then attempted to
repeat the work of ZoBeU and Hittle but were unable to do so in a way that we thought
was reliable, largely because of the quantities of gas that are required to produc e
a syst em saturat ed with, say, 10 atm of oxygen but without a gas phase. To saturat e
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10 ml of culture medium with sufficient oxygen to ~ .ve a concentration of
175 )lg/ml — the equivalent of 25 atm 02 — one would have to st ar t with 7.1
ml of the gas and compress it. The syst em within the pressure chamber would
then have to undergo a contraction of 7.1 ml. It is difficult to accommod at e this
great a contraction when neoprene rubber stoppers are used with glass vials. The
stoppers just cannot move into the vials without developing leaks. The use of
plastic syringes for gas experiments has problems also bec ause the plastics
have a f air degree of gas permeability. We are currently working on a two—chamber
system that makes use of the fluo rocarbon FC—~~ in which gases are highly soluble.
Hopefu lly, within the next rep ort period, we will have been abl e to repeat the
work of ZoBell and Hitt le.

An alternative syst em for studying the effects of hydro st atic pressure on oxygen
toxicity that we explored involves use of a biologlcally inac t ive gas. Helium was
our first choice, alt hough the dat a present ed above indicates that it is not without
specific action on biologlca]. systems. However, the relatively small effect that it
has on growth of ~~. faeca lis is stimulatory rather than inhibit ory . C ert ainly , it
cannot be claimed to have a narc otic ef f ect . The data presented in Fig. 6 indicat e
that a helium pre ssur e of 20.4 atm does sigoificantly potentiat e the toxic action
of 6.8 atm 02~ and it seems that Z0BeU and Hittle are corr ect in their views. The
slowed growth and reduc ed Yield due to the helium-oxygen combination was
accompanied by a major decrease in viability . After 23 hours , the viabl e count
for the culture exposed to 6.8 atm 02 plus 20.4 atm He was only 30% th at of the
other two cultures. The overall effect of 20.4 atm He here was to make 6.8 atm 02
as pot ent as approximat ely 16 atm in the absenc e of helium . This evaluation of
the potentiation may be an undere stimat e since, as shown in Fig. 2, helium alone
sigoificantly enhances growth rat e and slightly enhances growth yield.

F. Combined actions .2~ nitrou s oxide ~~~ helium. The data presented in Fig. 7
show that 20.4 atm nitrous oxide is more pot ent in its action on S. faec alis in
the presenc e of 20.4 atm helium . The effect is not as great as that seen with oxygen,
and even in the presence of helium, nitrous oxide did not appear to Idll the
organism, at least not over a 24—hour period. It appears that helium enhances
rather than reduces the action of nitrous oxide. One migh t expect the opposite
re sult sinc e helium alone is stimuj .ato ry for growth s I nve stigations are currentl y
underway to find out if this enhancing effect of helium is due to increased
hydrostatic pressure.

--• _ -~~~~~~~~~~~~~~~~~ - _ -•~~~~~~~~~~~~~~~~~~~~ -- ~~~~ - -
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Fig. 6. Potentiation of the inhibitory effect of oxygen on growth of
Streptococcu s faecalis by helium. The general experimental procedure is described
in the legend to Fig. 1.
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Fig. 7. Combined actions of nit rous oxide and helium on streptococc al
growth. The general experimental procedure is desc ribed in the legend to
Fig. 1.

-

~

—- --“— :-.—- . ~~~~ -
~
-—- . _ _ _ _



F -

~

1.00- 
24.

)
~~~

-D

0.50 -
MR

AIR~~O

0.20 
atm N20

AIR + l O afm N20
+lO af m He

0.10 -

0

0.05 -
C

0.02 — 1

0 2 4 6 . 8 10 24
HOURS

_____________ _ _ _ _ _ _ _ _ _ _ _  _ _



~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~—-~~~~~~~~~~~~ - - -— - ,- —-~~~~~~~~~~~~~~~~~~~~~~
- .—.

25.

III. Streptococca]. Growt h at Abyssal—hadal Pressures.

For convenience in our previous experiment s with S. faecalis, we had grown
the organi sm at t emperat ures of 25 to 30°C. The rna,d.mum pressure at which growth
would occur at these temperatures was 750 atm — in a complex medium with glucose
as fuel source and with supplemental MgC12 or CaCl2. Divalent cations were required
for growth at this high pressure and they were found to act by enhancing AT? p ooling,
possibly throug h an inhibition of the membrane ATPase of the bact erium. We made a
x~.miber of attempts to extend the pressure range for growth, including genetic
manipulations, but were unsuccessful. However , during studies of pressure—
temperature interactions affecting growth, we found that an increase in growth
temperature to 37°C rendered S. faecaj .is significantly more barotolerarit, so much
so that it could grow at a pressure as great as 900 atm. Sample growth curves are
presented in Fig. 8. Apparent activation volumes for growth were 80.9 and 92.4 ml
per ml for cultures in ordinary tryptone—gluco se—yeast—extract broth and in the
same medium supplemented with 50 mM flaCl2. These values are very large, approximately
as large as those obtained for S. faecalis growing in lactose medium at 30°C and
400 atm pressure. However, the remarkable finding is that the bacterium will gn~w
at all at such high pressure.

The response of the cells to these high pressures at 37°C is qualitatively

different from that to lower pressures at 25 to 30°C. For one thing, divalent
cations do not appear to enhance barotolerance at 37°C, and incorporation of 50 mM
Mg~l2 or CaC12 into growth media actually slowed ~~~wth under pressure. In addition,
the cells grown at 37°C and 900 atm were abnormally large, and it appeared that
cell division was more severely inhibit ed than was cell growth. This select ive
inhibition was never seen with cultures grown at 25 to 30°C. The enlarged bacteria
appeared to have normal cell shape, and there was no evidence of lysis in the
cultures. In effect, the response of S. faecalis to pressure at 37°C and 900 atm
is similar to the response of E. coli to pressures of 300 to 550 atm at temperatures
from 25 to 40°C.

This new finding emphasizes our previous view that the barotolerance of bacteria
can be greatly alt ered by change s in ~~~wth conditions. S. faecalis is t ruly
remarkable in this respect. Wit h pyruvate as fuel source at 25 to 30°C, growth is
completely stopped by a pressure of only about 200 atm. With glucose as fuel at 37°c,
it is possible for this same bacterium to grow at 900 atm, close to the upper limit
of pressure in the biosphere. In other words, S. faecali s appears to be one of the
most barotolerant bacteria known and is in a class with organisms such as Pseudomonas
bat hyc etes.
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Fig. 8. Growth of Streptococcus faecali s at 37°C and 900 atm . The growth

medium was tryptone—gluco se-yeast—extract medium {O} or the same medium

supplemented with 50 mM CaCl2 {4}. A curve for growth of the organism in
wisupplemented. medium at one atm {~~} is included for compa ri son.
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IV. Low—pressure Effect s
A. Enhanced ~ ‘owt h at hi~~ t emperatures. In Fig. 9 some of the data is

presented that led to the conclusion that the opt imum pressure for bacterial
growth is riot one atm, at least under rnar r conditions of culture. Here, growth
Yield for ~~. coli B cultures in trypticase—soy broth with 0.1% I~~3 at one, 100
and 200 atm is plotted against ~~~wth t emperature. Si~mU ar result s were obtained
for growth rate. It can be seen that over a fairly wide range of temperature, from
about 25 to nearly 50°C, ~~~wth at 100 or 200 atm is greater than that at one atm.
Moreover, maximum yields at 100 and 200 atm and 45°C are greater than those at
ax~r temperature at one atm. In other words, with this system it is possible to
obtain a true enhancement of growth with relatively low pressures. It is apparent
also from the figure that below about 20°C the organism becomes highly ba.rosensitive
and can be markedly inhibit ed in its growth by 100 atm.

B. Antibiotic production under p~~ssur e. This aspect of the project is still
in the preliminary stage s of work . However , during the past year, we have made
pro gress in developing a test system. Most antibiotic s are produc ed by aerobic
organisms, and optimal production require s cultur e aeration, which is difficult
under pressure with the equipnent we now have. One antibiotic that is produced by
a faculta tive organi sm is riisin. The produc er , Stre ptococcus lactis , can grow in air
but does not use oxygen. The ant ibioti c is relatively widely used for preservatio n
in the food industry, particularly for dairy products, and it is active against a
range of gram—positive and gram—negat ive bacteria. We have used a biolo&.ca]. assay
for thern- antibiotic with Bacillus ~~~~~~~ KM as an indicator of activity . Molten
agar at a temperature of 45 to 50°C is seeded with S. megat erium, and standard
pour—plates are prepared. A.Cter the agar has hardened , uniform wells are cut in it
and are filled with cell extract s that are thought to contain rii sin. The plates are
incubat ed at 30°C for 48 hour s before zones of inhibition are measured. Nisin is
heat stable but alkaline sensitive . Therefore, samples can be heat ed to 63°C to
inactivat e antibacterial factors in culture extracts. It is possible al so to
destroy ni&..n by raising the pH to 11, and after subsequent back titration with
acid, samp les exposed to pH 11 for 30 minutes are ~.-evoid of antibacteri al activity.

Our preliminary result s show that riisin is produced are pres sures of 100 or 200
atm and that production per cell is somewhat enhanc ed under pressure. However, we
have had to contend with unusual heat and pressure sensitivity of S. lactis. Growth
at temperatures above 37°C and 100 or 200 atm is poor. Clearl y, more exper iment s are
needed. It is possible that we may riot be able to enh anc e riisin production by use
of hydrostatic pressure. However, thi s result will not near. that it will not be
possible to enhanc e production of other microbial meta bolites. Pressure—t emperature
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responses are highly specific and depend on ~~H and ~~V value s for the particul ar
process under study. Therefore, we shall be studying a number of processes in
addition to nisin production.

C. Enhanc ed barosensitivity ~~ ~~~ temterature. The data presented in Fig. 9
show also that ~~~. coli becomes highly pressure sensitive at low t emperature. It
is possible to markedly inhibit growth with a pressure as low as 100 atm. In
other experiments with cultures growing at 9°c, we found that it is possible to
cause major inhibition with only 50 atm. This sort of data has been used by us to
develop the view that low pressures are of major eco1o~~.cal import ance in the
continental—shelf and cont inental—slope re~~.ons of the ocean, in the shallow
layers of the open ocean and in fresh water. Most organisms growing in natural
environments are riot growing under optimal conditions, arid presumably, they are
highly barosensitive.

During the past year , we have attempted to extend our view to a molecular
level by showing that enzymes can become extremely baro sensitive when enviro nmental
conditions are riot opt imal . Unfortunately, the first enryrrie we choose for study,
lactic dehydrogenase, has an activity that can be characterized by a positive 4H
arid a positive ~~V. It is stimulated by t emperature incre ase from U to 22°C but
inhibited by increased pressure up to 1000 atm. However , it is nore barotolerant
at the lower t emper ature. At 22°C, activity is completely stopped by 1000 atm ,
while at 11°C, 1000 atm causes only about 40% decrease in activity. For these
experiments, the enzyme was assayed by following the change in absorbanc e at
340 rim due to reduction of NAD+. The assay was set up ~o that the enzyme was
rat e limiting. This sort of behavio r can be expected fro m one class of enzymes.
It very clearly demonstrates the view we had proposed previously that the simple
gas laws are not app licable to condensed bio1o~~.ca1 systems. In other words,
increased pressure and increased temperature are not always ant agonistic. It
depends on the types of chemical bonds that are undergoing change in ar~r particular
situation. The background for thi s thesis is presented in a recent review article
{Marquis, 1976}.

During the next support period , we shall be investigating other enzymes to
obtain examp les of the class which displ ays increased barosensitivity when the
tempe rature is lowered . This class should be the major class of enzymes in a
classification based on effect s of pressur e and temperature. 
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narc~tic potential of nitrous oxide and to increase oxygen toxicit y, possibly
because of a hydrostatic pressure effect rather than a specific gas effect .
Oxygen appeared to act essentially as a narcotic gas in its inhibition of
S. faec is growth in a medium, prepared with tr~iptone , gluco se arid yeast

a The oxygen pressure required for 50% growth inhibition was about
25 atmospheres, approximately the pressure of nitrous oxide required for the
same effect . However, long—t erm exposure to oxygen result ed in cell death,
while similar exposure to nitrous oxide resulted in no ki11ing.~~~reover,supplementation of the compl ex growth medium, or of a defined o~~, withphosphat e buffer resulted in markedly enhanced oxygen sensitivity\~f the
bacterium, and it was possible to obtain 50% growth inhibition witl~ on1y
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growth and physiolo~~ were undertaken. Effort s were made to enhance metabolite
production by bacteria with increased hydrostatic pressure arid to study -

molecular aspects of the interaction. -
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