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SUBSTRATE CAPTURE, UPTAKE, AND UTILIZATION OF SOME AMINO ACI
BY STARVED CELLS OF A PSYCHROPHILIC MARINE VIBRIO

INTRODUCTION

A large portion of the ocean environment is cold (5°C or less) and

the energy available to bacteria in this environment is limited.

Organisms in the deep ocean are subjected to the additional stress of

increased pressure. Although these conditions seem harsh, the oceans

support large autochthonous and zymogenous bacterial populations which

include both heterotrophs and chemolithotrophs. Much research has been

done on the specialized adaptations of these bacteria to low temperature

(Morita, 1975), high pressures (ZoBell and Morita, 1959; Morita, 1972;

Schwarz, Yayanos, and Colwell, 1976; Yayanos, Dietz and van Boxtel,

1979), and recently one species, a psychrophilic Vibrio, Ant-300,

has been shown to survive long term nutrient deprivation (Movitsky and

Morita, 1977).

The ability of heterotropic bacteria to survive for years under

starvation conditions becomes very important when one considers the time

scale of oceanic circulation. Oceans move with a rhythm best measured

in decades rather than days. Water masses move slowly from convergence

points to locations where they upwell or become modified through mixing.

The bacteria contained in a water mass are carried with it. The sinking

of this water due to thermalhaline circulation or the surface transport

of this water due to winds and tidal forces can remove it from a nutrient

rich area into one with little energy input. The contained heterotrophic

bacteria are thus left to 'scavenge' whatever dissolved or particulate

organic compounds are available. Once these are depleted, the bacteria

either die or enter a dormant state which may enable them to survive the

tens, hundreds, or thousands of years that may pass until the water



returns to the upper layers of the sea and the energy, in the form

of usable organic molecules, is replenished.

In this scenario, the ability of the bacteria to become dormant

is crucial to their survival. Stevenson (1978), in his discussion of

bacterial dormancy in aquatic systems, describes several fitness traits

that would enhance bacterial survival in stringent environments.

Among these he lists the ability to have a competitive advantage in the

utilization of organic nutrients and the ability to enter a state of

dormancy. The psychrophilic Vibrio , Ant-300, has been shown to

have both these properties (Geesey and Morita, 1979; Novitsky and

Morita, 1977).

When Ant-300 cells are placed in an artificial sea water medium

without nutrients, they undergo some extreme morphological changes.

The cells fragment, each cell forming from 2 to 8 'new' cells. The

shape of the cells changes from a rod to a coccus. This is accompanied

by a reduction in cell size. The cells 'shut down' physiologically,

greatly decreasing the rate of endogenous respiration (Novitsky and

Morita, 1976, 1977). The starved cell is thus quite different in

appearance and activity from the growing cell.

The purpose of this research was to investigate the interaction

of the starved cell with its environment and compare this to the

interaction of the growing cell with its environment. Is the starved

cell inert, incapable of reacting quickly to nutrient level changes? Or is

the starved cell merely temporarily quiescent, retaining the capability

of reacting to a nutrient level change the instant that it occurs?

To answer these questions, this study focuses on the functions of the

cell membrane. The membrane, with its associated binding and transport proteins,
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provides a 'sensory link' between the cell and its surroundings. The

binding and transport of amino acids was studied to gain information

on the activity of this 'sensory link' in starved or dormant cells.

Further studies on the metabolic transformations of transported amino

acids were conducted to determine if enzymatic pathways were left

intact and functioning in the starved cell.

The results showed bacterial dormancy to be a complex phenomena.

Starved cells were able to bind amino acids. Macromolecules were

synthesized and CO2 produced from the amino acid, though at reduced

rates. The prolonged starvation of certain bacteria appears to produce

a survival form which is neither truly inert nor truly active. It is

more of an opportunistic form, capable of maintaining itself in an

unfavorable environment while retaining the ability to recognize and

react to a favorable environment.
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LITERATURE REVIEW

The low levels of dissolved organic carbon (DOC) and particulate

organic carbon (POC) in oceanic waters are among the most important

factors that limit the growth of heterotrophs. Below a depth of 200

to 300 m, POC is present at a concentration of 3 to 10 g/l and DOC

is present at a concentration of 0.35 to 0.70 mg/l (Menzel and Ryther,

1970).

Much of the DOC is composed of inert, humic acid like material

which has been in the water column for years (Menzel and Ryther, 1970).

Substrates readily utilized by microorganisms constitute only a fragment

of the DOC. For example, dissolved free amino acids (DFAA) account for

just 0.3% (5OnM) of the DOC in surface waters of the Pacific (Lee and

Bada, 1975). This concentration decreases with depth. Coastal areas

have higher levels of DFAA, about 380nM (Hobbie etal., 1968). The

concentrations of individual amino acids in seawater vary considerably. In

Baltic seawater, Dawson and Pritchard (1978) found that the mole per

cent of the different amino acids ranged from less than 1.0% for

isoleucine to 21.1% for glycine.

The amino acids used in the present study were arginine, glutamic

acid, praline, and leucine. According to the data of Lee and Bada (1975)

these amino acids were present, at a depth of 22 m, in the following

concentrations: glutamic acid '8nM, leucine 2nM; proline was not found

at a measurable level. Lee and Bada did not measure arginine in this

Pacific ocean study. However, arginine was measured by Hobbie, Crawford,

and Webb (1968) in the York River estuary and found at a level of 3nM.

All of these values may be overestimates. Prior to analysis for dissolved



amino acids, sea water samples are normally filtered through Whatman

glass fiber paper to remove particulates. The effectiveness of this

procedure has been questioned by Lee and Bada (1977). They suggest

that bacteria or bacterial detritus may pass through the filters and

be included in the subsequent analysis. This supposition is supported

by the work of Lott and Morita (unpublished) which shows that bacteria

can pass through a Whatman GE/C filter.

If marine heterotrophs are to utilize the DFAA, they must have

some means of removing or scavenging these compounds from sea water.

The first step in this process is the binding or attaching of the

substrate to the cell. Studies of Escherichia coli have shown that

this is often mediated by a binding protein located in the periplasmic

space, between the cytoplasmic and outer membranes. These proteins

are usually loosely bound to the cell and can be removed by an osmotic

shock procedure (Piperno and Oxender, 1966).

Binding and transport proteins can also be located in the cyto-

plasmic membrane where they are protected from the effects of osmotic

shock. Such proteins will still be active and functioning in membrane

vesicles which have been formed by subjecting whole cells to severe

osmotic shocks (Kaback, 1974). In E. coli, the transport system for

proline is a membrane bound and shock resistant system (Kaback, 1972).

In contrast, Weiner and Heppel (1971) have shown the glutamine binding

system of E. coli to be shock sensitive.

Unfortunately, the procedure used to osmotically shock E. coli

has an entirely different effect on a salt requiring marine bacterium.

Hence the distinction between shock sensitive and shock resistant



binding systems must be based on different and more suitable criteria.

Griffiths etal. (1974) found the binding of glutamate by Vibrio

marinus to be shock sensitive, but in a different manner than the shock

sensitivity exhibited by E, coli. Exposing V. marinus to osmotic shock

caused the release of a loosely bound amino acid pool, but did not

cause the release of any protein. The amino acid pool is thus shock

sensitive while the protein which binds it is shock resistant. Such

shock resistant proteins can be referred to as binding proteins because

of their ability to bind and hold amino acids in pools. They are thus

similar in function to the binding proteins of E. coli, but it cannot

be assumed that they serve an identical role. However, the speed at

which the amino acid pool in Vibrio marinus was released when the

bacteria were subjected to osmotic shock indicates that the pool was

situated near the surface of the cell, perhaps in the periplasmic

space.

A cell with high affinity binding proteins for many substrates

can remove nutrients from its surroundings and sequester them in

periplasmic or intracellular pools (Griffiths etal., 1974; Tempest,

Meers, and Brown, 1970), or use them immediately for the synthesis

of cellular material (macromolecules) and for the production of energy.

Binding proteins for amino acids can be quite efficient, with Km values

in the range of l08M (Rosen, 1973; Berger and Heppel, 1972; Ames

and Lever, 1970).

In a dilute nutrient environment such as the ocean, the bacteria which

exhibit the quality of'preemptive voraciousness'(Payne & Wiebe, 1978)

by maintaining high affinity transport systems could successfully out
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compete other bacteria. This has been demonstrated in chemostat ex-reriments

(Matin and Veldkamp, 1977). At low lactate levels, a Spirillum sp.

with a high affinity lactate transport system (Km 5.8 'M) outgrew a

Pseudomonas sp. with a lower affinity system (Km 20 1.iM). This competi-

tive binding ability coupled with a high surface to volume ratio and

a low energy of maintenance indicates that the Spirillum sp. is well

adapted to a low nutrient environment.

Besides 'scavenging' substrates, binding proteins play a role in

the chemotactic response of bacteria. They serve as chemoreceptors,

enabling the bacteria to sense and react to (by moving towards) amino

acids, sugars, and other compounds (Mesibov and Adler, 1972; Hazelbauer

and Adler, 1971). This could be a selective advantage for bacteria

(Adler, Hazelbauer, and Dahl, 1973), particularly for those in

nutrient limited environments. In discussing the chemctactic

response of marine bacteria to organic compounds excreted by algae,

Chet and Mitchell (1976) suggest that "bacterial chemotaxis in this

ecosystem probably serves to keep a bacterial cell near a source of

organic matter once it has arrived there by chance.' This could apply

to any motile chemotactic marine bacterium encountering any source of

organic matter and could be an important survival characteristic.

Most studies of binding, transport, and chemotaxis are done with

actively growing cells or cells that have been starved for a short time

to deplete their substrate pools. Such studies can be performed on

marine bacteria and will yield valuable results. However, an active

metabolic state may not represent the normal state for bacteria in the

open ocean. The lack of nutrients may cause the cells to be in a
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dormant state. The capacity for dormancy does not seem to be a physio-

logical oddity limited to one or two species under artificial conditions.

Rather, it seems to be a widespread adaptation occuring in soils, fresh

water and marine water. The evidence for this is the presence of small,

resting cells in these environments (Casida, 1977; Anderson and Heffernan,

1965; Oppenheimer, 1952). Stevenson (1978) presents the hypotheses 'that

the physiological state of a significant portion of the bacterial community

in most aquatic environments can be described as dormant."

The physiology of starved cells has been investigated from a bio-

chemical viewpoint. Changes that occur in the rates of endogenous respi-

ration and the levels of DNA, RNA, and protein have been measured (Novit-

sky and Morita, 1976). Such studies shed light on the mechanism of

starvation; the metabolic shifts that occur as a cell becomes dormant.

However, there is another aspect to be considered: the relationship of

the starved cell to its surroundings which is, in effect, a study of the

cell membrane.

Woodward and Cirrillo (1977) studied nitrogen starved cells of

Saccharomyces cerevisiae. These cells derepress a general amino acid

permease which transports basic and hydrophobic amino acids. Pall (1969)

found that carbon starved cells of Neurospora crassa were induced for a

general amino acid permease with a high affinity for amino acids. Breiman

and Barash (1976) found a low Km non-specific permease in starved cells

of a phytopathogenic fungus. These organisms are not known to survive

for long time periods in the dormant state. Pall (1969) referred to the

Neurospora crassa cells as old rather than starved. However, the

presence of starvation inducible transport systems in these organisms

raises questions about the transport systems in truly dormant cells.



Do such cells also have transport systems which are induced by starvation?

Are these transport systems maintained by the dormant cell? Do the

transport systems change in specificity, becoming more general or more

specific? Are the velocities and KITi'S of uptake constant? What is the

energy source for binding and subsequent transport in a starved cell?

If a large percentage of marine bacteria are dormant, it is

important to further characterize this dormant state and in particular to

determine if dormant cells are indeed 'turned off' and inactive. Cells,

which appear dormant under a given set of experimental conditions are

assumed to be metabolically inert until triggered by some environmental

change. However, they may be constantly active at a very low metabolic rate, in

balance with the available energy. If, as Morita (1979) suggested, one

considers the geological time scale of the oceans, such slow living cells

could have a significant impact on the biochemical ecology of the seas.
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MATERIALS AND METHODS

Organism

Ant-300, the organism used in this study, is a psychrophilic

marine vibrio that was isolated from surface water of the Antarctic

Convergence. It has an optimum growth temperature of 7°C and a

maximum growth temperature of 13°C (Geesey and Morita, 1975). To avoid

thermal damage to the organism all media, solutions, and equipment were

cooled to 5°C prior to use.

Cultivation and Starvation

Cells were grown in a Lib-X broth which was composed of 1.2 g yeast

extract, 2.3 g trypticase, O.3g sodium citrate, 0.3 g L-glutamic acid,

0.05 g sodium nitrate, 0.005 g ferrous sulfate, 35.0 g Rila Marine

Mix; distilled water, 1 liter (Baross, Hanus, and Morita, 1974).

The pH was adjusted to 7.8 by the addition of lN NaOH. Cultures were

maintained on Lib-X plates and slants which were made by adding 12 ml

of agar to 1 liter of Lib-X.

Cells were cultivated in 100 ml of medium in a 250 ml Erlenmeyer

flask or in 400 ml of medium in a 1 liter Erlenmeyer flask. The flasks

were incubated at 5°C in a reciprocating platform shaker (New Brunswick

Psychrotherm). Cells were harvested during exponential growth phase (OD0.l

to 0.3 at 600 nm) by centrifugation at 4080xg for 15 minutes.

For starvation studies, the harvested cells were washed three times

in a minimal salt solution (MS) which contained: 26 g, NaCl ; 0.7 g,

KCL; 5.3 g, MgC12; 7.0 g, MgSO4; 1.21 g, Iris buffer (Sigma); and 1

liter of distilled water. The pH was adjusted to 7.8 by the addition

of iN HC1. This solution was sterilized by filtration through a 0.22



Millipore filter. After washing, the cells were resuspended in MS at

an initial concentration of io6 cells/mi or cells/mi and starved.

Starving cells were kept in 2 or 4 liter aspirator jars and incubated

at 5°C on a shaker in a cold room or in the Psychrotherm. The bottom

stems of the aspirator jars were connected by rubber tubing to glass

filling attachments which could be flamed. Thus, samples of starving

cells could be taken while easily maintaining the sterility of the

system.

Viability

The viability of starving cells was determined by plate counts

using the spread plate method. All dilutions were made in MS. One

tenth ml o-1 the appropriate dilutions was spread on the surface of a

one tenth strength Lib-X agar plate. One tenth strength Lib-X agar

was made by diluting all the nutrients in Lib-X 1 to 10, adding

Rila Marine Mix and agar at their normal concentrations, and adding

1.21 g of Tris buffer per liter. The pH was adjusted to 7.8 by the

addtion of iN HC1. Colonies were counted after 10 days incubation at

SOC.

Isotopes

14
Uniformly labeled C- amino acids were purchased from New England

Nuclear and had the following specific activities; glutamic acid,

285 mCi/mmole; arginine, 333 mCi/mmole; proline, 291 mCi/mmole;

and 1eucine, 355 mCi/mmole. All amino acids were diluted with double

distilled water to a concentration of lCi/ml, filter sterilized, and

stored frozen in 1 and 2 ml sealed ampuies. For the kinetics experiments,

0.1 ml of a lox MS solution was added to 0.9 ml of diluted amino acid

to bring the total to a concentration of 1X MS.
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Experimental Conditions

Three types of experiments were performed on fresh and starved

cells. The first, preliminary, set of experiments was designed to

investigate the effect of osmotic shock on the amino acid pools and on

the cells. In the second set of experiments the ability of starving

cells to take up and to utilize amino acids was followed. For this

series, two hour incubation times were used and the 14C incorporated

into macromolecules, respired as CO2, and held in loosely and tightly

bound amino acid pools was measured. One minute uptake periods were

used in the third set of experiments in order to determine the initial

rates of uptake. The data from these kinetics experiments were used

to characterize the binding systems for the four amino acids. The

amino acids used for all of the above experiments were glutamic acid,

arginine, proline, and leucine.

The procedure of Griffiths etal. (1974) was used to distinguish

the loosely bound, supposedly extracellular or periplasmic, amino acid

pools from the tightly bound, intracellular, pools. Seventy ml of

starved cells (24 hours old, lO6 cells/mi) were placed in a 250 ml

Erlenmeyer flask. To this was added 0.7 ml of a labeled amino acid;

14 . . 14 . . 14
either C-UL-giutamic acid, C-UL-arginine, C-UL-proline, or

14C-UL-ieucine. The final concentration of the amino acids, when mixed

with the cells, was 35 nM for glutamic acid, 30 nM for arginine, 34

nM for proline, and 28 nM for leucine. The cells were incubated with

the amino acid for 30 minutes in the 5°C Psychrotherm at 100 rpm.

Uptake was terminated by a filtration and rinsing procedure. Six,

10 ml subsamples were filtered through 0.45 im Millipore filters.



13

Prior to use, all Millipore filters were steamed for 30 minutes to

remove any static electricity. The vacuum pump was set at 20 cm Hg.

Three of the subsamples were rinsed with 30 ml each of M$ (isotonic

wash). The three remaining subsamples were rinsed with 30 ml each of

a 0.15M NaCl solution. This osmotic shock solution was composed of 8.76

g of NaCl, 1.21 g of Tris buffer, and 1 liter of distilled water.

The pH was adjusted to 7.8 with lN HC1 and the solution was filter

sterilized using a 0.22 m Millipore filter. The rinsed filters were

dried in a 80°C oven, placed in scintillation vials containing 10 ml

of Omniflour (4 g/liter toluene) and counted for 5 minutes in a Beckman

LS 100 C scintillation counter. DPMs were calculated by the external

standard ratio method. Spread plate counts were used to determine

cell number.

To investigate the effect of the 0.15M NaC1 rinse on the cell and

particularly on the binding proteins, the ability of shocked and unshocked

cells to bind amino acids was compared. Forty ml of starved cells

(24 hours old, 106 cells/ml) were centrifuged at 4080 xg for 15 minutes

then resuspended in 40 ml of 0.l5M NaCl. The cells were kept in the

0.l5M NaC1 solution for 10 minutes (during this time the mixture was

shaken in the 5°C psychrotherm at 100 rpm). The cells were then

centrifuged again (4080xg, 15 minutes) and resuspended in 40 ml of MS.

Four tenths ml of a labeled amino acid, either 14C-UL-glutamic acid,

14 . . 14 . 14
C-UL-arginine, C-UL-proline, or C-UL-leucine was added to the cells.

The final concentration of the amino acids, when mixed with the cells,

was 35 nM for glutamic acid, 30 nM for arginine, 34 nM for proline, and

28 nM for leucine. The cells plus amino acid mixture was incubated for

30 minutes, after which time three 10 ml subsamples were filtered through
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0.45 pm Millipore filters and each rinsed with 30 ml of MS. The filters

were dried and counted as previously described. Spread plate counts

were done before and after the osmotic shock treatment. A flow chart

is given in Figure 1 to illustrate the procedure for these experiments.

The binding and utilization of amino acids by starving cells was

studied in the following manner. Cells were harvested and prepared for

starvation as described above. The initial concentration of cells was

io6 cells/mi. Samples of the starved cells were taken at 4 hour inter-

vals for the first 24 hours of starvation and at longer intervals

thereafter. At each sampling time, spread plate counts were made.

Fifty ml of starving cells were withdrawn from the starvation

vessel and placed in a 125 ml flask, to this was added 0.5 ml of a

14 . . 14 . . 14
labeled amino acid either C-UL-glutamic acid, C-UL-arginine, C-

14 . .

UL-leucine, or C-UL-proiine. The final concentrations of the amino

acids were: 35 nM for glutamic acid, 30 nM for arginine, 34 nM for

proline, and 28 riM for leucine. The cells were incubated with the amino

acid for two hours in a 5°C Psychrotherm shaking at 100 rpm.

After the 2 hour uptake period, 5 ml subsamples were removed and

treated by various methods in order to determine: 1) the amount of

label bound to the cells, 2) the amount of this bound 14C which is shock

releasable, 3) the amount of 14C incorporated into macromolecules, and

14 . 14
4) the amount of C respired as CO2.

To measure the 14C bound to the cells, triplicate 5 ml subsamples

were filtered through 0.45 pm Millipore filters and rinsed with 15 ml of

MS. To measure the shock releasable binding, triplicate 5 ml subsamples

were filtered through 0.45 pm Millipore filters and rinsed with 15 ml

of 0.15 Ni NaCl. Filters were dried at 80°C, placed in scintillation vials



Figure 1. Flow chart of binding and osmotic shock experiments.

Starved cells in MS

70 ml cells
plus glutamic acid, arginine, proline, or
30 win. incubation

3 subsamples 3 subsamples
10 nil each, filter 10 ml each, filter
and rinse with 30 ml and rinse with 30 ml
of MS 0.15M MaCi

401ni cells
leucine centrifuge 4080 x g; 15 win.

1

suspend pellet in 0.15M NaCi
for 10 mm.

centrifuge 4080 x g; 15 miii.

4,

suspend pellet in MS add
glutaniic acid, argunine, proline or
leucune, 30 mm. incubation

3 subsaniples, 10 ml each
filter and rinse with 30
ml MS

(31
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containing 10 ml of Omnifiour and counted for 5 minutes in a Beckman

LS 100C scintillation counter.

Acid fixation of the cells was used to measure both 4CO2 and the

incorporated in macromolecules (Hobbie and Crawford, 1969; Harrison,

Wright, and Morita, 1971; Baross etal., 1975). Triplicate 5 ml sub-

samples were added to 50 ml serum bottles containing 0.25 ml of 2N

H2SO4. The serum bottles were immediately capped with a rubber cap and

bucket assembly. The bucket contained a piece of filter paper to which was

added 0.2 ml of B-phenylethylamine (Sigma). The serum bottles were

shaken for an hour to allow for the complete evolution of CO2 from

solution and the absorbance of the CO2 onto the filter paper. The

filter paper was removed and placed in a scintillation vial containing

10 ml of Omniflour. The remaining acid-fixed cells were filtered

through 0.45 m Millipore filters, rinsed with 15 ml of MS, dried and

counted as previously described.

Characterization of Binding Systems

An incubation time of one minute was used to determine the initial

rates of uptake of varying concentrations of the amino acids. Possible

competitors; 2,4-dinitrophenol, DNP, (a metabolic inhibitor); and

succinate (an energy source) were added to the cells to test their

effects on amino acid uptake. Nonstarved cells and starved cells (4.5

ml) sample size were placed in 25 ml Erlenmeyer flasks containing

chioramphenicol (80 g/ml) and shaken for 5 minutes. DNP and succinate,

when used, were added at the time of chloramphenicol addition. DNP

and chloramphenicol were obtained from Sigma Chemical Co. The cells
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used in these experiments were starved at an initial density of 1O7

cells/mi. Since starving Ant-300 cells will fragment and the cell

number will increase, plate counts were run with each experiment.

The labeled amino acids used in this experiment (14C-UL-glutamic

acid, C-UL-arginine, C-UL-proline, and C-UL-leucine) had been

mixed with lOX MS and were at a lX MS concentration. This was done

to remove the possibility that, because of the small sample volume,

the addition of labeled amino acids dissolved in distilled water could

osmotically shock the cells. One half ml of the appropriate concentration

of labeled amino acid was added to the 4.5 ml cell sample which had

incubated for 5 minutes with chloramphenicol. This mixture was

incubated with shaking for one minute then one ml subsamples were

filtered through O.4Spm Millipore filters. Two of the filters were

rinsed with 5 ml of MS, the other two were rinsed with 5 ml of O.15M

NaCl. For competition studies, the competitors were mixed with the

labeled amino acids and thus were added to the cells at the same time.

Competitors were added at a concentration 100X that of the labeled

amino acid. This mixture was incubated for one minute then filtered

and counted as previously described.

The kinetic data was plotted on a double reciprocal (1/V versus

1/5) Lineweaver-Burk plot. Vmax and Km for straight line data were

calculated after a linear regression. The kinetic constants for

curvilinear plots were analyzed by the procedure of Neal (1972).
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Bindina and Osmotic Shock
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14 . .

The amount of C-amino acid bound by cells retained on a Millipore

filter was dependent on the osmolarity of the rinse solution (Table 1).

Rinsing the cells with O.15M MaCi caused the osmotic shock release of

93% of the bound glutamic acid, 50% of the bound arginine, 71% of the

bound proline, and 30% of the bound leucine.

Cells which were shocked by exposure to O.l5M MaCi, then were

suspended in MS and incubated with an amino acid showed no significant

decrease in the ability to take up glutamic acid, arginine, or proline;

indicating that binding proteins for these amino acids had not been

released or altered. However, the ability of the cells to bind leucine

was decreased by 65% (Table 2). The binding protein for leucine could

have been rendered inactive by the osmotic shock or it could have been

removed from the cells and be present in the osmotic shock supernatant.

Exposure to O.l5M MaCi does not effect the viability of the cells.

Binding and Utilization of Amino Acids by Starving Cells

Figure 2 shows the viability of starving Ant-300 cells. By 12 hours

the number of viable cells had doubled and by 20 hours the number had

tripled. This should be kept in mind when interpreting the data in

Figures 3-6 which is given in units of pmoles/l06 cells. In many cases,

the pmoies of amino acid bound to the cells decreased with increased

starvation time when expressed on a per cell basis. However, the pmoles

of amino acid bound to the cells present in one ml of starvation culture

often increased with increased starvation time. This latter method

of data presentation, though less exact, may more accurately reflect
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14
Table 1. Effect of 0.15 M NaCl rInse on the amount of C-amino acid
retained by filtered cells.

Amino Acid

Glutamic acid

Arginine

Prol me

Leucine

icomoles bound/lO ml of filtered cells

Minimal Salt Rinse 0.l5M NaCl rinse

189.7 12.6

179.9 92.0

179.6 52.6

192.9 134.5

14 .
. a

Table 2. Amount of C-amino acid bound by unshocked and shocked cells

Amino Acid

Glutamic acid

Arginine

Prol me

Leucine

picomoles bound/lO ml of filtered cells

Unshocked Cells

189.7

179.9

179.6

192.9

Shocked Cells

213.4

169.1

170.3

66.0

ashocked cells were suspended in 0.l5M NaC1 for 10 minutes, centrifuged
then resuspended in MS and incubated with an amino acid. All samples
were rinsed with MS.
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the situation in the environment. The number of viable cells remains

constant from 20 to 168 hours. The decreased number of viable cells at

720 hours shows that some die off had occurred between 7 and 30 days of

starvation.

The results of the two hour uptake experiments are given in Figures

3-6. The percent respiration plotted in graph B of each figure is

obtained by dividing the 14CO2 by the sum of the 14CO2 and the

present in cellular macromolecules then multiplying by 100. A high

percent respiration indicates that the amino acid is being preferentially

used as an energy source. A low per cent respiration indicates that

more of the amino acid is being used for the synthesis of cellular

macromolecules. The four amino acids studied showed different patterns

of uptake and utilization by Ant-300 and therefore will be discussed

separately.

On a per cell basis, the amount of glutamic acid bound decreased

by 25% after 24 hours of starvation (Fig. 3). However, after 30 days

of starvation the cells bound 113% of the initial amount. Most of

the bound glutamic acid (over 80%) was held in an osmotic shock

releasable pool. The amount of '4CO2 produced and the amount of

glutamic acid incorporated into cellular macromolecules decreased

rapidly during the first eight hours and remained low thereafter.

The per cent respiration of glutamic acid was high, from 60 to 70%,

which reflects its easy conversion to a Krebs cycle intermediate

(Wright, 1973; Burnison and Morita, 1974).

The amount of arginine bound by starving cells decreased rapidly

during the first 30 hours of starvation (Fig. 4). This was coupled

with a decrease in the amount of arginine used in macromolecular
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Fig. 3. glutamic acid uptake and utilization by starving Ant-300
bacteria.
A. C , picomoles bound to the cells; 0, picomoles retained
after osmotic shock; , picomoles incorporated into macro-
molecules; x, picomoles respired as CO2.

3. o, per cent respiration; , per cent of binding which
is shock releasable.
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Fig. 4. arginine uptake and utilization by starving Ant-300
bacteria.
A. , picomoles bound to the cells; o, picomoles retained
after osmotic shock; , picomoles incorporated into macro-
molecules; x, picomoles respired as CO2.

B. o, per cent respiration; a, per cent of binding which
is shock releasable.
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synthesis. After 30 days of starvation, the amount of bound arginine

had decreased by 70% and the amount of arginine associated with macro-

molecular synthesis had decreased by 90%. The per cent respiration

showed an overall increase with starvation time which reflected the

decrease in macromolecular synthesis rather than an increase in CO2

production. The per cent of bound substrate which was shock releasable

was variable but, in general, increased with increased starvation time.

Proline uptake decreased rapidly during the first 30 hours of

starvation (Fig. 5). After 30 days of starvation, the amount of bound

proline had decreased by 43%. The amounts of CO2 produced from praline

and the amount of macromolecular synthesis utilizing praline decreased

to low levels after 24 hours of starvation. By 30 days, both of these

amounts had decreased by 90%. The amount of shock releasable binding

increased with increasing starvation time reaching a level of almost

90%. The per cent respiration varied from 34 to 66% and showed no

clear trend with increased starvation time.

After 30 days of starvation, the amount of bound leucine had

decreased by 76% and the amount of 4C incorporated into macromolecules

had decreased by 95% (Fig. 6). Initially almost all of the leucine

bound to the cell was incorporated into macromolecules. Only 4% of the

bound leucine was shock releasable. After 30 days of starvation, 60% of

the bound leucine was shock releasable. The use of leucine as an

energy source (production of 14CO2) was limited throughout the starvation

time.

Characterization of Binding Systems

Results of the one minute uptake experiments are given in Figures
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Fig. 5. proline uptake and utilization by starving Ant-300
bacteria.
A. U , picomoles bound to the cells; o, picomoles retained
after osmotic shock; ' , picomoles incorporated into
macromolecules; x, picomoles respired as CO2.

B. o, per cent respiration; o, per cent of binding which
is shock releasable.
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Fig. 6. leucine uptake and
bacteri a.

A. C , picomoles bound
after osmotic shock; ,

molecules; x, picomoles
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utilization by starving Ant-300

to the cells; o, picomoles retained
picomoles incorporated into macro-
respired as CO2.

B. a, per cent respiration; o , per cent of binding which is
shock releasable.
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7-10 and Tables 36. Results of the competition experiments are given

in Tables 7 and 8. The effects of DNP and succinate on amino acid

binding are listed in Table 9. The results of all of these experiments

varied with each amino acid and were dealt with separately.

The Km for glutamic acid uptake varied from 0.9 to 2.3 X 107M, with

the lowest value occurring after 20 days of starvation. The velocity

of uptake decreased with increased starvation time (Table 3, Fig. 7).

The binding system was relatively specific for glutamic acid (Table 7)

with the maximum inhibition of binding, 30.3%, being caused by a 100

fold excess of aspartic acid. The binding of glutamic acid, in starved

and nonstarved cells, is an energy requiring reaction dependent on the

presence of an energized membrane; since the addition of DNP (Table 9)

caused an almost complete cessation of binding activity. The addition

of 20 mM succinate as an energy source caused no increase in binding,

but rather caused a decrease of 25.4%.

The double reciprocal plot of initial arginine uptake rate by

4 hour cells had one line, indicating one active uptake system. After

50 hours of starvation, the double reciprocal plots were biphasic (Fig.

8). Such plots can be interpreted as showing the interactions of two

uptake systems for the substrate (Segel, 1975). When the slopes and

intercepts from the two best straight line segments are used in the

equation given by Neal (1972), the Km values for the two uptake systems

differ by two orders of magnitude (Table 4). The low affinity system

initially had a high velocity. After 50 hours of starvation, this

low affinity uptake system or one 'ith a similar Km had a much lower

velocity which continued to decrease with increased starvation time

until at 21 days, both the high and low affinity uptake systems had
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Table 3. Kinetic constants for initial rates of glutamic acid uptake
by starving Ant-300 bacteria.

Time starved Km Vmax (pmoles/rnin/107 cells)

2 hours 1.8 X 10 M 28.4

48 hours 2.3 X M 22.0

217 hours 1.5 X l0 M 15.3

20 days 0.9 X M 8.5

Table 4. Kinetic constants for initial rates of arginine uptake by

starving Ant-300 bacteria.

V1 and V2

are in units of pmoles/min/107 cells

Time starved
K1 V1 K2 V2

4 hours 1.5 X 107M 19.1

50 hours 1.6 X 107M 3.9 1.7 X 109M 0.5

219 hours 0.9 X 107M 1.0 2.8 X 109M 0.8

21 days 1.0 X 10M 0.8 2.1 X 109M 0.5



Fig. 7. Double reciprocal
acid uptake by st
A. Cells starved
3. Cells starved
C. Cells starved
0. Cells starved

plots of initial rates of glutamic
rving Ant-300 bacteria.
for 2 hours.
for 48 hours.
for 217 hours.
for 20 days.
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Fig. 8. Double reciprocal
by starving Ant-3
A. Cells starved
3. Cells starved
C. Cells starved
D. Cells starved
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plots of initial rates of arginine uptake
JO bacteria.
for 4 hours.
for SO hours.
for 219 hours.
for 21 days.
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similar low velocities.

Ornithine was the only inhibitor tested which significantly competed

with arginine (Table 8). The maximum amount of inhibition, 70.6%, was

seen in 33 day starved cells, when 14C-arginine was present at a

concentration of 0.027 1.iM and ornithine at 2.7 1.tM. Under the same

experimental conditions with nonstarved cells, the addition of ornithine

inhibited the binding of arginine by only 4.8%. The addition of

succinate did not enhance arginine uptake. DNP inhibited uptake by

93.3% in fresh cells and by 73.8% in starved cells (Table 9). This

indicates that an energized membrane is necessary for arginine uptake

in fresh cells and that most of the binding in starved cells is dependent

on the presence of an energized membrane.

There was little change in the uptake of proline with increasing

starvation time (Fig. 9). The Vmax remained relatively constant.

The Km remained constant from 2 hours to 10 days then showed an increase

after 19 days of starvation (Table 5). Proline uptake was almost

completely inhibited by DNP, again indicating a dependence on the

energized membrane (Table 9). Succinate had a greater effect on starved

cells (29.7% stimulation of uptake) than nonstarved cells (2.4%

stimulation of uptake) (Table 9).

The kinetics of leucine uptake changed radically in starved cells

(Fig. 10). After 50 hours of starvation, the Vmax had decreased from

7 . 7
54.2 pmoles/min/10 cells to 1.4 pmoles/min/lO cells. The Vmax

remained at a low level thereafter. The Km also decreased from 11.4 X

l07M to 1.6-2.5 X 107M (Table 6). Stimulation of leucine uptake by

succinate occurred with 33 day old starved cells, not with nonstarved
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cells. The older cells also showed only 69% inhibition of uptake when

DNP was added to the reaction mixture. The uptake of leucine by

nonstarved cells was inhibited 81.4% by the addition of DNP (Table 9).
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Table 5. Kinetic constants for initial rates of proline uptake by
starving Ant-300 bacteria.

Time starved Km Vmax (pmoles/min/l07 cells)

2 hours 2.9 X 107M 24.4

48 hours 3.9 X i0M 21.2

10 days 3.2 X l07M 16.7

19 days 6.7 X 107M 22.5

Table 6. Kinetic constants for initial rates of leucine uptake by
starving Ant-300 bacteria.

Time starved Km Vmax (pmoles/min/l07 cells)

4 hours 11.4 X 107M 54.2

50 hours 2.5 X 107M 1.4

10 days 1.7 X 107M 2.1

19 days 1.6 X 107M 1.6



Fig. 9. Double reciprocal
by starving Ant-3
A. Cells starved
B. Cells starved
C. Cells starved
D. Cells starved
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plots of initial rates of proline uptake
JO bacteria.
for 2 hours.
for 48 hours.
for 10 days.
for 19 days.
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Fig. 10. Double reciprocal
by starving Ant-3
A. Cells starved
B. Cells starved
C. Cells starved
D. Cells starved
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plots of initial rates of leucine uptake
JO bacteria.
for 4 hours.
for 50 hours.
for 10 days.
for 19 days.
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Table 7. Specifity of glutamic acid uptake.

Time starved Glut.mic Acid
(MM)

Inhibitor
(M)

Activity* % Uptake

4 hours 0.315 none 8.9 100.0

glu (31.5) 0.7 7.9

asp (31.5) 6.2 69.7

pro (31.5) 8.3 93.3

arg (31.5) 9.4 105.6

leu (31.5) 9.7 108.9

0.0315 none 3.1 100.0

glu (3.15) 0.2 6.5

asp (3.15) 2.7 87.1

pro (3.15) 2.9 93.5

arg (3.15) 3.1 100.0

leu (3.15) 3.1 100.0

30 days 0.315 none 5.9 100.0

glu (31.5) 0.2 3.4

asp (31.5) 4.3 72.9

pro (31.5) 4.8 81.4

arg (31.5) 5.8 98.3

leu (31.5) 5.9 100.0

0.0315 none 1.6 100.0

glu (3.15) 0.1 6.3

asp (3.15) 1.4 87.5

pro (3.15) 1.4 87.5

arg (3.15) 1.5 100.0

leu (3.15) 1.5 100.0

* Activity is in units of pmoles/min/107 cells.
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Table 8. Specificity of arginine uptake.

Time starved Arginine Inhibitor Activity* % Uptake
(1.iM) (pM)

4 hours 0.27 none 23.8 100.0

arg (27.0) 0.5 2.1

orn (27.0) 18.7 78.6

lys (27.0) 21.9 92.0

leu (27.0) 20.4 85.7

pro (27.0) 22.5 94.5

glu (27.0) 22.6 96.0

.027 none 4.2 100.0

arg (2.7) 0.5 11.9

orn (2.7) 4.0 95.2

lys (2.7) 4.5 107.1

leu (2.7) 4.0 95.2

pro (2.7) 4.3 102.4

glu (2.7) 4.5 107.1

33 days 0.27 none 0.74 100.0

arg (27.0) 0.07 9.5

orn (27.0) 0.32 43.2

lys (27.0) 0.61 82.4

leu (27.0) 0.68 91.9

pro (27.0) 0.77 104.1

glu (27.0) 0.69 93.2

0.027 none 0.51 100.0

arg (2.7) 0.02 3.9

orn (2.7) 0.15 29.4

lys (2.7) 0.38 74.5

leu (2.7) 0.42 82.4

pro (2.7) 0.43 84.3

glu (2.7) 0.43 84.3

* Activity is in units of pmoles/min/107 cells.



Table 9. Effect of the metabolic inhibitor, dinitrophenol (DNP), and
an energy donor, succinate, on amino acid uptake by fresh and starved
Ant-300 bacteria.

Time Starved Amino Acid Added Compounds Activity* % Uptake

(1tM) (mM)

2 hours glu (0.315) none 7.06 100.0

DNP (2.0) 0.05 0.7

succinate (20.0) 6.84 96.9

33 days glu (0.315) none 4.00 100.0

DNP (2.0) 0.13 3.3

succinate (20.0) 3.02 75.5

2 hours arg (0.27) none 16.64 100.0

DNP (2.0) 1.12 6.7

succinate (20.0) 14.70 88.3

33 days arg (0.27) none 0.65 100.0

DNP (2.0) 0.17 26.2

succinate (20.0) 0.64 98.6

2 hours pro (0.309) none 13.04 100.0

DNP (2.0) 0.58 4.4

succinate (20.0) 13.35 102.4

33 days pro (0.309) none 6.92 100.0

DNP (2.0) 0.58 8.4

succinate (20.0) 8.97 129.7

2 hours leu (0.254) none 9.51 100.0

DNP (2.0) 1.76 18.6

succinate (20.0) 9.42 99.1

33 days leu (0.254) none 0.71 100.0

DNP (2.0) 0.22 31.0

succinate (20.0) 0.81 114.1

* Activity was measured in units of pmoles/min/l07 cells.
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DISCUSSION

In Stevenson's (1978) discussion of bacterial domaricy, dormancy

is defined as 'any rest period or reversible interruption of the pheno-

typic development of an organism." This definition was first presented

by Sussman and Halvorson (1966). A further refinement of the definition,

again proposed by Sussman and Halvorson (1966), defines exogenous

dormancy as "a condition in which development is delayed because of

unfavorable chemical or physical conditions of the environment." Taken

together, these definitions describe a reversible condition which is

imposed from outside the organism. The existence of dormant bacteria,

as evidenced by the presence of small resting cells, has been noted by

Oppenheimer (1952) and Anderson and Hefferman (1965) in marine waters.

Novitsky and Morita (1976) have shown that similar small resting or

dormant cells are formed when the marine Vibrio used in this study,

Ant-300, is placed in an unfavorable environment, one devoid of nutrients.

This dormancy was reversible. When placed in a nutrient rich medium,

the small cells grew without a significant lag period and had a generation

time equal to that of nonstarved cells.

It is commonly accepted that plate counts of bacteria from aquatic

environments are invariably several orders of magnitude lower than

direct microscopic counts (Jannasch and Jones, 1959). These noncolony

forming bacteria may have very specialized requirements for growth

which are not met by ordinary culture techniques or, as Stevenson (1978)

suggests, they may be dormant. In the marine environment, this dormancy

could be caused by changes in salinity, temperature, pressure or

nutrient availability. If such cells are dormant, then dormant cells
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constitute a large fraction of aquatic and terrestrial bacterial popula-

tions. However, little is known about the physiology of dormant cells

and, in particular, about the interaction between dormant cells and

their surroundings.

The data in Figures 3-6 show that a 30 day old Ant-300 cell starved

in the total absence of nutrients is able to bind 113% of the glutamic

acid, 56.7% of the proline, 30.6% of the arginine, and 23.4% of the

leucine bound by a nonstarved cell. Even though the amount of amino

acid bound by a starved cell is reduced, except in the case of glutamic

acid, these results make it difficult to think of a starved cell as

inert. Hoppe (1976), using a micro-autoradiography technique to

measure the amino acid uptake activity of individual cells, concluded

that 'the fraction of very small heterotrophic bacteria which cannot

be cultured on nutrient media is responsible for the continuous

breakdown of organic material in offshore regions of the sea.' All of

this seems to contradict Stevenson's (1978) hypothesis that a large

fraction of bacteria in aquatic systems are dormant. This contradiction

can be resolved if a dormant cell is defined as being in a temporary

state of suspended animation due to nutritional deprivation or some

other environmental stress while retaining the ability to take advantage

of any favorable shift in the environment.

In order to survive, a dormant cell would need to 'shut off' all

unnecessary cellular activity which utilizes energy. As an example of

this, the endogenous respiration of Ant-300 cells is reduced to 99% after

one week of starvation (Novitsky and Morita, 1977). Such a 'shut down'

cell is dormant. However, if a cell has retained the ability to sense

and react to changes in its environment then it would be able to



utilize substrates when

Any method of measuring

measure the activity of

on' by the presence of

Ant-300, though it

they become available and thus become active.

activity in which a substrate is provided would

a cell that is no longer dormant, but is 'turned

the substrate.

undergoes some extreme morphological changes

when placed in a starvation menstrum, is not physiologically locked

into a starvation state. Starved cells respond almost as quickly to

an added substrate as nonstarved cells, as indicated by their activity

during a two hour incubation time (Figs. 3-6). Hoppe (1976) used an

incubation time of three hours when he concluded that the small volume,

3 . . . .

0.13 t , heterotropic bacteria were active. This is in contrast to the

work of Williams and Gray (1970) who noted two separate increases in the

rates of amino acid uptake by marine populations. The second rate in-

crease followed the first by from 20 to 36 hours. This was thought to

be the result of the activation of inactive cells or of growth. If

the pattern of quick activation characterized by Ant-300 is typical

for dormant bacteria, then the biphasic uptake seen by Williams and

Gray (1970) was probably caused by growth instead of activation.

A distinction must be made at this point between uptake, which

includes the binding of a substrate in loosely held pools, and

assimilation, which is the incorporation of the substrate into cellular

macromolecules. A 30 day starved cell of Ant-300, which binds as much

glutamic acid in a shock releasable pool as a nonstarved cell,

assimilates only 24% of the amount that a nonstarved cell assimilates

in the same time period. The amount of CO2 produced is similarly

depressed in starved cells. By any measure of activity based on these

two parameters, a starved Ant-300 cell would appear less active than
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a nonstarved cell; though still far from inert.

All of the results in Figures 3-6 have been presented on a per

viable cell basis. This may not be the best method of presenting such

data and may actually be misleading. The starved cells are much smaller

(cocci of a 0.4 pm diameter) than the nonstarved cells (1x4 pm rods).

Using these dimensions, Novitsky (Ph.D. thesis, 1977) calculated the

volume of the starved cell to be 0.09X the volume of the nonstarved

cell. This means that on a per unit volume basis, 30 day starved cells

are binding 30X as much glutamic acid as fresh cells, 8.4X as much

arginine, l5.6X as much proline, and 6.4X as much leucine. Presented

in this fashion, the data show starved cells to be extraordinarily

active and hardly deserving of the name 'dormant

The starved state of Ant-300 represents a series of adaptations

which are triggered by nutrient deprivation and which certainly

contribute to the survival capabilities of the starved cells. The

fragmentation and shrinking of the original cells results in the

formation of the small starved cells with a high surface to volume ratio.

Veldkamp and Matin (1978) stated that a high surface to volume ratio

contributed to the efficient scavenging capacity of a Spirillum sp. in

a low nutrient environment. Hoppe (1976) stated that, "the small size

of a majority of non-culturable bacteria together with their high

substrate affinity may enable these bacteria to live in water bodies

containing threshold concentrations of nutrients.' Nonstarved cells of

Ant-300 have a high affinity for amino acids. The affinity of starved

cells for amino acids remains constant, as seen with glutamic acid

and proline (Table 3 and Table 5), or increases, as seen with leucine

and arginine (Table 6 and 4'). The chanqes in leucine and arqinine
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uptake occur during the first forty-eight hours of starvation

and remain constant thereafter. Cell division occurs during this

early stage of starvation and requires some synthesis of new cell

membrane. The synthesis, modification, or activation of the hiqh

affinity uptake systems for argiriine and leucine may be coupled to

cell division and membrane synthesis. These uptake systems could be

examples of starvation induced physiological adaptations.

The 'new' uptake system for leucine, which may be a newly synthesized

protein or an alteration of the already active binding protein, replaces

the 'old' uptake system. Both the Km and Vmax are changed in the new

system, with the most radical change occurring in the Vmax. Since most

of the leucine taken up by nonstarved cells is used for macromolecular

synthesis, the high Vmax and lower affinity system of the nonstarved

cell may be closely linked to some synthetic pathway. The repression

of macromolecular synthesis involving leucine may also signal the

repression or modification of this high Vmax uptake system for leucine.

The 'new' uptake system for arginine does not replace the 'old'

system but acts 'in addition to it. The new uptake system is of low

velocity (0.5 to 0.8 pmoles/min/l07 cells) and very high affinity

(1.7 to 2.8 x lO9M). It extends the range of arginine concentration

which can be bound by starved cells. If the data of Geesey and Morita

(1979) is analyzed by the procedure of Neal (1972) instead of the

procedure of Reid et al (1970), an uptake system for arginine with

a Km of 3.4 x lO9M is seen in 24 hour starved cells. This indicates

that the synthesis of this system occurs during the first 24 hours

of starvation.

Torrella and Morita (unpublished data) have noted the appearance
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of flagella in 24 hour starved cells of Ant-300. These motile starved

cells are capable of chemotactic response to amino acids. The synthesis

of flagella may be coupled to the appearance of the high affinity

binding proteins. For example, the high affinity binding protein for

arginine could serve as a chemotactic receptor and enable the starved

cell to respond to arginine levels as low as l0 or l0'0M.

In contrast to the starvation response of certain fungi (Pall,

1969), the uptake systems of Ant-300 do notbeccrne non-specific. The

competition experiments with nonstarved and starved cells (Table 7 and

Table 8) showed only a limited increase in the ability of structurally

related amino acids to inhibit uptake. A high specificity of uptake

was also seen in the glucose uptake system of Serratia marinorubra

(Hodson and Azam, 1979). The uptake of this phsophotransferase system

(PTS) substrate was not subject to catabolite repression. The authors

suggest that, "This pattern of regulation can be interpreted as an

adaptation to growth under marine conditions of extreme carbon

limitation, wherein the uptake of many organic substrates simultaneously

could better supply the carbon and energy requirements of a cell than

if some substrates were rejected in favor of 'perferred' PTS substrates."

A similar statement is made by Williams (1970), "In the sea, low

substrate levels (10 M or usually less) makes repression unlikely,

thus the organisms have the possibility of using whatever suitable

substrates are available." High specificity uptake systems coupled

with a lack of substrate induced repression enable a cell to bind and

form pools of whatever substrate it encounters. The fact that starved

cells maintain an energized membrane, as evidenced by the effect of

DNP on amino acid uptake (Table 9), indicates the importance of this



57

pool forming ability.

The survival strategy of Ant-300 seems to emphasize the binding

and holding of amino acids in pools, rather than the immediate use of

these substrates as energy sources. Even a good energy source such as

glutamic acid will mainly be stored in a shock releasable pool. This

preference to bind and not utilize DFAA indicates that a starved cell

is under strict metabolic control. There seems to be a threshold level

of substrate which is necessary to activate the growth response of the

cell. This idea is supported by the experiments of Jannasch (1967)

which showed that at a limited substrate concentration, cultures would

survive but not grow. For Ant-300 it seems that until this threshold

level is reached, the cell will remain in the starved state utilizing

only a small portion of the substrates in the pools for energy production

and macromolecular synthesis. It could also be possible that the growth

response of starved Ant-300 cells is activated only by the accumulation

of all essential amino acids and growth factors. The fact that many of

these can be stored in pools greatly enhances the probability that a

starved cell will eventually encounter conditions that allow it to grow.

In the laboratory, Ant-300 has survived in the complete absence

of nutrients for over four years. The length of time that starved cells

can survive in the oceans can only be guessed. The small cells observed

by various researchers in the marine environment could be as old as the

water masses in which they were found. Because dormancy is a mechanism

of survival for organisms in environments nearly devoid of energy, these

small cells may be dormant. However, if the 'active dormancy' of

Ant-300 is typical of dormant cells; then dormant cells could play a

very important role in marine ecosystems, particularly in the vast areas

of the ocean which are nutrient poor.
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