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The marine psychrophilic bacterium Vibrio marinus MP -4 

possessed a maximum temperature and hydrostatic pressure of 

20 C and 425 atm for growth. The effects of temperatures of 21 and 

25 C and hydrostatic pressures of 200, 400, 500, and 1, 000 atm on 

protein, RNA and DNA synthesis by V. marinus MP -4 were deter- 

mined. 

The lethal temperature of 21 C stimulated the synthesis of these 

3 macromolecules, whereas 25 C stimulated RNA synthesis, stopping 

protein and DNA synthesis. The data indicate that the cessation of 

protein, RNA and DNA synthesis was not the primary cause of death 

of this psychrophile at temperatures above 20 C. 

A hydrostatic pressure of 1, 000 atm completely inhibited 
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protein, RNA and DNA synthesis. At ZOO atm the rates of protein 

and RNA synthesis decreased for approximately 60 min and then 

resumed the pre -pressurization 1 atm rates, whereas DNA synthesis 

was unaffected. 

Pressures of 400 and 500 atm immediately lowered the rate of 

protein synthesis, whereas RNA synthesis was unaffected by 400 atm. 

At 500 atm RNA synthesis continued at the 1 atm rate for 45 min and 

then shifted to a lower rate of synthesis. DNA synthesis, at 400 

and 500 atm, continued at the 1 atm rate for approximately 60 min 

after pressurization, then gradually shifted to lower rates. 

Within the limits of these experiments, the pressure effects 

of 500 to 600 atm on protein, RNA and DNA synthesis were reversible, 

and these macromolecules resumed their 1 atm rates of synthesis 

upon pressure release. 

The data suggest that the primary effect of pressures from 

400 to 600 atm was to lower the rate of protein synthesis, which in 

turn may have lowered the rates of RNA and DNA synthesis. 
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THE EFFECT OF TEMPERATURE AND HYDROSTATIC PRESSURE 
ON PROTEIN, RIBONUCLEIC ACID AND DEOXYRIBONUCLEIC 

ACID SYNTHESIS BY VIBRIO MARINUS, 
AN OBLIGATE PSYCHROPHILE 

INTRODUCTION 

The temperature of the ocean ranges from -1.9 C (the freezing 

point of sea water having a salinity of 35 %0) to about 30 C in the tropics 

(38). By volume, more than 90% of the ocean is colder than 5 C (38), 

with little temperature fluctuations except near the surface and where 

upwelling occurs. Hydrostatic pressure, another important physical 

feature, varies from 1 atm at the surface of the oceans to 1, 100 atm 

in the deepest known part of the oceans, the Challenger Deep. Approxi- 

mately 1/2 of the ocean is covered with 3, 800 or more meters of 

water, an environment in which the pressure varies from 380 to 

1, 100 atm. 

With a low ambient temperature and high hydrostatic pressure 

predominating in the ocean depths, psychrophilic barophiles should 

function more successfully than other microorganisms below 3, 800 

meters. In fact, only within the past few years have microbiologists 

demonstrated that psychrophiles are present in the oceans (8, 31, 36) 

and barophiles have never been isolated in pure culture. 

The reason(s) psychrophilic marine bacteria are killed at 

moderately high temperatures (e. g. > 20 C) and barophiles cannot be 
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cultured at 1 atm are not known. However, they have been thought 

to be thermal and pressure induced enzyme denaturation (20, 29, 

39, 42) disturbance of physiological relationships within the organ- 

ism (9, 16, 17) or a loss of cellular permeability (27). 

The cell's ability to synthesize macromolecules (protein, RNA 

and DNA) is critical. This study was, therefore, initiatied to deter- 

mine the effects of temperature and hydrostatic pressure on protein, 

RNA and DNA synthesis by the psychrophilic marine bacterium 

Vibrio marinus MP -4. Such studies will help explain why psychro- 

philes cannot withstand moderate temperatures or elevated hydro- 

static pressures. 
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REVIEW OF LITERATURE 

Microbiologists generally have divided bacteria into three 

thermal classes: psychrophiles, mesophiles and thermophiles. All 

bacteria display maximum, optimum and minimum growth tempera- 

tures. The reasons bacteria are not able to grow above their 

maximum growth temperature are not known and many concepts 

have been offered to explain this phenomenon. The following are 

examples advanced to explain why psychrophiles will not grow 

above a certain maximum temperature. 

Hagen and Rose (9) in studies on a psychrophilic Cryptococcus 

found that at the maximum growth temperature there was an accel- 

erated use of the intra- cellular amino acid pool. This was shown to 

be related to the loss of ability to synthesize alpha - ketoglutaric acid 

at this temperature. 

Differences in lipid constitution have been suggested to be in- 

volved in the limitation of growth at high temperatures. Kates and 

Hagen (17) found for a species of Serratia, that as the incubation 

temperature was increased the degree of saturation of fatty acids 

increased. A similar situation was found for Escherichia coli (25). 

For several psychrophilic and mesophilic strains of Candida the 

total extractable lipid was approximately the same, however, the 

psychrophilic strains contained a higher percentage of unsaturated 
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fatty acids (16). 

Edwards and Rettger (6) found several enzymes in a species 

of Bacillus which were inactivated at temperatures just above the 

maximum growth temperature. Partially purified malic dehydro- 

genase from the marine psychrophilic bacterium Vibrio marinus 

MP -1 was inactivated above and below 15 C (the organisms optimum 

growth temperature) (20). 

Nashif and Nelson (32) showed that lipase activity in Pseudo- 

monas fragi was optimal at 40 C with no enzyme being formed above 

30 C; this suggested a heat - sensitive enzyme- forming system. 

Much work has been done on the effects of hydrostatic pressure 

on the viability of bacteria and on the action on many enzymes (10, 

28, 30, 41). However, little work has been done on the effect of 

hydrostatic pressure on macromolecular (protein, RNA and DNA) 

synthesis by microorganisms. Within the past several years the 

natures of these synthetic processes have been clarified to a limited 

extent. 

ZoBell and Cobet (40), using E. coli B, S and R4, found that 

the ratio of the protein to the total cell mass remained unaffected 

when the cells were grown from 1 to 400 atm. The RNA content, 

however, based upon the protein content, increased as the incuba- 

tion pressure increased. The total DNA content decreased as the 

incubation pressure increased. They attributed the reason for 
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cellular death to inability of E. coli to replicate DNA. 

Using E. coli 15T -L- and radioactive tracers, Pollard and 

Weller (34) found 900 atm stopped protein and DNA synthesis 

allowing RNA synthesis to continue at almost the 1 atm rate. Six - 

hundred and twenty -five atm did not affect RNA synthesis but halved 

the rate of synthesis of protein and DNA. These authors concluded 

that it "is primarily the cellular processes related to genetic trans- 

cription and DNA synthesis which are pressure sensitive. " When 

E. coli was induced with isopropylthiogalactopyranoside for p - 

galactosidase just prior to pressurization to 455 and 1320 atm no 

ß- galactosidase was subsequently formed. Pressure appeared to 

cause a cessation of formation of this enzyme. When the culture 

was actively synthesizing P - galactosidase and pressure was applied 

the production of this enzyme continued for a short time and then 

stopped. The authors attributed this to cessation of genetic trans- 

cription, with however, the already formed mRNA functioning till 

its decay. 

Using E. coli K -12 Landau (19) found that pressure either 

stimulated or inhibited macromolecular synthesis depending upon 

the incubation temperature. Two -hundred and sixty-six atm stimu- 

lated 14C- glycine incorporation into protein at 37 C whereas 532 

and 660 atm decreased incorporation compared with the organisms 

incubated at 1 atm and at 37 C. Two -hundred and sixty -six atm 
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stimulated 14C- leucine incorporation above, and inhibited below, 

27 C, whereas 400 atm had no effect at 37 C and inhibited protein 

synthesis at lower temperatures. Nucleic acid synthesis responded 

similarly to pressure. At 37 C, 266 atm increased synthesis, and 

660 atm decreased synthesis, relative to the 1 atm control. 

There have been many observations on the reversible effects 

of 1 to 1, 000 atm on enzymic and non - enzymic reactions. Kettman 

et al. (18) found the aggregation of the modified enzyme poly -L- 

valyl- ribonuclease inhibited by 150 and 300 atm, however, on 

pressure release to 1 atm the aggregation rate immediately resumed 

that of the 1 atm control. Johnson, Eyring and Polissar (15) noted 

that "the physiological effects of moderate pressures (1 -1, 000 atm) 

are frequently reversible, sometimes quantitatively so, as soon as 

the pressure is released." Both Regnard (35) and Certes (3) found 

that fermentation by yeast was retarded by a few hundred atm but 

was resumed upon pressure release to 1 atm. Ribonucleodepoly - 

merase was inhibited by 6, 000 atm, but upon pressure release to 

1 atm the enzyme recovered activity (37). Landau (19) found that 

660 atm inhibited 14 C-glycine incorporation into protein in E. coli 

however, when the cells were depressurized to 1 atm 14 C-glycine 

incorporation within minutes resumed the rate of the 1 atm control. 

Microorganisms are believed to have definite mechanisms to 

insure balanced synthesis of macromolecules (protein, RNA and 
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DNA) (7, 13, 14). Experimental methods which cause an unbalanced 

synthesis of protein, RNA and DNA should help elucidate the nature 

of these controls. 

In view of the importance of protein, RNA and DNA synthesis 

to the bacterial cell a study was undertaken to determine the effects 

of temperature and hydrostatic pressure on their synthesis by the 

marine psychrophilic bacterium Vibrio marinus MP -4. 
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MATERIALS AND METHODS 

Organism 

The marine psychrophilic bacterium Vibrio marinus MP -4 was 

isolated from 3. 24 C water taken from a depth of 1200 meters, off 

the Oregon coast (31). The organism was subsequently identified 

by Colwell and Morita as Vibrio marinus MP -4 (5). The organism 

was transferred daily at 15 C by inoculating 10 ml of medium #17 

in a 18 x 150 mm screw capped test tube with 1 ml of a culture 

grown previously at 15 C for 24 hr. 

Growth Media 

Medium #12, at pH 7. 6, was composed of proteose peptone 

(Difco), 10 g; yeast extract (Difco), 3 g; succinic acid (Baker and 

Adamson reagent), 10 g; Rila marine mix (Rila Products Company, 

Teaneck, New Jersey), 35 g; distilled water, 1, 000 ml. After 

boiling, the medium was filtered and the pH readjusted to 7. 6 

with 10 N NaOH. 

Medium #12 modified was the same as medium #12, except 

that, it also contained 5 g of KNO3. 

Medium #17, at pH 7. 6, was composed of vitamin free casa- 

mino acids ( Difco), 10 g; succinic acid, 10 g; Rile marine mix, 
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26.25 g; distilled water, 1, 000 ml. After boiling, the medium was 

filtered and the pH readjusted to 7. 6 with 10 N NaOH. 

The media were dispensed into vessels as required and steri- 

lized by autoclaving at 121 C for 20 minutes. 

pH Optimum for Growth 

Medium #17 was prepared at pH 6. 0, 6.4, 6. 8, 7.2, 7. 6, 8. 0 

and 8.4. This broth was dispensed in 10 ml portions into 18 x 150 

mm test tubes and sterilized by autoclaving. The tubes at 15 C 

were inoculated with 1 drop of a culture grown previously at 15 C 

for 24 hr. in medium #17. Growth was determined by measuring 

the absorbance of each tube at 420 mµ in a Bausch and Lomb Spec 

tronic 20 spectrophotometer at inoculation time and after 24 hr. 

incubation at 15 C. 

Optimum Growth Temperature Determination 

A polythermostat, similar to that used by Oppenheimer and 

Drost -Hansen (33) and constructed by Morita and Haight (31) was 

used with the temperature range adjusted from 0 to 30 C. The 

growth medium (10 ml of medium #17 in 18 x 150 mm test tubes) 

was equilibrated overnight in the polythermostat before it was 

inoculated with 1 drop of a culture grown previously at 15 C for 

24 hr. in medium #17. Growth was determined by measuring 
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the absorbance of each tube at 525 mµ in a Bausch and Lomb spec- 

tronic 20 at inoculation time and after 24 hr. incubation. 

Growth Under Hydrostatic Pressure 

One ml of a culture grown for 24 hr. in medium #17 was 

diluted 1, 000 fold in sterile artificial sea water (35 %o Rila marine 

mix) at 15 C, and 1 ml of this dilution was used to inoculate 100 ml 

of medium #17. Portions (2. 5 ml) were pipetted into sterile 10 x 74 

mm test tubes and stoppered with sterile #000 neoprene stoppers. 

These tubes were then pressurized by the method of Zobell and 

Oppenheimer (41) and incubated at 15 C. The pressures employed 

were 1, 100, 200, 300, 400, 425, 450, 475, 500, 600 and 700 atm. 

After 24 and 48 hr. incubation times, the samples were depressurized 

and the number of viable cells /ml of each sample was determined by 

plate counts using medium #17 with 1. 5% agar added. The number 

of viable cells /ml at the time of pressurization was determined. 

Preparation of Cells for Determination of Temperature and 
Hydrostatic Pressure Effect on Protein, RNA and DNA Synthesis 

Three liters of medium #12 modified contained in a 4 liter 

Erlenmeyer flask at 15 C were inoculated with 9 ml of a culture 

grown for 24 hr. An anaerobic condition was insured by passing 

a stream of sterile nitrogen gas through the medium at the time of 
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inoculation. Cell growth was monitored with time by anaerobically 

and aseptically removing 5 ml samples and determining their 

absorbance against an uninoculated blank at 420 mµ in a Bausch 

and Lomb Spectronic 20. When the growing culture reached an 

absorbance of approximately 0. 12, portions were removed and 

treated as described in the following paragraphs. 

To study the effect of temperature on macromolecular syn- 

thesis, 1. 5 liters of the growing culture were removed and placed 

in a 2 liter Erlenmeyer flask, which was then placed in a 21 C or 

25 C water bath. Twenty -five min were required for the heated 

sample to come to the water bath temperature. At suitable times, 

100 ml portions were removed from the 15 C and the heated culture 

and centrifuged at 6, 000 x g for 5 min at 0 C. The harvested cells 

were resuspended in 5 ml of a 0.5% (w /v) Triton X -100 (Rohm & 

Haas, Philadelphia 5, Pa. ) solution at pH 9. 5, and were then 

frozen. 

To study the effect of hydrostatic pressure on macromolecular 

synthesis by a growing culture, 8 100 ml portions were removed, 

placed in 25 x 200 mm plexiglass tubes stoppered at each end by 

#6 rubber stoppers, and immediately pressurized to the desired 

hydrostatic pressure at 15 C. At suitable times, 100 ml portions 

were removed from the 1 atm and from the pressurized culture 

and centrifuged at 6, 000 x g for 5 min at 0 C. The harvested cells 
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were resuspended in 5 ml of a 0.5% (w /v) Triton X -100 solution 

at pH 9. 5, and were then frozen. 

Protein, RNA and DNA Assay 

The frozen samples were thawed and assayed for protein, 

RNA and DNA by a modified method of Hutchison and Munro (12). 

Each sample was treated successively with 4 ml of cold 20% (w /v) 

trichloroaoetic acid (TCA), cold 10% TCA, 95% ethanol saturated 

with sodium acetate, and diethyl ether. After each treatment, the 

samples were centrifuged at 31, 000 x g for 15 min at 0 C. The 

precipitate from the ether washing was resuspended in 5 ml of 0. 3 

N KOH, and 1 ml was removed and heated at 96 C for 1 hr. The 

remaining 4 ml were treated at 37 C for 1 hr. The 1 ml samples 

were diluted 1: 12 with 2% Na2CO3 + 0. 1 N NaOH and were then 

assayed for protein by the method of Lowry et al. (23). The 4 ml 

samples, after heating, were treated with 2 ml of 60% (w/v) per - 

chloric acid (PCA), mixed and centrifuged at 31, 000 x g for 15 

min at 0 C. The supernatant fluid was diluted 1: 5 with distilled 

water and assayed for RNA by the orcinol method (4). 

To assay for DNA, the samples were thawed, and precipitated 

with cold 20% TCA as described. After washing again with cold 10% 

TCA, they were resuspended in 2. 3 ml of 0. 5 N PCA, heated to 

85 C for 45 min, and then centrifuged at 31, 000 x g for 15 min at 
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0 C. The supernatant fluids were tested for DNA by the method of 

Burton (2). 

The cellular material centrifuged from 100 ml of the growing 

culture, having an absorbance of 0.12 at 420 m µ , contained approxi- 

mately 725, 110 and 50 micrograms of protein, RNA and DNA 

respectively. 
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RESULTS AND DISCUSSION 

The optimum pH for growth of Vibrio marinus MP -4 under 

laboratory conditions is shown in Figure 1. Good growth occurred 

throughout the pH range of 6. 4 to 8. 0 with the maximum at pH 7. 6. 

The optimum and maximum temperatures for growth were 

15 -16 C and 20 C respectively (Figure 2). 

When cells actively growing at 15 C were exposed to 21 C, 

protein, RNA and DNA synthesis was stimulated (Figures 3, 4 and 

5). These data, however, are quantitative rather than qualitative. 

At 21 C, a necessary protein(s), RNA(s), or DNA may not be syn- 

thesized and the data would not show this. The data conclusively 

demonstrate a gross stimulation of macromolecular synthesis at 

21 C. 

At 25 C the protein and DNA synthetic mechanisms appeared 

to undergo thermal denaturation with a resultant loss in enzymic 

activity (Figures 6 and 8) while RNA synthesis was stimulated 

(Figure 7). Of these 3 macromolecular synthetic systems, protein 

and DNA synthesis were the most sensitive to thermal denaturation, 

V. marinus MP-I contains several enzymes possessing the 

ability to withstand moderately high temperatures. The enzyme(s) 
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Figure 1. The effect of pH on growth of Vibrio marinus MP -4. 
18 x 150 mm test tubes containing 10 ml of medium #17 at the 
appropriate pH's were inoculated with 1 drop of a 24 hr. culture. 
Growth was determined by measuring the absorbance of each tube at 
420 using a Bausch & Lomb Spectronic 20 at inoculation time 
and after 24 hr. incubation at 15 C. 
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Figure 2. The effect of temperature on growth of Vibrio 
mar inu s MP-4. 18 x 150 mm test tubes containing 10 ml of 
medium #17 were cooled to the appropriate temperatures and ino- 
culated with 1 drop of a 24 hr. culture. Growth was determined by 
measuring the absorbance of each tube at 525 mµ using a Bausch 
& Lomb Spectronic 20 at inoculation time and after 24 hr. incuba- 
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Figure 3. The effect of a temperature of 21 C on protein synthe- 
sis by Vibrio marinus MP -4. When the growing culture reached an 
absorbance of approximately O. 12 at 420mµ, a portion was transferred 
to a 2 liter Erlenmeyer flask which was placed in a waterbath at 21 C. 

After suitable incubation times at 15 C (0) and 21 C (A) 100 ml por- 
tions were centrifuged at 6, 000 x g for 5 min. The cells were re- 
suspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 KOH the protein content of each 
thawed suspension was determined by the method of Lowry et al. (23). 
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Figure 4. The effect of a temperature of 21 C on RNA synthesis 
by Vibrio marinus MP -4. When the growing culture reached an 
absorbance of approximately 0. 12 at 420mµ, a portion was transferred 
to a 2 liter Erlenmeyer flask which was placed in a waterbath at 21 C. 
After suitable incubation times at 15 C (0) and 21 C (t) 100 ml por- 
tions were centrifuged at 6, 000 x g for 5 min. The cells were re- 
suspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 N KOH the RNA content of each 
thawed suspension was determined by the orcinol method (4). 
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Figure 5. The effect of a temperature of 21 C on DNA synthesis 
by Vibrio marinus MP -4. When the growing culture reached an 

absorbance of approximately 0.12 at 420mµ, a portion was transferred 
to a 2 liter Erlenmeyer flask which was placed in a waterbath at 21 C. 

After suitable incubation times at 15 C (0) and 21 C (A) 100 ml por- 
tions were centrifuged at 6, 000 x g for 5 min. The cells were re- 
suspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extraction with TCA followed by hydrolysis 
with 0. 5 N PCA the DNA content of each thawed suspension was deter- 
mined by the method of Burton (2). 
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Figure 6. The effect of a temperature of 25 C on protein synthe- 
sis by Vibrio marinus MP -4. When the growing culture reached an 
absorbance of approximately 0.12 at 420mµ, a portion was transferred 
to a 2 liter Erlenmeyer flask which was placed in a waterbath at 25 C. 
After suitable incubation times at 15 C (0) and 25 C (Ls) 100 ml por- 
tions were centrifuged at 6, 000 x g for 5 min. The cells were re- 
suspended in 5 ml of 0. 5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 N KOH the protein content of each 
thawed suspension was determined by the method of Lowry et al. (23). 



R
e
l
a
t
i
v
e
 
I
n
c
r
e
a
s
e
 

1 

Time (hr. ) 

2 3 

21 

Figure 7. The effect of a temperature of 25 C on RNA synthesis 
by Vibrio marinus MP -4. When the growing culture reached an 
absorbance of approximately 0. 12 at 420mµ, a portion was transferred 
to a 2 liter Erlenmeyer flask which was placed in a waterbath at 25 C. 

After suitable incubation times at 15 C (0) and 25 C (A) 100 ml por- 
tions were centrifuged at 6, 000 x g for 5 min. The cells were re- 
suspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 N KOH the RNA content of each 
thawed suspension was determined by the orcinol method (4). 
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Figure 8. The effect of a temperature of 25 C on DNA synthesis 
by Vibrio marinus MP -4, When the growing culture reached an 

absorbance of approximately 0.12 at 420 mµ, a portion was transferred 
to a 2 liter Erlenmeyer flask which was placed in a waterbath at 25 C. 

After suitable incubation times at 15 C (0) and 25 C (A) 100 ml por- 
tions were centrifuged at 6, 000 x g for 5 min. The cells were re- 
suspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extraction with TCA followed by hydrolysis with 

0. 5 N PCA the DNA content of each thawed suspension was determined 
by the method of Burton (2). 
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catalyzing the deamination of L- serine exhibit maximal activity 

at 50 C with an optimum at 40 C (1). Similarly the glucose-6-phos- 

phate dehydrogenase of this organism is active to 50 C (W. W. 

Miller, personal communication). Malic dehydrogenase, however, 

in the partially purified state, is denatured above and below 15 C 

(20). It appears that the thermal inactivation of enzymes in V. 

marinus MP -1 and MP -4 at moderate temperatures varies with the 

enzyme. Since protein, RNA and DNA synthesis was stimulated 

at 21 C the reason(s) for the death of V. marinus MP -4 above 20 C 

remain unknown. 

V. marinus MP -4 grew over a hydrostatic pressure range of 

1 to 300 atm, with very little growth between 300 and 400 atm in 

24 hr. When incubated at pressures above 500 atm for 24 hr. the 

cells were killed (Table I). The maximum pressure at which the 

cells grew was 425 atm (Table II). 

A transient reduction in the rates of synthesis of protein and 

RNA occurred when growing cells were exposed to 200 atm of pres- 

sure (Figures 9 and 10). The cells may have simply readjusted 

themselves to this pressure, and then continued protein and RNA 

synthesis at the 1 atm rate since 200 atm is well within the normal 

pressure growth range (Tables I and II). Therefore the increase 

in protein, RNA and DNA was probably a reflection of the growth 

of the organism. RNA synthesis may have slowed due to the slowing 
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Table I. The growth of V. marinus MP -4 under various hydrostatic 
pressures for 24 hr. in medium #17. 

Atmospheres Viable cells /ml 

3 
16 x 10 

1 15 x 106 

100 89 x 105 

200 37 x 104 

300 57 x 103 

400 26 x 103 

500 25 x 102 

600 Killed 

700 Killed 

,, Inoculum 
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Table II. The growth of V. marinus MP -4 under hydrostatic 
pressures of 400 to 500 atm for 24 and 48 hr. in 
medium #17. 

Atmospheres 
Viable cells /ml 

in 24 hr. 
Viable cells /ml 

in 48 hr. 

1 
93 x 10 

1 70 x 105 55 x 106 

400 38 x 103 24 x 104 

425 13 x 102 23 x 102 

450 15 25 

475 Killed Killed 

500 Killed Killed 

*Inoculum 
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Figure 9. The effect of 200 atm on protein synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance of 

approximately 0.12 at 420 mµ, 100 ml portions were pressurized to 

200 atm (A) and the remainder left at 1 atm (0). After suitable incu- 
bation times at 15 C and the desired hydrostatic pressures 100 ml 

portions were centrifuged at 6, 000 x g for 5 min. The cells were 
resuspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 N KOH the protein content of each 
thawed suspension was determined by the method of Lowry et al. (2 3). 
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Figure 10. The effect of 200 atm on RNA synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance of 

approximately 0.12 at 420 mµ, 100 ml portions were pressurized to 
200 atm (A) and the remainder left at 1 atm (0). After suitable incu- 
bation times at 15 C and the desired hydrostatic pressures 100 ml 
portions were centrifuged at 6, 000 x g for 5 min. The cells were 
resuspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 N KOH the RNA content of each 
thawed suspension was determined by the orcinol method (4). 

0 1 2 3 
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of protein synthesis at 200 atm. DNA synthesis was not affected 

by 200 atm (Figure 11). At 200 atm, the cells appeared to adapt 

themselves physiologically, which is to be expected since the 

original isolate was obtained from water at a pressure of 120 atm. 

The data are difficult to interpret for RNA synthesis by cells 

exposed to 400 atm. Although protein and DNA synthesis resumed 

new rates (Figure 12 and 14), there was no reduction in RNA 

synthesis (Figure 13). Several enzyme reactions posses hydrostatic 

pressure optima from 200 to 400 atm. L- serine deamination by 

V. marinus MP -1 is an example. The optimum pressure for deamina- 

tion is 300 atm (1). W. W. Miller (personal communication) found 

that the rate of activity for partially purified glucose -6- phosphate 

dehydrogenase from V. marinus MP -1 is approximately doubled 

at 350 atm relative to the 1 atm control. The DNA dependent RNA 

polymerase may be under the control of protein synthesis at 400 atm, 

but a purely physical effect of 400 atm may have caused a stimula- 

tion of the activity of the RNA polymerase resulting in no decrease 

in RNA synthesis relative to the 1 atm control. The data obtained 

by ZoBell and Cobet (40) show that the amount of RNA increased 

substantially over the amount of DNA in unit amounts of E. coli 

cellular material as the incubation pressure was increased. 

Five -hundred atm immediately dissociated the rate of 
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Figure 11. The effect of 200 atm on DNA synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance of 

approximately 0.12 at 420 mµ, 100 ml portions were pressurized to 

200 atm (0) and the remainder left at 1 atm (0). After suitable incu- 
bation times at 15 C and the desired hydrostatic pressures 100 ml 
portions were centrifuged at 6, 000 x g for 5 min. The cells were 
resuspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extraction with TCA followed by hydrolysis 
with 0. 5 N PCA the DNA content of each thawed suspension was 

determined by the method of Burton (2). 
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Figure 12. The effect of 400 atm on protein synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance of 

approximately 0.12 at 420 mµ, 100 ml portions were pressurized to 
400 atm (t) and the remainder left at 1 atm (0). After suitable incu- 
bation times at 15 C and the desired hydrostatic pressures 100 ml 
portions were centrifuged at 6, 000 x g for 5 min. The cells were 
resuspended in 5 ml of 0. 5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 N KOH the protein content of each 
thawed suspension was determined by the method of Lowry et al. (23). 
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Figure 1 3. The effect of 400 atm on RNA synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance of 

approximately 0. 12 at 420 mµ, 100 ml portions were pressurized to 

400 atm (A) and the remainder left at 1 atm (0). After suitable incu- 
bation times at 15 C and the desired hydrostatic pressures 100 ml 

portions were centrifuged at 6, 000 x g for 5 min. The cells were 
resuspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 N KOH the RNA content of each 
thawed suspension was determined by the orcinol method (4). 
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Figure 14. The effect of 400 atm on DNA synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance of 

approximately 0. 12 at 420 mµ, 100 ml portions were pressurized to 
400 atm (A) and the remainder left at 1 atm (0). After suitable incu- 
bation times at 15 C and the desired hydrostatic pressures 100 ml 

portions were centrifuged at 6, 000 x g for 5 min. The cells were 
resuspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extraction with TCA followed by hydrolysis 
with 0. 5 N PCA the DNA content of each thawed suspension was 

determined by the method of Burton (2). 
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protein synthesis (Figure 15) from the rates of RNA and DNA synthe- 

sis (Figures 16 and 17). RNA and DNA synthesis at 500 atm con- 

tinued at the I atm rates for 30 and 60 min, respectively, then 

gradually shifted to new and lower rates of synthesis (Figures 16 

and 17). Within the time limits of these experiments, the increase 

in macromolecular synthesis is not a reflection of new cells. Fur- 

thermore, the application of 600 atm for 3 hr. did not kill the cells. 

Prolonged incubation of the cells at 500 atm resulted in a cessation 

of DNA synthesis. 

The new rates for protein synthesis at 400 and 500 atm were 

2/3 and 1/4, respectively, of the rate of the 1 atm control (Figures 

12 and 15). The immediate reduction in the rate of enzyme and non - 

enzyme catalyzed reactions upon the application of hydrostatic pres- 

sure has been well documented. Kettman et al. (18) showed that the 

aggregation of poly -L- valyl -ribonuclease immediately decreased, 

relative to the 1 atm control, upon the application of 150 or 300 atm. 

Mortia (26), using E. coli, showed that formic, malic and succinic 

dehydrogenases were all adversely affected by pressures greater 

than 1 atm, and the reaction rates immediately slowed on pressure 

application. Malic dehydrogenase activity by mitochondria of 

Allomyces macrogynus slowed on the application of pressure (11). 

Numerous other examples are in the literature showing that enzyme 

and non - enzyme catalyzed reactions assumed their new pressure 
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Figure 15. The effect of 500 atm on protein synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance of 

approximately 0.12 at 420 mµ, 100 ml portions were pressurized to 
500 atm (A) and the remainder left at 1 atm (0). After suitable incu- 
bation times at 15 C and the desired hydrostatic pressures 100 ml 

portions were centrifuged at 6, 000 x g for 5 min. The cells were 
resuspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 N KOH the protein content of each 
thawed suspension was determined by the method of Lowry et al. (23). 
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Figure 16. The effect of 500 atm on RNA synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance of 

approximately 0.12 at 420 mµ, 100 ml portions were pressurized to 

500 atm (A) and the remainder left at 1 atm (0). After suitable incu- 
bation times at 15 C and the desired hydrostatic pressures 100 ml 

portions were centrifuged at 6, 000 x g for 5 min. The cells were 

resuspended in 5 ml of 0.5% (w/v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 N KOH the RNA content of each 
thawed suspension was determined by the orcinol method (4). 
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Figure 17. The effect of 500 atm on DNA synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance of 

approximately 0.12 at 420 mµ, 100 ml portions were pressurized to 
500 atm (t) and the remainder left at 1 atm (0). After suitable incu- 
bation times at 15 C and the desired hydrostatic pressures 100 ml 
portions were centrifuged at 6, 000 x g for 5 min. The cells were 
resuspended in 5 ml of 0. 5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extraction with TCA followed by hydrolysis 
with 0. 5 N PCA the DNA content of each thawed suspension was 

determined by the method of Burton (2). 
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controlled rates at the time of pressurization, as with protein 

synthesis by V. marinus MP -4 at 400 and 500 atm. 

One thousand atm immediately stopped macromolecular 

synthesis (Figures 18, 19 and 20). At this pressure, the total 

RNA of the culture increased for a time and then dropped almost to 

the pre -pressurization level. Pollard and Weller (34) found that E. 

14 
coli 15 T L incorporated 14C- uracil into RNA at 900 atm for 50 

min at almost the rate of the 1 atm control. There was no incor- 

poration of 14C- valine into protein at this pressure. The limited 

data available indicates that 1, 000 atm causes a conformational 

change in the enzymes synthesizing these macromolecules. The 

synthesis of protein, RNA and DNA at 1, 000 atm probably ceased 

because the pressure was too great for the physiological processes 

of the cell; whereas, at 200, 400 and 500 atm physiological response 

was possible. There is ample evidence that 1, 000 atm rapidly 

inhibits the activity of many enzymes (1, 15). 

The effect of a cyclic pressurization and depressurization 

on protein, RNA and DNA synthesis was investigated. Protein 

synthesis immediately slowed on application of 600 atm (Figure 

21). When depressurized to 1 atm, the system resumed the 1 atm 

rate of synthesis after a 30 min lag. Upon the second application 

of pressure, there was a delay before the synthetic rate decreased. 

Upon the application of 550 atm, the lowering of the rate for RNA 
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Figure 18. The effect of 1, 000 atm on protein synthesis by 
Vibrio marinus MP -4. When the growing culture reached an absor- 
báncé of approximately O. 12 at 420 mµ, 100 ml portions were pressur- 
ized to 1, 000 atm (46) and the remainder left at 1 atm (0). After 
suitable incubation times at 15 C and the desired hydrostatic pres- 
sures 100 ml portions were centrifuged at 6, 000 x g for 5 min. The 

cells were resuspended in 5 ml of O. 5% (w /v) Triton X -100 at pH 9.5 
and immediately frozen. After extractions with TCA, ethanol and 

diethyl ether followed by hydrolysis with 0. 3 N KOH the protein con- 
tent of each thawed suspension was determined by the method of 

Lowry et al. (23). 
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Figure 19. The effect of 1,000 atm on RNA synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance 
of approximately 0.12 at 420 mµ, 100 ml portions were pressurized 
to 1,000 atm (t) and the remainder left at 1 atm (0). After suitable 
incubation times at 15 C and the desired hydrostatic pressures 100 

ml portions were centrifuged at 6, 000 x g for 5 min. The cells were 
resuspended in 5 ml of 0. 5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extractions with TCA, ethanol and diethyl ether 
followed by hydrolysis with 0. 3 N KOH the RNA content of each 
thawed suspension was determined by the orcinol method (4). 
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Figure 20. The effect of 1, 000 atm on DNA synthesis by Vibrio 
marinus MP -4. When the growing culture reached an absorbance of 

approximately 0.12 at 420 m4, 100 ml portions were pressurized to 
1,000 atm (A) and the remainder left at 1 atm (0). After suitable 
incubation times at 15 C and the desired hydrostatic pressures 100 

ml portions were centrifuged at 6, 000 x g for 5 min. The cells were 
resuspended in 5 ml of 0.5% (w /v) Triton X -100 at pH 9. 5 and imme- 
diately frozen. After extraction with TCA followed by hydrolysis 
with 0. 5 N PCA the DNA content of each thawed suspension was de- 
termined by the method of Burton (2). 
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Figure 21. The reversible effect of 600 atm on protein synthesis 
by Vibrio marinus MP -4. When the growing culture reached an ab- 
sorbance of approximately 0. 12 at 420 m, 100 ml portions were pre- 
ssurized (P) to 600 atm. After incubation at 15 C at 600 atm for 80 

min. the culture was depressurized (D) and further incubated at 15 C 

at 1 atm for 80 min. at which time it was again pressurized (P) to 
600 atm. After suitable incubation times 100 ml portions were cen- 
trifuged at 6, 000 x g for 5 min. The cells were resuspended in 5 ml 
of 0. 5% (w /v) Triton X -100 at pH 9. 5 and immediately frozen. After 
extractions with TCA, ethanol and diethyl ether followed by hydrolysis 
with 0. 3 N KOH the protein content of each thawed suspension was 
determined by the method of Lowry et al. (23). 
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synthesis was delayed for approximately 45 min. (Figure 22). When 

the system was depressurized the effect of pressure on RNA syn- 

thesis was again delayed for approximately 45 min before a resump- 

tion of the 1 atm rate began. The effect of pressure on DNA syn- 

thesis at 500 atm was similar to the effect on RNA synthesis, but 

the effects of pressurization and depressurization took a longer 

time to be expressed (Figure 23). It took approximately 150 min 

for 500 atm to stop DNA synthesis. Depressurization did not bring 

about a resumption of DNA synthesis immediately, but when the 

system was again pressurized the resumption of the 1 atm rate 

was again assumed. This may mean that DNA synthesis was 

initiated during the decompression period and even though the sys- 

tem was pressurized again the initiation of DNA synthesis was 

completed. Once initiated, DNA synthesis occurred, unaffected 

by 500 atm. 

Although these data do not indicate exactly how pressure 

affects protein, RNA and DNA synthesis, they show that these 

synthetic mechanisms functioned even though the cells were not 

reproducing under pressure. Explanation of these data is difficult 

since this investigation dealt with cells and not a simple system. 

These data also show that too little is known concerning this subject 

matter; however, some attempts to explain the data can be made. 
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Figure 22. The reversible effect of 550 atm on RNA synthesis 
by Vibrio marinus MP -4. When the growing culture reached an 
absorbance of approximately 0.12 at 420 mµ , 100 ml portions were 
pressurized (P) to 550 atm. After incubation at 15 C at 550 atm for 
60 min. the culture was depressurized (D) and further incubated at 
15 C at 1 atm for 60 min. at which time it was again pressurized (P) 

to 550 atm. After suitable incubation times 100 ml portions were 
centrifuged at 6,000 x g for 5 min. The cells were resuspended in 

5 ml of 0. 5% (w /v) Triton X -100 at pH 9. 5 and immediately frozen. 
After extractions with TCA, ethanol and diethyl ether followed by 

hydrolysis with 0. 3 N KOH the RNA content of each thawed suspension 
was determined by the orcinol method (4). 
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Figure 23. The reversible effect of 500 atm on DNA synthesis 
by Vibrio marinus MP -4. When the growing culture reached an 

absorbance of approximately 0.12 at 420 m4, 100 ml portions were 
pressurized (P) to 500 atm. After incubation at 15 C at 500 atm for 
150 min. the culture was depressurized (D) and further incubated at 

15 C at 1 atm for 100 min.at which time it was again pressurized (P) 

to 500 atm. After suitable incubation times 100 ml portions were 
centrifuged at 6,000 x g for 5 min. The cells were resuspended in 

5 ml of 0. 5% (w /v) Triton X -100 at pH 9. 5 and immediately frozen. 
After extraction with TCA followed by hydrolysis with 0. 5 N PCA the 

DNA content of each thawed suspension was determined by the method 

of Burton (2). 
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E. coli is believed to possess an initiator and replicator sub- 

stance associated with DNA (13, 21) and these are thought to be pro- 

tein in nature (21). The replicator and initiator "proteins" are be- 

lieved to control DNA replication, slowing or accelerating it, as the 

physiological condition of the cell warrants. If a similar situation 

exists in V. marinus MP -4 then a retardation of protein synthesis 

could retard DNA replication because of the limited availability of 

initiator or replicator protein. Theoretically, if the synthesis of 

initiator and replicator protein by an actively growing culture 

ceased completely DNA replication should continue for a small 

increase in the DNA of the culture and then stop (22, 24). At 500 

atm there was about a 100% increase in the DNA of the culture 

indicating that the synthesis of the initiator and /or replicator pro- 

tein, if indeed the cell possesses these, was not immediately 

stopped. This hypothesis would account for the slightly lower rate 

of DNA synthesis at 400 atm compared with the control (Figure 14). 

The observation that DNA synthesis was unaffected at 200 atm 

supports this conclusion (Figure 11). At 400 atm, there may have 

been a lowered rate of synthesis of initiator or replicator protein. 

Since the culture at 200 atm, within 60 min, resumed the 1 atm 

rate of protein synthesis (Figure 9) the levels of initiator or 

replicator protein did not become limiting and DNA synthesis was 

unaffected. 
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The control of RNA synthesis by bacteria is known to be some- 

what variable. Some microorganisms have stringent RNA control, 

while others have relaxed control (7). In V. marinus MP -4, the 

synthesis of RNA may be under the stringent control of protein 

synthesis, and the control expressed itself about 30 min after 500 

atm was applied to the culture (Figure 16). 

Another explanation for the observed effects of 200, 400 and 

500 atm on protein, RNA and DNA synthesis might be that pressure 

inhibited enzyme required for the synthesis of the monomers (amino 

acids, purines: and pyrimidines) necessary for macromolecular 

synthesis. If the synthesis of even 1 amino acid was inhibited 

then the synthesis of protein should stop. However, protein syn- 

thesis on the application of 400 and 500 atm immediately shifted to 

a new rate; whereas the change in rate should have been graduate 

with time due to the depletion of the amino acid "pool ". If the 

synthesis of a common monomer of RNA and DNA, e. g. adenine, 

was inhibited then the synthesis of these 2 polymers would show the 

same rates upon pressurization. This was not found (Figures 10, 

11, 13, 14, 16 and 17). Thus within the limits of the experimental 

data, it appears that pressures of 200, 400 and 500 atm did not 

appreciably inhibit the reactions leading to the formation of the 

cells' monomer constituents. 

Since the assumption has been made that RNA and DNA 
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synthesis is dependent on protein synthesis in V. marinus MP -4, 

the mechanisms involved ih protein synthesis (e. g. acylation of 

amino acids), which require an increase in molecular volume, 

may be inhibited by the application of pressure, and therefore the 

effect of pressure would be immediate (Figures 12, 15 and 18). 

The application of 600 atm immediately slowed protein synthesis, 

but when the cells were depressurized the reactions which required 

volume increases were completed resulting in protein synthesis 

(Figure 21). With the second application of 600 atm, those processes 

involved in protein synthesis which did not require volume increases 

were completed before synthesis stopped. Since it is known that 

the formation of the peptide bond results in a volume decrease, 

it may be assumed that the formation of polypeptide chains from the 

individual amino acids results in a volume decrease, and this should 

continue under 600 atm. 
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SUMMARY 

Vibrio marinus MP -4, a marine psychrophilic bacterium, is 

killed above 20 C and does not grow above 425 atm. A balanced 

actively growing culture of this organism was subjected to temper- 

atures and hydrostatic pressures above its maximum for growth 

and the synthesis of protein, RNA and DNA monitored with time. 

A temperautre of 21 C stimulated protein, RNA and DNA syn- 

thesis, whereas 25 C stimulated RNA synthesis only, and inhibited 

protein and DNA synthesis. 

Hydrostatic pressures of 200, 400 and 500 atm appeared 

to affect primarily the RNA translation mechanism, which in 

turn appeared to control DNA replication and transcription. 

The effects of pressures from 500 to 600 atm on protein, 

RNA and DNA synthesis were reversible because the synthesis of 

these macromolecules resumed the control rates on depressuriza- 

tion of the cells. 

The results suggest that the thermal inactivation of the pro- 

tein, RNA and DNA synthetic mechanisms is probably not the cause 

for cell death above 20 C. Also the primary effect of hydrostatic 

pressures of 200 to 600 atm is on protein synthesis. 
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