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SOME PHYSIOLOGICAL BASES FOR SURVIVAL OF A

MARINE BACTERIUM DURING NUTRIENT STARVATION

INTRODUCTION

Organisms which inhabit marine environments are likely to

encounter periods of extremely low nutrient availability as they

move with the water masses in various routes of global circula-

tion. Bacteria in the sea are transported passively in water

masses which may sink and travel along the ocean floor essentially

without added nutrients for hundreds of years before returning to

the relatively nutrient-rich surface waters. The total organic

carbon content in seawater ranges from an average of 1.0 mg C

per liter in surface waters to 0.5 mg per liter of deep sea water

(Menzel and Ryther, 1968). Therefore the ability of marine bac-

teria to adapt to and withstand starvation conditions for indef-

inite periods of time is essential to the continuation of each

marine species. While entire marine populations may not survive

nutrient deprivation, any small fraction of the population, or

even a single cell from each species can regenerate the natural

population when nutrients again become available, provided other

conditions for growth are favorable.

The exceptional ability of marine organisms to survive star-

vation has been demonstrated by the marine vibrio ANT-300, which

was found to maintain high viability in starvation cultures for

periods greater than one year (Novitsky and Morita, 1977; 1978).

Most bacterial starvation studies in the literature are relatively

short-term experiments involving extrapolated estimations of

population extinction times and determinations of the cellular

substrates utilized in endogenous metabolism. Most researchers

have interpreted observed bacterial responses to starvation

as functions of an entire homogeneous population rather than
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distinguishing between surviving and non-surviving cells within

the population. Previous studies have generally been aimed at

defining details of the detrimental effects of starvation on

whole populations rather than looking for physiological adapt-

ations in starving populations or in certain cells which might

increase their chances for survival.

The methods used in this study measure factors related

to the respiratory physiology of the cells as they starve.

The term starvation throughout this report refers to cells

which have been washed and resuspended in a minimal salts

solution with no exogenous source of organic carbon or nitrogen.

An experimental period of 40 days was chosen to allow sampling

throughout the period of viability loss and into the state

of stable viability. Physiological characteristics of the

starving cells will be described as "stabilized" once they

maintain relatively constant levels of activity with time,

after any initial changes which occur in response to starvation.

Starvation cultures of the marine Pseudomonas JLE. used in

this study showed a 99.9 percent decrease in the viable cell

count during the first 25 days of starvation. The remaining

0.1 percent represented greater than 10
5
viable cells per ml

and remained essentially constant from 25 days to over one

year of starvation. This 0.1 percent of the original popu-

lation is a significant number of cells capable of regenerating

a population comparable to the original if environmental

conditions become favorable. The state of stabilized viability

under starvation conditions and the physiological preparation

for it by the cells are the phenomena examined in this work.
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LITERATURE REVIEW

Although the phenomenon of starvation in bacteria has been

studied by several researchers since the early 1960s, the variety

of methods used and the species-specificity of results makes

general conclusions inappropriate. The term starvation has been

used to refer to bacterial cultures in stationary phase after

the depletion of a growth substrate, as well as to cells from

any growth phase which have been washed and resuspended in various

starvation menstruums. The majority of reports follow starvation

for a period less than 48 hours, with some as short as 90 minutes.

In these cases any adaptation to starvation conditions may have

been entirely unobserved.

In 1962 and 1963 Postgate and Hunter published some of the

first systematic studies on starvation in which they assessed

the influence of growth rate, growth nutrients, phase of growth,

and cell density on the " death curves " of starving cells.

Since then several workers have followed the loss of viability

in starving populations of various bacteria and calculated the

amount of time required to reduce the viability of the population

by 50 percent. Such half-life starvation times have been com-

piled into tables by both Novitsky ( PhD thesis, 1977), and

Nelson and Parkinson (1978). Half-life starvation times range

from five hours for Aerobacter aerogenes (Postgate and Hunter,

1962) to 100 days for the soil organism Arthrobacter crystallo-

poietes (Boylen and Ensign, 1970). The wide variability of

intermediate values reported indicates that the ability to with-

stand starvation is a very species-specific characteristic.

The marine vibrio, ANT-300, has been reported to increase in

viable cell number when placed under starvation conditions,

and maintains greater than 100 percent viability for over seventy

weeks (Novitsky and Morita, 1978). As these authors suggest, the
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relatively long survival times reported for soil and marine

organisms might indicate that the ability to adapt to and survive

starvation conditions is a characteristic of organisms from

typically nutrient-poor environments.

Although bacterial populations generally decrease in viability

when starved, all reports indicate that little or no lysis occurs

( Boylen and Ensign, 1970; Burleigh and Dawes, 1967; Gronlund

and Campbell, 1963; Harrison and Lawrence, 1963; Niven, Collins,

and Knowles, 1977; Novitsky and Morita, 1977; Postgate and Hunter,

1963 ). Experiments indicate that the cell wall maintains its

osmotic barrier function even in cells which are no longer able

to reproduce ( Burleigh and Dawes, 1967; Postgate and Hunter,

1963 ). The possibility that certain cells within a starving

culture are remaining viable due to cryptic growth on nutrients

released into the media by non-viable cells has been investigated

and can not be conclusively ruled out in starvation experiments

(Postgate and Hunter,1962; Novitsky and Morita, 1978).

Much of the starvation literature concerns determinations

of the substrates for endogenous respiration in various bacteria.

Endogenous respiration of a bacterial cell was defined by Dawes

and Ribbons (1963) as "the total metabolic reactions which occur

when the cell is deprived of compounds or elements which may

serve specifically as exogenous substrates.". In a recent

review by Dawes (1976) he states that there is no strict

pattern for metabolism of endogenous compounds in bacteria.

The free amino acid pool, RNA, and nonessential proteins are the

most common substrates degraded in a wide range of bacteria

( Burleigh and Dawes, 1967; Campbell and Gronlund, 1963; Clifton,

1966; Dawes, 1976; Gronlund and Campbell, 1963; MacKelvie, Camp-

bell, and Gronlund, 1968; Montegue and Dawes, 1974; Nazly, Carter,

and Knowles, 1980, Postgate and Hunter, 1962; Warren, Ells, and

Campbell, 1960 ). Specific studies on Pseudomonas species have



shown ribosomal RNA, free amino acids, and proteins to be de-

graded as the cells expel large quantities of ammonia during

starvation. When traditional reserve materials such as glycogen

and poly -hydroxybutyrate (PHB) are present in bacteria they

are often the first compounds to be degraded, but may or may not

provide any advantage for survival ( Burleigh and Dawes, 1967;

Campbell and Gronlund, 1963; Chen and Alexander, 1972; Dawes

and Ribbons, 1963; Sobek, Charba, and Foust, 1966 ).

While the substrates of endogenous metabolism have received

much attention, literature on the modification of cellular ener-

getics, rates of processes, and respiratory functions in response

to starvation is limited. Regardless of the specific substrate,

a significant decrease in the rate of endogenous metabolism is

a universal response of bacteria to starvation in all literature're-

.ports. In most cases this was determined by manometry as a

decrease in the endogenous rate of oxygen uptake, expressed as

Q
02

values in pl 0
2
/mg dry weight/hour. In Dawes' (1976) review

of endogenous metabolism he concludes " Evidence suggests that

prolonged viability of starved bacteria is associated with a

low rate of endogenous metabolism ". This hypothesis is supported

by Nelson and Parkinson (1978) in their study of three Ant-

arctic isolates. They found a Pseudomonas to be the most star-

vation resistant, Arthrobacter somewhat less resistant, and

a Bacillus to be the most susceptible to death from starvation.

Accordingly, the Bacillus did not rapidly establish a low rate

of endogenous metabolism, while the more starvation resistant

organisms did. Only Chen and Alexander (1972) in studies with

soil microbes found no correlation between a low rate of endog-

enous metabolism and the ability to survive.

ANT-300, the marine vibrio with the longest starvation

resistance thus far reported, was found to decrease its rate

of endogenous metabolism by 80 percent within 48 hours of star-

vation. After seven days its respiratory rate was less than
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one percent of the original rate, and stabilized at 0.0071 percent

of the total cellular carbon respired per hour ( Novitsky and

Morita, 1977; Novitsky and Morita, 1978). Arthrobacter crystal-

lopoietes, the soil organism also well adapted to surviving

starvation, decreases its endogenous respiration rate rapidly

within 48 hours of starvation and stabilizes at 0.03 percent of

the cellular carbon per hour for at least 78 days (Boylen and

Ensign, 1970). Other bacteria tested include Sarcina lutea,

Nocardia corallina, Pseudomonas aeruginosa, and Escherichia coli,

which reduce their rates of endogenous metabolism by 95, 92,

83, and 75 percent respectively within 48 hours of starvation

( Burleigh and Dawes, 1967; Clifton, 1966; Clifton 1967; Robert-

son and Batt. 1973 ).

Changes in the ability of starving cells to oxidize exo-

genous substrates have also been looked at by oxygen manometry.

In all reports starvation does impair the cells' ability to

metabolize exogenous substrates and leads to a greatly decreased

411 02/mg/hr). Studies with Pseudomonas aeruginosa ( Mac-
Q02
Kelvie, Campbell and Gronlund, 1968) show that exogenous glucose

is oxidized immediately without a lag period during starvation,

but that the maximum Q
02

decreases by 50 percent in 48 hours.

Clifton (1967) reports a slower decrease of only 25 percent re-

duction of the glucose Q02 in 48 hours of starvation for Pseudo-

monas aeruginosa. A Zymomonas species tested by Dawes and

Large (1970) maintained its glucose oxidation rate for six days

of starvation before decreasing. A correlation of viability

with the ability to oxidize exogenous glucose and glutamic acid

was repo-ted for Sarcina lutea by Burleigh and Dawes (1967)

while Clifton (1966) reports the lack of such a correlation

for E. coli.
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More recently, studies on oxidation rates for exogenous

substrates have been carried out on natural aquatic populations

of bacteria using radioisotope techniques similar to those of

Hobbie and Wright for heterotrophic potential determinations.

( Hobbie and Crawford, 1969; Wright and Hobbie, 1966; Wright,

1974 ). The methods allow the determination of both the velocity

of total uptake and that fraction which is respired. Natural

marine populations tested by Gillespie, Morita, and Jones ( 1976 )

show glutamate to have the highest levels of activity of all

amino acids tested. The velocity of uptake for glutamate is

consistently two to ten times greater than the velocity for

glucose. Glutamate also has the highest percent respiration

of the substrates tested, presumably because of its close bio-

chemical relation t6 the citric acid cycle ( Gillespie, Morita,

and Jones, 1976; Hobbie and Crawford, 1969 ). In various reports,

the percent respiration data for glutamate ranges from 55 to 70

percent respired, while glucose values range from 25 to 35

percent respired ( Gillespie, Morita, and Jones, 1976; Hobbie

and Crawford, 1969; Hoppe, 1978; Wright, 1974 ). This consistency

of respiration ratios is illustrated more completely in a table

compiled by Hoppe ( 1978 ), and indicates that various populations

under varying conditions all utilize exogenous substrates in

a similar manner.

In studies of the metabolic activity occurring within bact-

erial populations counts of the total number of cells and of

the viable number are inadequate parameters for a number of

reasons well outlined by Hoppe ( 1976; 1978 ). The recent de-

velopement by Zimmermann, Iturriaga, and Becker-Birck ( 1978 )

of a rapid technique for determining by direct counts the fraction

of a population which is actively involved in respiration,

allows for the assessment of any changes in activity as a function

of individual cells or sub-populations rather than of the whole

population. The method involves incubation of the samples,
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without substrates, in 2-(p-iodopheny1)-3-(p-nitropheny1)-5-

phenyl tetrazolium chloride (INT). Actively metabolizing

cells reduce the INT to INT-formazan, which is deposited intra-

cellularly as red granules large enough to see and count with

a light microscope. The authors of the method have applied it

to natural water samples to determine that percent of the bac-

terial population which is actively metabolizing.

The only previous methods of distinguishing the fraction

of metabolically active bacteria within a population involve

microautoradiography ( Hoppe, 1976; Hoppe, 1978; Meyer-Reil,

1978). Using microautoradiographic techniques with labeled

amino acid substrates Hoppe (1978) reports that the actively

metabolizing bacteria in seawater comprise up to 60 percent

of the total population, and are 10 to 1000 times as numerous

as the viable cells. These values indicate the presence within

the natural population of a large fraction which is not capable

of reproduction, but which is metabolically active with regard

to the uptake of exogenous substrates. It is important to

remember, however, that this technique involves the addition

of growth substrates to the cell suspensions, and therefore

may not reflect the true size of the active fraction of the

of the population in an undisturbed state.

Meyer-Reil (1978) describes a method combining autorad-

iography and epifluorescent microscopy in which natural water

samples are incubated with tritiated glucose before being

filtered, exposed to autoradiographic film, and stained for

viewing. By this method 2.3 to 56.2 percent of the bacteria

are found to be actively metabolizing, and there is a signifi-

cant correlation between the number of metabolizing cells and

the observed glucose uptake rate. There is no correlation

between the number of viable cells or the total number of cells

and the uptake activity.
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The central role of the adenylate system in all bacterial

metabolic sequences (Chapman and Atkinson, 1977) makes it an

important parameter to follow in any physiological study of

bacteria. The adenosine triphosphate (ATP) content of bacteria

under various conditions has been determined for several species.

A study with seven marine isolates by Hamilton and Holm-Hansen

(1967) showed that the natural ATP content ranged from 0.5-6.5

x 10
-9

fag ATP per cell, corresponding to an average of 0.4 percent

of the amount of cellular carbon. They also report that the

ATP content of senescent bacteria after substrate depletion

is approximately one fifth of the growth value. In another exper-

iment by Hamilton and Holm-Hansen (1967) a starving culture of a

marine Pseudomonas shows a decrease in the quantity of ATP per

cell as the viability increases for the first five days of star-

vation. Then after the fifth day the viability begins to decrease

rapidly but the ATP content remains stable at 0.2 x 10
-9

ug per

cell. Nelson and Parkinson (1978), working with starvation in

three soil isolates, found that the two isolates which survived

longer showed a gradual decrease in ATP content with starvation.

The third isolate, a Bacillus, lost viability rapidly when

starved, and showed a simultaneous rapid decrease in ATP content.

One possible conclusion from starvation literature is that

the bacterial response to the lack of nutrients is quite varied

and species-specific. Some bacteria are said to be more star-

vation resistant than others by comparison of half-life star-

vation times, and yet this parameter means very little with

regard to the actual survival of a species, since a single cell

can regenerate the whole population. Harrison and Lawrence (1963)

isolated a starvation resistant mutant of Aerobacter aerogenes,

indicating that the ability to withstand starvation may be

genetically determined. The idea of dormancy as a bacterial

adaptation to the lack of nutrients has been well discussed by

Stevenson (1978) and Wright (1978).



10

MATERIALS AND METHODS

Organism and Media

The experiments involved in this research were conducted

with a pure culture of a mesophilic marine organism tentatively

identified as a Pseudomonas species [ J. Baross, personal commu-

nication 1. See appendix for culture characteristics. All 40

day experiments were carried out a minimum of two complete times

and most data points represent an average of triplicate samples.

MINIMAL SALTS SOLUTION (MS)

NaC1 26.0 g

KC1 0.8 g

MgC12.6H20 7.6 g

MgSO4.7H20 5.6 g

Tuis buffer 5.0 g

CaC1
2

0.1 g

Na
2
HPO

4
0.1 g

Distilled water 1.0 liter

pH 7.8

To prepare minimal salts a solution of the first five con-

stituents was made and adjusted to pH 7.8. To insure a cell-

free condition the solution was filter sterilized through an

0.22u Millipore filter and autoclaved for 20 minutes. Calcium

chloride and dibasic sodium phosphate were prepared separately as

one percent solutions and added after cooling to prevent precipi-

tation.

Glucose-ammonia media for growth of the organism was prepared

by adding appropriate volumes of ten percent glucose and ammonium-
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sulphate stock solutions to the sterile MS. The final concentra-

tions for growth were 0.1% glucose and 0.1 % ammonium-sulphate.

Medium 2216 (Difco) supplemented with 1.2% agar was used for

growth on plates.

Growth and Starvation Conditions

The Pseudomonas sue. was grown in 100 ml portions of glucose-

ammonia media in 300 ml side-arm flasks at 22.5 C. Aeration was

provided by shaking on a rotary shaker (New Brunswick Rotator

Model G2) at 100 rpm. Cells for starvation were harvested in

late log phase (Optical density 0.6-0.7 in a Bausch and Lomb Spec-

tronic 20 at 560 nm; approximately 60 hours of growth) by centri-

fugation for ten minutes at 5 C and 5000 x g in a Sorvall RC5

centrifuge. The resulting cell pellet was washed twice in sterile

MS and resuspended to an OD560 of 0.2 in 200 ml of sterile MS.

This OD
560

corresponded to a cell concentration of approximately

3 x 10
8

cells per ml. Starvation cultures were maintained at 22.5

C and shaken at 100 rpm.

Standard inoculum for all growth cultures was 0.1 ml of a

stock culture of the Pseudomonas Ea. which had been starving for

greater than 30 days, and was therefore in a stable starvation

state. The stock culture maintained a viable cell count of 4-6 x

10
5 cells per ml throughout the experimental period (Fig. 1).

Viability Determination

Viability of the cultures was determined by the spread plate

method using marine 2216 agar (Difco). Cells were considered

viable if they produced a colony within three days of incubation

at approximately 20 C.
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Direct Counting

Direct counts were obtained by acridine orange staining

and epifluorescence microscopy as proposed by Francisco (1973)

and modified by Zimmermann and Meyer-Reil (1974), Daley and

Hobbie (1975), and Daley, Hobbie, and Jasper (1977).Portions

of the starving cell suspensions were diluted 1:1000 and

fixed with glutaraldehyde (Tousimis Reseach Corporation, ultra-

pure-TEM grade, final concentration 1.5%). Two mls of this

dilution were filtered onto 0.2 ;a Nuclepore filters which had

been previously stained for 24 hours in Irgalan Black (2g oven

sterilized Irgalan Black dye per liter sterile 2% acetic acid)

as described by Watson, Novitsky, Quinby and Valois (1977).

Silver membranes (Selas Flotronics, pore size 0.8 A) were used

as supports under the nuclepore filters to insure a uniform

distribution of cells. One ml of an acridine orange solution

(1:1000 in distilled water) was then pipetted onto the filter

and left to stain for five minutes. The excess stain was re-

moved by vacuum. Filters were then air dried, cut into wedges,

and mounted in immersion oil on clean gless slides. Preparations

were viewed with a Zeiss microscope (standard, fitted with

Zeiss condensers for epifluorescent and phase contrast light,

magnification x 1000). For each sample 15 to 20 fields of

80 to 100 cells each were counted and averaged. The total

number of cells per ml of the original suspension was determined

using dilution factors and an area conversion factor between

the microscopic field and the area of the filter.

INT Assay

The fraction of the total number of cells actively involved

in respiration was determined with minor modifications according

to Zimmermann, Iturriaga, and Becker-Birck (1978). Three ml of a
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1:1000 dilution of the starving cell suspension were incubated

for 60 to 90 minutes with 0.3 ml of 2-(p-iodophenyl)-3-(p- nitro-

phenyl)-5- phenyl tetrazolium chloride (INT, 0.2% in distilled

water, final concentration 0.02%). The sample was then fixed

in glutaraldehyde, stained, and prepared for viewing as pre-

viously described for direct counting. Again, 15 to 20 fields

were counted and averaged. Bright field illumination was used

to count the INT deposits, and was alternated with epifluor-

escent lighting used for simultaneous total cell counts within

the same field of view. The percent of cells actively respiring

was calculated as that fraction of the total number which had

deposited visible INT granules.

Determination of Adenosine Tri-Phosphate

(ATP) Content

All adenylates were extracted in boiling Tris buffer (0.2 M

Tris, pH 7.5) from two ml portions of the starving suspension

according to the method of Holm-Hansen and Booth (1966) for

marine bacteria. Extracts were brought up to a final volume

of exactly ten ml with Tris buffer and stored frozen until

assayed. The luciferase assay was carried out on the Tris buf-

fered extracts using the methodology of Karl and Holm-Hansen

(1978) with firefly lantern extracts (Sigma Chemical Company,

FLE-50). ATP standards were prepared by serial dilution of

crystalline ATP (Sigma Chemical Company) in the reaction buffer

(MgC12 15mM, Na2HPO4 75 mM). Standards were extracted in boiling

Tris and frozen before being assayed in order to produce a stan-

dard curve which related directly to the extracted samples. Light

emission from the firefly bioluminescent reaction was measured

as peak emission data on an Aminco Chem-Glow photometer. Tripli-

cate samples were extracted for each data point in each of three

identical starvation experiments.
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Respiration of Exogenous

Glucose and Glutamic Acid

The effect of starvation on the uptake of exogenous substrates

and on the extent of their subsequent respiration was determined

for glucose and glutamic acid. The procedure was modified from

Wright and Hobbie (1966; Hobbie and Crawford, 1969; Wright, 1974)

to use a single concentration of
14
C-labeled substrate (Griffiths,

Hayasaka, McNamara, and Morita, 1977).

For glucose uptake 50 pl of D-(UL)-
14
C-glucose ( specific

activity 284 mCi/mmol,1 pCi/m1) was placed in each of four serum

bottles. Each bottle then received five ml of a 1:100 dilution

of the starving cell suspension and was immediately capped with

a rubber cap fitted with a cup and filter paper assembly (Hobbie

and Crawford, 1969). As a control one of the samples was acidified

at time zero by injection of 0.2 ml of 5N H
2
SO

4
through the serum

bottle cap. All four bottles were then incubated on a rotary

shaker at approximately 20 C for a period of time sufficient for

uptake of a significant amount of the substrate (two to eight hr).

Incubation was terminated by injecting 0.2 ml of 5N H2SO4 into the

three non-acidified samples. The filter papers in the cups of

all four bottles were then injected with 0.15 ml of /5-phenyl-

ethylamine to collect the evolved
14
CO2 and shaken for an additional

hour. The caps were then removed and the filter papers placed

in scintillation vials with 10 ml of scintillation cocktail.

( Omnifluor [New England Nuclear], 4g/liter reagent grade toluene).

The radioactivity of 14CO2 was counted for each sample on a

Beckman LS-100C scintillation counter. The five ml samples

remaining in the bottles were filtered through 0.45p Millipore

filters and rinsed with 15 ml of sterile MS to collect the
14

C

associated with cells as macromolecules (Baross, Hanus, Griffiths,

and Morita, 1975). The filters were dried and analyzed for

radioactivity in the same manner as the CO
2

samples.
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The resulting sets of triplicate data were converted from

counts per minute to disintegrations per minute and averaged. The

sum of the
14

CO
2

and
14
C-cells values was used to calculate

the total nmol of substrate taken up and the uptake rate was then

calculated as the nmol
14
C-glucose taken up/10

7
cells/hr. The

percent respiration was determined for each sample by dividing

the DPM value of
14
CO2 by the sum of the DPM values associated

with
14

CO2 and
14
C-cells and multiplying the result by 100.

The uptake rate and percent respired for glutamate was deter-

mined by the same procedure using 50 ul of
14
C-(UL)-glutamic

acid (specific activity 285 mCi/mmol, 1 pCi/m1) and incubation

times of 0.5 to 2 hours.

Determination of the Endogenous

Respiration Rate

The endogenous respiration rate during starvation was deter-

mined from the rate of evolution of
14
CO2 from a starving susp-

ension of
14
C-labeled cells using the methodology of Novitsky

and Morita (1977). To prepare
14
C-labeled cells a growth culture

was harvested in mid-log phase, washed twice with sterile MS,

and resuspended in 50 ml of a labeled glucose medium for at

least three generations of growth. The labeled glucose medium

was identical to the glucose-ammonia growth medium with the

substitution of 0.5,uCi/m1 of
14
C-(UL)-glucose ( specific activ-

ity 284 mCi/mmol) for the carbon source. Unlabeled glucose was

included to make a final concentration of 0.001% glucose. After

14 hours in the labeled medium the cells were harvested as pre-

viously described and resuspended for starvation to an OD560 of

0.045 in one liter of MS.
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At designated times during the starvation period 30 ml

portions were aseptically removed from the culture. To provide

a measure of the total labeled cellular carbon in the culture

two 5 ml sub-samples were immediately filtered through 0.45g

Millipore filters and rinsed with 15 ml of MS. Filters were

dried, placed in scintillation vials with ten ml of Omnifluor,

and analyzed for radioactivity in a Beckman LS-100C scintillation

counter. To measure the rate of CO
2
evolution from the cells

5 ml aliquots were pipetted into each of four 50 ml serum bottles

which were immediately sealed with rubber caps with cup and

filter paper assemblies as previously described. Two of these

sub-samples were acidified immediately by the injection of 0.2

ml of 5N H
2
SO

4
through the cap. These two bottles served as

blanks to determine the quantity of
14
CO2 already present in the

5 ml samples at time zero. The four bottles were incubated on

a rotating shaker at approximately 20 C for a period of time suf-

ficient to produce a significant quantity of respired
14

CO2 in

the non-acidified samples (6 to 30 hours). Incubation was ter-

minated by the injection of 0.2 ml of 5N H2SO4 into the two

non-acidified samples. Then 0.15 ml of/g-phenylethylamine was

injected into the filter papers in the cups of all four bottles,

and they were shaken for another hour to collect the
14

CO
2.

Each

filter paper was placed in a scintillation vial with ten ml of

Omnifluor and counted for radioactivity as before.

The amount of
14
CO2 contained in the samples at time zero

was subtracted from the
14

C0 value from the incubated samples

to produce a measure of the
i4

CO

2
evolved through endogenous

respiration during the incubation period. The rate of endogenous

respiration was calculated as the quantity of
14
CO2 evolved per

hour and expressed as a percentage of the total cellular carbon.
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Cryptic Feeding

The possibility that surviving cells in the starvation

cultures were utilizing nutrients released into the media by

"dead" cells was examined with a portion of the 14C-labeled

population used to follow the endogenous respiration rate.

After 30 days of starvation, 125 ml of the labeled culture

were removed and centrifuged at 5000 x g and 5 C for ten minutes.

The resulting cell pellet was washed twice to remove any nut-

rients from the original starvation menstruum, and resuspended

in 125 ml of fresh sterile MS. The fresh suspension was incu-

bated at 22.5 C on a rotary shaker at 100 rpm. At 4 and 14 hours

after washing the endogenous respiration rate of the cells

was determined as previously described, and compared to the

respiration rate of the unwashed cells in the ongoing star-

vation culture.
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RESULTS

The viability of the Pseudomonas sue. population under the

starvation conditions described followed a pattern with three

different stages as illustrated in Figure 2. Populations were

starved at an initial cell density of approximately 4 x 10
8

cells per ml, of which 3 x 10
8
per ml were viable. In the

first four days of starvation the viability increased by 40

percent to 4.2 x 10
8
viable cells per ml. Following this first

stage of increase, the population entered a stage of die-off

in which the viability dropped at a constant rate of 4.8 percent

daily for 21 days. After 25 days of starvation the die-off

stopped and viability stabilized at approximately 4 x 10
5

viable cells per ml, corresponding to 0.1 percent of the total

number of cells as determined by direct counts. This number

of viable cells was maintained throughout the remainder of the

40 day period observed. The viability data for replicate cul-

tures showed a strict consistency regarding the stabilization

point and the concentration of viable cells which was stabilized.

The stage of stable viability continued for an indefinite length

of time. The longest starvation culture thus far observed has

maintained 5 x 10
5 viable cells per ml for over 300 days,(Figure

1) although the half-life starvation time for this organism

is seven days. Direct counts, also shown in Figure 2, started

slightly higher than the viable counts at the onset of starva-

tion, and remained constant without significant variation as the

viable counts changed during the 40 day testing period.

The INT method used to determine the percent of the total

population which is actively respiring yielded reproducible

results shown in Fig. 3. At the onset of starvation 97% of
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Figure 1. Viability with long-term starvation.
Pseudomonas 122. cells were starved in a minimal salts

solution at 22.5 C. Viability was determined throughout
40 days of starvation by duplicate spread plates on 2216

agar ( Difco ).
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Figure 2. Viability, direct counts, and respiring cell

counts after various periods of starvation. All counts were

carried out on the same starvation culture. Viability (0)

was determined with duplicate spread-plates, direct counts
(0) by epifluorescence microscopy, and respiring cell counts
(A) by the INT method.
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Figure 3. Percent of the total number of cells which
is actively respiring after various periods of starvation.
Cells were considered actively respiring if they deposited
a visible red intracellular formazan granule during one hour
of incubation with 0.02% INT. The inset is an enlarged vert-
ical scale representation of the 15 to 40 day periods of
starvation with axes units corresponding to those of the
major graph.



24

Table 1. Relationship between the numbers of viable cells

and actively respiring cells in a starving population.

Starvation
time
(days)

Percent
a

viable
Percent
actively
tespiring

Percent viable

Percent active

0 67.0 96.8 69.2

6 55.4 27.3 202.9

11 12.4 9.7 127.8

15 1.1 4.8 22.9

23 0.2 1.5 10.0

25 0.1 1.8 4.4

28 0.1 1.1 8.8

30 0.1 1.6 7.6

40 0.1 0.7 14.3

x 100

a
Percent of the total number of cells as determined by direct

counts.
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the cells in the suspension were actively respiring as demon-

strated by their deposition of large red intracellular INT-formazan

granules. As the population starved, the fraction of cells

respiring actively enough to deposit visible granules decreased

rapidly to 27 percent in six days. The percent actively re-

spiring then continued to decrease more gradually until 18

days of starvation, at which time the population stabilized

with counts between 0.5 and 1.5 percent respiring (see inset

in Figure 3). An average value of one percent actively respiring

corresponds to 4.5 x 10
6
active cells per ml, as shown in Figure

2. Table 1 illustrates the quantitative relationship within

the starving population between that fraction which is activ-

ely respiring and that which is viable. The third column of

the table indicates that fraction of the respiring cell popu-

lation which is also viable. As shown, once the viability

and the respiring cell number stabilized (i.e. after 25 days)

in the starving population, the number of cells which remain

viable accounts for 4 to 14 percent of the actively respiring

cells.

Log phase Pseudomonas sp. cells assayed for ATP contained

6.5 x 10
-10

gg ATP per cell. ATP assays on starving cell

suspensions showed a decrease in ATP per volume of the culture

with time of starvation as would be expected. This decrease

was most rapid for the first four days of starvation during

which the ATP concentration dropped from 0.284 pg per ml to

0.045 Aig per ml. After four days the ATP decreased more

gradually and was essentially stable from 20 to 40 days of
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starvation at concentrations between 0.002 and 0.003 ug per ml.

On a per cell basis this change in ATP concentration during

starvation showed different patterns, depending on the cell

count used to compute the quantity of ATP per cell.

Figure 4 shows the changes in ATP on a total cell count

basis using direct counts as the number of cells per ml.

In this case the ATP per cell closely followed the pattern

for the ATP per ml of culture, since the total number of

cells was essentially stable throughout the 40 day period

tested. Cells began starvation with 6.4 x 10
-10

pg ATP per

cell, and stabilized at 20 days with 6.5 x 10
-12

ug ATP per

cell.

If the amount of ATP per cell is calculated using re-

spiring cell counts from the INT assay the pattern is quite

different as shown in Figure 5: After an initial drop in

the first eight days of starvation, the concentration of

ATP per respiring cell began to increase because the number

of respiring cells decreased faster than the decrease in ATP

per ml. By the end of the 40 day starvation period the cells

had essentially the same amount of ATP as they had at time

zero, 6.5 x 10
-10

pg ATP per respiring cell.

The ATP per viable cell, shown in Figure 6, showed an

even more dramatic increase after the initial drop due to the

smaller number of viable cells compared to the number of re-

spiring cells (see Table 1). The amount of ATP per viable

cell was 9.5 x 10
-10

pg at the onset of starvation, and de-

creased ten-fold in the first six days while the viable cell

count remained high. Then during the rapid die-off stage

the ATP per viable cell increased to almost ten times the

original amount, reaching 8.1 x 10
-9

pg ATP. Once the viabili-

ty stabilized at 25 days of starvation the amount of ATP per

viable cell stopped increasing, but remained significantly

higher than the original concentration.
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Figure 4. ATP content per cell on a direct count
basis after various periods of starvation. ATP per cell (21)

was determined by dividing the ATP per ml of the starvation
culture (0) by the total number of cells per ml (0) in the
culture as determined by epifluorescent microscopy direct
counts.
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after various periods of starvation.
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Figure 5. ATP content per respiring cell after various periods

of starvation. The ATP per respiring cell (A) was determined
by dividing the ATP per ml of the starvation culture ( ) by

the number of respiring cells per ml (0 ) as determined by the

INT assay.
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Figure 6. ATP content per viable cell after various periods
of starvation. ATP per viable cell (A) was determined by
dividing the ATP per ml of the starvation culture () by the
number of viable cells per ml of the culture (0) as deter-
mined by spread plates.
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Changes in the rates of uptake of
14
C-glucose and

14
C-

glutamate by starving cells can be seen in Figure 7. These

rates were calculated as the quantity of exogenous substrate

taken up per 10
7

total cells as determined by direct counts.

At the beginning of starvation the cells took up
14
C-glucose

and
14
C-glutamate at rates of 12.7 x 10

-6
nmol/107 total cells/

hr and 73.3 x 10
-5

nmol /107 total cells/hr respectively. This

means the cells took up sixty times as much glutamate per hour

as glucose, a difference in magnitude which was maintained

throughout starvation. Despite this difference in absolute

rates, the proximity and identical pattern of the lines in

Figure 7 illustrate that changes in the uptake rates due to

starvation occurred with identical kinetics and timing for

both substrates tested.

Both glucose and glutamic acid uptake rates were re-

duced by 80 percent in the first six days of starvation. At

17 days the uptake rates became stable at approximately 0.35

x 10
-6

nmol
14
C-glucose/10

7
total cells/hr and 0.9 x 10

5
nmol

14
C-glutamate/10

7
total cells/hr, corresponding to 2.75 percent

of the original rate for glucose and 1.23 percent of the ori-

ginal rate for glutamate. Thus, on the basis of the total

number of cells in the population, the ability to take up the exo-

genous substrates glucose and glutamate was impaired in like

manner by starvation, and decreased to constant basal levels

after 17 days.

Table 2 shows samples of this uptake data recalculated

as rates of uptake per actively respiring cells and uptake per

viable cells as compared to the rates of uptake per total number

of cells used in Figure 7. Rates of uptake in units of nmol

taken up /10
7 respiring cells/hr showed a general increase with

starvation, but there was no regular pattern to the increase.

Instead the rate peaked and dropped quite randomly during the
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Figure 7. Uptake rates for exogenous glucose and glutamate
after various periods of starvation. The sum of the respired 14CO2
and the 14C associated with the cells after incubation with labeled
glucose (0) or glutamate (41) was used to determine the total quant-
ity of the substrate taken up per hour. Per cell rates were calc-
ulated using direct count data as the number of cells taking up
substrate. The inset is an enlarged vertical scale representation
of the 15 to 40 day periods of starvation with units corresponding
to the units on the major graph.

40

34

Ur'

72 3

60 c?

c
48 >3

m
36

O
24

r
C)

12. r72

0



Table 2. Comparison of uptake rates for exogenous substrates computed with different cell counts.

Starvation
14
C-glucose uptake rates

a 14
C-glutamate uptake rates

b

time
(days)

Per 10
7

Per 10
7

Per 10
7

Per 10
7

Per 10
7

Per 10
7

total respiring viable total respiring viable

cells cells cells cells cells cells

0 12.7 13.0 19.0 73.3 75.7 109.6

4 4.3 5.9 5.8 23.0 31.9 31.3

8 3.2 13.1 10.9 11.1 46.1 38.4

13 1.0 11.0 94.0 4.1 44.1 377.7

17 0.3 25.0 47.0 1.5 106.5 200.0

25 0.4 24.0 513.5 0.9 50.4 1078.3

32 0.3 43.3 151.0 0.5 76.4 276.3

40 0.2 36.9 135.0 0.7 100.8 369.5

a
10
-6

nmol
14
C-glucose taken up per 10

7
cells (type specified in table) per hour.

b
10
-5

nmol
14
C-glutamate taken up per 10

7
cells (type specified in table) per hour.
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40 day period, and there was no strict similarity of glucose

and glutamate uptake patterns such as seen in Figure 7. Rates

calculated as nmol taken up/10
7
viable cells/hr also showed a

random increase pattern throughout the 40 days of starvation,

but the magnitude of the rates and variations was greater due

to the smaller number of viable cells.

Changes with starvation in the percent respiration of the

exogenous substrates can be seen in Figure 8. Uptake experi-

ments on the Pseudomonas SD. cells in log phase showed that 23.4

percent of the
14
C-glucose and 67.3 percent of the

14
C-gluta-

mate taken up were respired and given off as
14

CO2' Once

the cells were harvested and resuspended in the starvation
_ 14

menstruum they maintained the log phase value for 14C-glucose

of 23.3 percent respired, while the respiration of
14
C-gluta-

mate increased to 77.3 percent.

As the cells starved, the percent respiration of
14
C-glut-

amate increased to a maximum of 92 percent in four days. The

level then quickly declined for another four days, and continued

a slow decline until 28 days of starvation. After that point

the percent respiration for glutamate stablized at 70 percent,

close to the log phase value, for the last 12 days tested.

The percent respiration of
14

C-glucose showed a different pattern,

starting with a gradual increase from 23 percent to the max-

imum of 50 percent at 13 days of starvation. After 13 days the

level declined very gradually until 36 days, at which point

it was fairly stable at 22 percent respired, again quite close

to the log phase value.

Figure 9 shows changes in the endogenous respiration rate,

expressed as the percent of the total cellular carbon respired

per hour, of a starving population of
14
C-labeled cells. At

the onset of starvation the cells were respiring at a rate
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Figure 8. Percent respiration of exogenous substrates

by cells starved for various periods of time. The percent
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collected as 14CO2 by the total quantity taken up by the cells.
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Figure 9. Rate of endogenous respiration of total
14C-cellular carbon after various periods of starvation.
The endogenous respiration rate was determined as the rate
of 14C evolution from a sample of a starving suspension of
14C labeled cells. The total amount of 14C-carbon in the
sample was used to calculate the endogenous respiration
rate as the percent of the total cellular carbon respired
per hour.
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Figure 10. Rate of endogenous respiration of respiring

cell 14C -carbon after various periods of starvation. The
endogenous respiration rate was determined as the rate of
14C evolution from a sample of a starving suspension of 14C-
labeled cells. Only the 14C-carbon attributable to respir-
ing cells (conversion factors from INT data, Figure 3) in
the sample was used to calculate the endogenous respiration
rate as the percent of the respiring cell carbon respired
per hour.
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of 0.24 percent of the total cellular carbon per hour. This rate

was maintained for 12 hours of starvation and decreased rapidly

thereafter to 0.06 percent in three days. From three to eight

days the rate fluctuated, and then dropped gradually to a very

slow decrease from 0.007 to 0.002 percent during the last 20

days of starvation. Thus, when the endogenous respiration rate

is calculated using the total cellular
14
C in the sample as the

denominator, the result is a rapid decrease in the rate and a

relative stabilization at a very low level of activity.

Figure 10 illustrates the change in this pattern if the

same data is recalculated using only that cellular
14
C which is

attributable to the respiring cells as the denominator for the

rates.The respiring cell
14
C was determined by multiplying the

total cellular
14
C in the sample by the percent of the cells

which was actively respiring (INT data, Figure 3) at that time

of starvation. The
14

CO
2
evolved per hour was divided by this

new product to calculate the new endogenous respiration rate.

This was based on the idea that only the respiring cells in the

starvation culture were producing the
14
CO2 which was detected.

With this interpretation the endogenous respiration still started

at 0.24 percent of the cellular carbon per hour and dropped at the

onset of starvation as before, but from 6 to 40 days of starva-

tion there was an irregular increase to values as high as 0.58

percent of the
14
C-cellular carbon respired per hour.

The cells which were removed from the endogenous respiration

culture and washed to remove any cryptic growth nutrients in

the surrounding media showed no subsequent decrease in their rate

of endogenous respiration. On the total cellular carbon basis

the washed cells respired 0.006 percent of their carbon at both

4 and 14 hours after washing. This rate is comparable to the

0.004 percent cellular carbon respired by the unwashed cells.
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DISCUSSION

The ability of marine microorganisms to withstand nutrient

deprivation is important to the survival of each bacterial

species in the ocean. The viability pattern exhibited during

starvation of the marine Pseudomonas s2..in this study is a demo-

stration of that ability. While the majority of the cells

lost their viability when starved, the fraction which did

remain viable was more than sufficient to replace the popula-

tion if more favorable environmental conditions were encountered.

The reproducibility of the timing and general pattern of viabil-

ity shown in Figure 2 indicates that it is a characteristic

response to starvation for this particular organism. The

viability data in this study is used with the assumption that

the number of cells able to reproduce on solid medium is ident-

ical to the number able to reproduce in suspension.

The half-life starvation time of seven days for this

organism is not exceptionally long in comparison to other

reports in the literature, but it is obviously incorrect to

extrapolate the half-life starvation time to an extinction

time for starving populations since there is a shift into a

state of stable viability. Thus, use of the half-life star-

vation time in the previous literature to determine the relative

starvation resistance of various organisms is not valid.

The stability of the total number of bacteria in the

culture as determined by direct counts indicated that no lysis

occurred during starvation. This is in agreement with all

such observations of starving cell populations in the liter-

ature (Boylen and Ensign, 1970; Burleigh and Dawes, 1967;

Gronlund and Campbell, 1963; Harrison and Lawrence, 1963;

Niven, Collins, and Knowles, 1977; Novitsky and Morita, 1977;
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Postgate and Hunter, 1963). Although this shows that the

structural integrity of the cells is maintained after viability

is lost, it is possible that there is leakage of nutritive

organic material through the cell walls of the non-viable

cells. If this occurred the remaining viable cells could

utilize the organic compounds in the menstruum to maintain

their metabolic activities. However, the results of the

cryptic feeding experiment indicate that this is not the case.

Cells removed from their starvation menstruum and resuspended

in fresh minimal salts showed no subsequent decrease in the

rate of respiration as would be expected if the cells were

utilizing organic compounds from the original menstruum.

While this is not conclusive evidence, it suggests that res-

piration of cryptic leakage materials is not a major factor

contributing to the survival of cells in starvation cultures.

The counts of actively respiring cells from the INT assay

produced a different pattern than either the direct or viable

cell counts during starvation. The initial drop in the percent

of the total number of cells which were actively respiring

from 97 percent to 27 percent in six days indicated that the

majority of the cells either greatly decreased or terminated

their respiratory activity in response to starvation. It is

interesting that the initial decrease in the number of respiring

cells occurred as the viability increased. It can therefore

be assumed that the two parameters are not closely linked in

the physiology of the cells. Even so, once the viability

began to drop the two counts were reasonably close until the

number of respiring cells in the culture stabilized (Figure 2).

At that point both respiring and viable cells accounted for

one percent of the total population. From 18 to 40 days of

starvation the number of respiring cells continued to account

for one percent of the population, while the viability dropped
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further and stabilized at 0.1 percent of the total population

after 25 days.

This difference in the stabilized counts suggests the

existence within the starving population of a sub-population

of cells which is not capable of reproducing, but is still

active with regard to respiration. This phenomenon has pre-

viously been observed by Hoppe (1976;1978) using microautoradio-

graphy. Hoppe found that in natural water samples the actively

metabolizing bacteria account for 20 to 60 percent of the total

number present, and are from 10 to 1000 times as numerous as

the viable bacteria. The results of this study reveal a much

smaller population of non-viable but actively respiring cells

which accounts for one percent of the total population and is

ten times as numerous as the viable cells. The difference

in magnitude is possibly due to a combination of the non-starved

condition of the natural populations and the fact that micro-

autoradiography involves the addition of growth substrates

to the cells, whereas the INT assay does not.

The INT method used in this work is admittedly a threshold

measure of respiratory activity. There may be cells which are

very small or are respiring at slow rates which would not

deposit granules large enough to be visible during the time

period of the assay. Therefore, the INT data is actually

counts of the number of cells in the population which are

respiring at or above a certain rate necessary to produce a

visible granule. Nevertheless, the threshold level is con-

sistent if the conditions of the assay are consistent, so the

counts are meaningful in relation to each other.

The ATP content of the culture in this study dropped

rapidly at the onset of starvation and stabilized after 15 to

20 days at approximately one percent of the original concen-

tration. This change in the ATP content could be interpreted
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as either a uniform decrease in the ATP content of each cell,

or as a decrease in the size of a sub-population of cells which

is able to maintain its ATP content. The 0.65 x 10
-9

pg ATP

per cell found in log phase cells was within the range of 0.5-

6.5 x 10
-9

pg ATP per cell reported for marine bacteria by

Hamilton and Holm-Hansen (1967). In agreement with the same

report, the ATP content dropped approximately 80 percent in

five days of starvation. The Hamilton and Holm-Hansen (1967) report

expresses ATP as pg per viable cell, assuming that only viable

cells contain ATP. On this basis they followed the ATP per

viable cell of a starving marine Pseudomonas population and

found a drop in the ATP during the initial viability increase

as was seen for this organism (Figure 6). However, Hamilton

and Holm-Hansen reported a subsequent stabilization of the

ATP per viable cell once the viability began to decrease,

whereas this Pseudomonas sp,showed an increase to greater than

ten times the original concentration of ATP per viable cell.

Part of the explanation for this apparent increase may be

that cells other than the viable cells contain ATP.

In a recent report on starvation of soil isolates,

Nelson and Parkinson (1978) report ATP values as the percent

of the initial dry weight of the entire starving population.

This is analogous to calculating the ATP content on the basis

of the total number of cells in the population. Their results

for a starving Pseudomonas population show a gradual decrease

in ATP similar to the pattern of ATP per total cell shown in

Figure 4. These results are dependant on the assumption that

all cells present in the starving culture maintain equal quan-

tities of ATP.

As a third way of interpreting the change in ATP during

starvation, Figure 5 shows the ATP per respiring cell using

cell counts from the INT assay. It seems logical to assume
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that the cells which are actively respiring are able to gen-

erate and maintain pools of ATP, while cells of the population

which stop respiring have no way to replenish their ATP. The

ATP content per respiring cell shows an initial drop for the

first ten days, but then returns to the original concentration

with time of starvation. The question of how cells continue

respiring and producing ATP without detectable nutrients cannot

be explained within the limited scope of this study. But,

if indeed some small number of cells can adapt physiologically

to be able to maintain their ATP pools during starvation it

would certainly be advantageous for survival.

The starving cells which adapt to and survive periods

of nutrient deprivation must maintain the ability to take up

exogenous substrates in order to take advantage of any nutrients

which do become available. The uptake experiments indicated

that there were always cells within the starving Pseudomonas sp.

populations which were able to take up and respire
14
C-glucose

and
14
C-glutamate without a lag period. The actual rate of

uptake per cell did change with starvation, depending again

on the interpretation of the data as will be discussed.

The fact that the cells took up 60 times more glutamate

than glucose throughout starvation is in accordance with results

of uptake experiments on natural marine populations. This

may be because glutamate is a relatively abundant amino acid

in the ocean (Gillespie, Morita, and Jones, 1976; Hobbie,

Crawford, and Webb, 1968), whereas glucose is not a common

marine substrate.

The rapid decrease in uptake rates with starvation on a

total cell basis (Figure 7) is a phenomenon similar to the

drop in Q
02

values for exogenous glucose observed by MacKelvie,

Campbell, and Gronlund (1968), and Clifton (1967). The lack

of correlation in the data between uptake rates and viability
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is in agreement with Clifton's (1966) finding for starving E.

coli, and with Meyer-Reil's (1978) finding for natural populations.

The identity between the patterns for glucose and glutamate

in Figure 7 suggests that the regulatory mechanism which mod-

ifies the uptake processes in response to starvation may

function in a general way to regulate the uptake systems for

all exogenous substrates in the same manner.

Just as with the ATP results, there is no reason to assume

that the uptake activity measured is an equal function of all

cells in the starving population. The same uptake data re-

calculated on the basis of the viable cell counts (Table 2)

shows a substantial but erratic increase in the uptake rates

for both glucose and glutamate during starvation. In order

for the number of viable cells to account for the uptake activ-

ity observed, each cell would have to increase its ability to

take up exogenous substrates by greater than ten times the

original capacity. While it is possible that the viable cells

develop greatly enhanced binding and transport systems for

exogenous substrates, it is also possible that the observed

increase is because the larger sub-population of respiring

cells is also active in taking up exogenous substrates.

The uptake rates for glucose and glutamate as functions of

the population of respiring cells (Table 2) show fluctuations

with starvation, but generally stay within range of the ori-

ginal rates. Under starvation conditions it would be most

advantageous for cells to maintain their ability to take up

exogenous substrates at a rapid rate.

Cells placed under a stress such as starvation would be

expected to shift their metabolic balance away from biosynthesis

and growth, and toward the acquisition of more energy to main-

tain existing cell functions. This was observed as the initial

increase in the percent respiration of both glucose and glut-

amate in response to starvation (Figure 8). Although the
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timing varied between the patterns for glucose and glutamate uteli-

zation, both increased in percent respiration by approximately 25

percent in response to starvation. After reaching a maximum,

the percent respirations for both substrates decreased again

and stabilized near the levels observed during log phase.

The values of 67 percent glutamate and 23 percent glucose

respired by log phase cells are typical of the results reported

in the literature for similar experiments with natural pop-

ulations (Gillespie, Morita, and Jones, 1976; Hobbie and Craw-

ford,1969; Hoppe, 1978; Wright, 1974). Perhaps when starvation

begins all the cells in the population increase their percent

respiration of any available exogenous substrates in an attempt

to get energy. Then if certain cells metabolically adapt to

the starvation conditions they return to their original balance

of respiration and biosynthesis as shown by the decline and

stabilization in the later part of Figure 8. Those cells which

fail to adapt may die, but they would not influence the percent

respiration value, since it is inherently a function of only

those cells which do take up and respire substrates. For

this reason it is not necessary to consider alternative inter-

pretations of the data for the percent respirations of exogenous

substrates.

It is generally accepted that the ability of bacteria

to survive during starvation is correlated with the ability

to quickly establish a low rate of endogenous respiration

(Dawes, 1976; Nelson and Parkinson, 1978). Studies of endo-

genous respiration rates in the literature are based on the rate

of 0
2
consumption or CO

2
evolution by entire starving popula-

tions, and in all reports the endogenous respiration drops

rapidly during the first 48 hours of starvation. Figure 9

shows this same initial drop for the organism used in this

study, and the endogenous respiration rate eventually stabilized
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at an average of 0.005 percent of the total cellular carbon

respired per hour. This is close to the value of 0.007 percent

for the marine vibrio ANT-300 (Novitsky and Morita, 1978),

and lower than the 0.03 percent respired per hour by starving

Arthrobacter crystallopoietes (Boylen and Ensign,1970).

The rates in Figure 9 for respiration as a percent of the

total cellular carbon in the culture are based on the assump-

tion that all the cells are respiring at equivalent rates.

The INT assay involves no addition of, substrates and is therefore

effectually a count of those cells which are active in endo-

genous respiration. For this reason calculations of the cellu-

lar carbon only attributable to actively respiring cells should

result in a more suitable denominator for the rate of endo-

genous respiration. The points in Figure 10 represent the

endogenous respiration rate of those cells which are known

to be respiring, whereas the respiration rates in Figure 9

are actually average values for the entire population of

respiring and non-respiring cells.

The question of the proper interpretation for the results

of this study can not be conclusively decided with the data

presented here. However, certain correlations of timing and

absolute values summarized in Table 3 provide circumstantial

support for alternate bases other than the total or viable

cell counts used in the literature. The three types of cell

counts employed in this study produced very different patterns

with starvation and define sub-populations with different levels

of activity within the starving population.

If the results of the physiological assays are interpreted

as functions of an entire homogeneous population of cells

there is a consistent pattern of decrease and stabilization

for most respiratory parameters observed (Figures 4,7,9).

The ATP per cell, uptake rates for glucose and glutamate,
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Table 3. Cell counts and levels of activity within a
starving population of cells after the responses
to starvation have stabilized.

Time of
Parameter Stabilized level a stabilization

Direct cell counts

Respiring cell counts

Viable cell counts

fag ATP per ml of culture

Glucose uptake rate

Glutamate uptake rate

Endogenous respiration rate

100.0% constant

1.0% 18-20 days

0.1% 25 days

1.0% 15-20 days

2.7% 17-20 days

1.2% 17-20 days

2.9% 15-20 days

a
percent of the original level for the total population.

b
in days of starvation.
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and the endogenous respiration rate all dropped immediately

as starvation began, and decreased until they stabilized at

low but detectable levels of activity. The stabilization

points occurred together between 15 and 20 days of starvation,

coincident with the stabilization of the number of respiring

cells and approximately one week before the stabilization

of viability. While the regularity of this pattern is appealing

and easy to interpret, it is probable that not all cells in

the starving population contribute equally to the respiratory

activities observed. This claim is supported by the differences

between the total, respiring, and viable cell counts, which

indicate that the starving population is not one homogeneous

group of equally active cells.

If the results are interpreted as functions of the viable

cell population there is a random but substantial increase

in the respiratory activity of each cell during starvation.

As can be seen in Table 3, in order for the viable cells to

account for the activity observed each cell must have increased

its ATP content, its endogenous respiration rate, and its

ability to take up exogenous substrates by more than ten-fold

over its log phase activity levels. While this possibility

can not be strictly ruled out, it seems unlikely that such

sizable increases could be provided for under conditions of

starvation.

Comparison of Figures 3 and 7 shows a strong similarity

of pattern between the decrease in the number of respiring

cells and the decrease in the uptake of exogenous substrates

by the starving population. Even the minor shoulders between

5 and 10, and 10 and 20 days of starvation are found on both

graphs. While these contours are not important in themselves,

the exact similarity of the graphs suggests that the respiring

cell population described in Figure 3 may be responsible for
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the uptake activity in Figure 7. This resembles Meyer-Reil's

(1978) finding that the number of actively metabolizing cells,

as determined by autoradiography and epifluorescence microscopy,

correlates closely with the observed glucose uptake rate. The

decreases in ATP content (Figure 4) and endogenous respiration

rate (Figure 9) also follow the number of respiring cells and

stabilize between 15 and 20 days of starvation. In addition to

the coincidence of timing, the magnitudes of the stabilized

activity levels in Table 3 most closely match the size of the

respiring cell population. These correlations all indicate that

the respiring cell sub-population is responsible for the respir-

atory activities observed; and is,therefore, the appropriate

denominator for expressing the results.

The patterns of the physiological responses to starvation

on the basis of the respiring cell number are shown in Figures

5 and 10 and Table 2. The initial drop in the ATP per cell,

uptake rates for exogenous glucose and glutamate, and the endo-

genous respiration rate may represent an adaptation time for the

respiring cells, or a lag time before the death of those cells

which fail to adapt to starvation. Following the decrease, there

is an irregular increase in the activity of each respiratory

parameter to levels at or slightly above the original values.

From the relative cell counts and results given, an alternate

interpretation of the respiratory data as a function of a sub-

population of respiring cells is suggested here as being more

valid than using total cell counts or viable counts. It is not

assumed that the INT assay is the appropriate measure of the

sub-population responsible for the activities observed, but it

is the most accurate method now available. Using this interpreta-

tion of the results it seems that one percent of the cells in

the original population had the ability to adapt enough to permit



52

survival under starvation conditions. Whether this ability is

due to genotypic determinants or to chance phenotypic adaptation

has yet to be determined.
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CULTURE CHARACTERISTICS of the PSEUDOMONAS SP.

Pleomorphic rods, straight to slightly curved. Polar flagella,

1-5 pm in length, gram negative, motile. Tests at 22 C or as noted.

Wide range of temperature tolerance; 5 C to 37 C.

Wide range of salinity tolerance; grows in seawater, rila salts,

and at any NaC1 concentration from 0% to 10 %.

Hugh-Liefson media; No growth anaerobically, no acid production

anaerobically with glucose, sucrose, cello-

biose, lactose, mannitol, or ribose.

Aerobically acid is produced with sucrose

and glucose (much aeration necessary).

No growth in anaerobe jar. No growth on TCBS, Pseudomonas, or

thiosulphate agar. Growth but no hemolysis on blood agar at 37 C.

Does not grow well in high protein media such as BHI; grows

best in seawater medium with lower levels of nutrients.

Gram negative.

Oxidase positive.

Motility positive.

NO
3
--* NO

2
positive.

NO
2

NH
3

negative.

Litmus milk; weak alkaline after two weeks incubation.

Not sensetive to antibiotic 0-129.

No hydrolysis of chitin, cellulose or agar after two weeks.
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API tests 24 hr 1 week

ONPG - -

ADH - -

LDC

ODC - -

CIT - -

H2S - -

URE - _

TDA - -

IND - -

VP - -

GEL - _

GLU + - +

MAN - _

INO - -

SOR - -

RHA - -

SAC + - +

MEL - -

AMY - -

ARA - -

OXI - -

* J. Baross, personal communication.


