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The chemotactic responses by starved cells of marine Vibrio sp. strain S14 differed from those elicited by cells
that were not nutrient limited. The rate of chemotaxis at different concentrations of several attractants varied
for starved and growing cells. Vibrio sp. strain S14 showed positive chemotaxis to leucine, valine, arginine, and
glucose at the onset of energy and nutrient deprivation. A continued, though decreased, positive response was
demonstrated for leucine, arginine, and glucose at 10 h of starvation. Cells starved for 3 h displayed a stronger
response to glucose than those starved for shorter or longer times. However, cells starved for 5 and 10 h
responded more strongly to a lower concentration of glucose than did cells starved for 0 and 3 h. Starvation for
24 h elicited no measurable chemotaxis to leucine, arginine, or glucose. The motility decreased by over 95% in
the cell population after 24 h of starvation, which resulted in a low sensitivity in the chemotaxis assay. A switch
in the response to valine was observed by 3 h of starvation. The addition of nutrients to 22-h-starved cells
elicited a temporary positive chemotactic response to leucine by 2 and 4 h of nutrient recovery, while cells at
1 and 6 h of recovery showed no response. At 2 h of recovery, the greatest response was recorded to 10~* M
leucine, whereas at 4 h it was to 10~2 M leucine. Ten to fifty percent of the 22-h-starved cell population regained
their motility after 4 h of nutrient-aided recovery. It is possible that two types of chemosensory systems exist
in marine bacteria. Starved and growing cells responded to different concentrations of the attractant, and
growing cells displayed a saturated chemotactic system with leucine as the attractant, unlike the response

during starvation.

The accumulation of macromolecules and nutrient ions at
organic and inorganic surfaces in marine waters results in
sites of substrate elevation in an otherwise nutrient-deficient
environment. Aggregates and macroscopic particles consti-
tute enriched microenvironments for both autotrophic and
heterotrophic processes (4, 6, 32). Motile bacteria may
respond to the nutrient concentration gradient at such sur-
faces by positive chemotaxis. Jackson (17) suggests that
chemotaxis enhances bacterial interactions with aggregates
in marine waters, allowing bacteria to stay for significant
times at the surface and allowing for attachment and coloni-
zation. As such, chemotaxis may serve the bacteria primar-
ily as a food-finding device (15).

Studies of the chemotaxis of marine bacteria have been
performed (7-9). However, chemotaxis by energy- and nu-
trient-limited marine bacteria has been investigated to only a
limited extent (13, 34). Such studies suggest that the ability
of the nutrient-depleted bacterial cell to respond to substrate
addition may influence the survival capacity of the cell. It
has also been demonstrated that marine bacteria exhibit
functional uptake systems during prolonged starvation (11,
13, 19, 23, 28).

In order to obtain further information on the survival
behavior of energy- and nutrient-limited copiotrophic (30)
bacteria, we conducted a series of experiments to study the
chemotactic responses by marine Vibrio sp. strain S14 under
starvation and substrate-aided-recovery conditions.

* Corresponding author.

3699

MATERIALS AND METHODS

Organism, cultivation, and starvation conditions. Marine
Vibrio sp. strain S14 (CCUG 15956) was used. It was first
isolated by Humphrey et al. (16) and was further described
and characterized by Mardén et al. (23) and Albertson et al.
(3). Motile cells each possess a single, polar flagellum. S14
cells were preserved in 15% glycerol plus VNSS (see below)
and stored at —70°C. A new stock culture was established
from an ampoule for each new set of experiments. The
bacteria were grown in V medium (VNSS) (35) for marine
bacteria which contained the following: peptone, 1.0 g; yeast
extract, 0.5 g; glucose, 0.5 g; starch (soluble), 0.5 g;
FeSO, - 7TH,0, 0.01 g; Na,HPO,, 0.01 g; and nine-salt
solution (NSS), 1,000 ml. The NSS consisted of the follow-
ing: NaCl, 17.6 g; Na,SO,, 1.47 g; NaHCO,, 0.008 g; KClI,
0.25 g; KBr, 0.04 g; MgCl, - 6H,0, 1.87 g; CaCl, - 2H,0,
0.41 g; SrCl, - 6H,0, 0.01 g; H;BO;, 0.01 g; and double-
distilled water, 1,000 ml (22). Agar was added at a concen-
tration of 15 g liter ™! to give VNSSA plates.

One hundred-milliliter cultures were grown in 300-ml
Erlenmeyer flasks at 25°C in a rotary incubator (125 rpm,
25°C). Bacteria were harvested and washed twice in NSS
when cultures reached an optical density at 610 nm of
approximately 0.12 (107 bacteria ml~?!). Care was taken to
keep the flagella intact by means of low-speed centrifugation
(3,000 x g), and washing and resuspending procedures were
performed gently. Bacteria were diluted in starvation me-
dium (NSS) to a density of 107 cells ml~!. A 15-ml aliquant
was transferred to each of four 20-ml sterile glass beakers.
Bacteria were starved at 25°C statically. At different time
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intervals (0, 3, S, and 10 h) chemotaxis assays were per-
formed.

Chemotaxis assay. All glassware was washed thoroughly,
rinsed, and left in a 180°C oven for at least 5 h. The
chemotaxis assay is based on the Adler assay (1) with the
following alterations. A 20-ml glass beaker was used instead
of the flat chamber on a glass slide; four capillaries (Drum-
mond, 1 pl) were used for each individual experiment
instead of one capillary. Elastic clay was used to stick the
capillaries to the edge of the beaker. The chemotactic
solutions were used at concentrations of 1071, 1072, and
10~* M. NSS served as the control.

Each assay was run for 30 min. At completion of the assay
time, each set of four capillaries (per concentration) were
broken aseptically and the contents were mixed with 5 ml of
NSS. Dilution series, in steps of 10X, were performed. One
hundred-microliter aliquots from appropriate dilutions were
spread on VNSSA plates and incubated for 24 h at 25°C, and
the colonies were counted. The minimum numbers of colo-
nies counted were 20 for each agar plate.

Experiments for each chemotactic stimulant were re-
peated five times. The means from the five data sets are
shown in Fig. 2 and 4. Plate counts were made twice, in
duplicate, and for each a mean value was derived. The
chemotactic response was expressed in terms of relative
response, defined as the number of cells that accumulated in
the capillary containing the stimulant divided by the number
of cells that accumulated in the capillary without the stimu-
lant. By expressing the data in terms of a relative response,
it was possible to correct for differences in motility and
reductive division (24) of cell populations. Values >1 gave
the fold increase in cells responding to the attractant.

Chemotactic stimuli. Stock solutions were made of L-leu-
cine (1.31 g in 100 ml of NSS), L-valine (1.17 g in 100 ml of
NSS), L-arginine (1.74 g in 100 ml of NSS), and glucose (1.8
g in 100 ml of NSS). All chemicals were of fine grade (Sigma)
to obtain maximum purity for the chemotaxis assay. Chemo-
tactic solutions were adjusted to equal the pH of the control
(NSS, pH 7.6) and subsequently filter sterilized (Millipore,
0.22-um pore size). The chemotactic solutions were made
fresh for each set of experiments.

Motility test. Bacterial motility was checked microscopi-
cally at various starvation times (0, 1, 3, 5, 10, and 24 h). A
2-ml aliquant was removed, and to this 0.125 pl of glutaral-
dehyde (GA) (2%) was added. This was the basis for the total
cell counts. Parallel sampling, without the addition of GA,
provided the basis for counting of the nonmotile bacteria.
The idea was to always be able to count nonmotile cells and
then to derive the numbers of motile cells by the equation
referred to below. Cell counts were performed with a Helber
counting chamber. The number of motile cells as a percent-
age of the total population was derived from the following
equation: percent motile cells = {{[number of cells (+GA) —
number of nonmotile cells (—GA)J/no of cells (+GA)} x 100.
The experiments were repeated three times, and the mean
value of three runs are depicted (see Fig. 1).

Recovery medium and experimental conditions. Cells starv-
ing at a density of 10’ ml~! in NSS for 22 h were used in
recovery experiments. Glucose, (NH,),SO,, and K,HPO,
were added to the cell suspension at final concentrations of
2.0, 1.1, and 0.27 g liter™?, respectively. The addition of the
nutrients marked time zero for the recovery study. At1, 2, 4,
and 6 h, the chemotaxis assay was performed with leucine as
the chemoattractant at concentrations of 107!, 1072, and
10~* M. NSS without leucine was the control. Cell motility
was monitored microscopically, and samples for transmis-
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FIG. 1. Decrease in percentage of motile cells in a population of
Vibrio sp. strain S14 during starvation.

sion electron microscopy (TEM) preparations were taken at
various intervals.

Control experiments. The process of cell recovery mea-
sured as motility after starvation times of 10, 24, 48, and 168
h was monitored by video recording. At various time inter-
vals a 50-pl aliquot of culture was placed on a glass slide
which was immediately observed under a microscope at-
tached to a television screen and video recorder. The obser-
vation time was from 30 to 60 s, and the test was performed
twice for each sample.

Flagellum staining and TEM preparations. At different
time intervals samples were prepared for flagellum staining.
Fifty microliters of cell suspension was placed in a petri dish.
A Formvar-coated copper grid (200 um) was placed on top of
the drop and was left there for 30 min. Subsequently, the grid
was dipped carefully for 5 s into buffer (NSS) and then into
a staining solution containing 1% tungstate-2% ammonium
acetate-3 mM MgCl, - 6H,0 diluted in buffer, into buffer
again, and finally into distilled H,O. All solutions used were
pH adjusted (pH = 7) and filtered (Millipore, 0.22-pum pore
size) before use. Grids were examined in a Philips EM 301
electron microscope.

RESULTS

Vibrio sp. strain S14 cells undergoing starvation. The num-
ber of motile Vibrio sp. strain S14 cells decreased to 1 to 2%
by 24 h of starvation (Fig. 1). TEM photographs showed a
decrease in the number of flagellated S14 cells with increas-
ing time of starvation (not shown). TEM photographs of S14
cells at the onset of starvation demonstrated the presence of
a single, polar flagellum. The length of the flagella ranged
from about 10 to 15 pm. After 24 h of starvation, few
flagellated cells were observed by TEM.

In the absence of exogenous energy and nutrient sources,
Vibrio sp. strain S14 cells showed positive chemotaxis to
leucine, valine, arginine, and glucose at the onset of starva-
tion. The chemotactic response by S14 cells at the onset of
starvation for the highest attractant concentration used
ranged from a 100-fold response for valine to a 15-fold
response for glucose (Fig. 2).
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FIG. 2. Chemotactic responses of Vibrio sp. strain S14 cells to test chemostimuli at various starvation times.

Positive chemotaxis to leucine, arginine, and glucose
remained throughout 10 h of starvation, although for leucine
and arginine, the responses decreased with increasing time
of starvation. Vibrio sp. strain S14 cells starved for 3, S, and
10 h were no longer attracted to valine.

Chemotaxis to glucose was more complex (Fig. 2D). At 0
and 3 h of starvation the cells showed the strongest attrac-
tion to the highest concentration (10~! M), while 5- and
10-h-starved cells were most attracted to glucose at a con-
centration of 102 M. Unlike the results with the amino
acids, to which cells showed the greatest responses at the
onset of starvation (0 h), with glucose, cells responded most
strongly at 3 h.

Samples for chemotaxis assays were initially also taken at
a sampling time of 24 h. However, at this time, the numbers

of motile cells were generally too low to obtain sufficient
counts by this method and, as a consequence, this sampling
time was later excluded.

It should be noted that the results represent the fold
increase in numbers of cells that were attracted to the
chemostimulant in the capillary compared with the number
of cells that moved into the capillary by chance. In this assay
system it was only the motile cells that were capable of
responding chemotactically, and thus only such cells were
assayed. The difference in motility at different times of
starvation is therefore taken into account.

Recovery from starvation of Vibrio sp. strain S14 cells.
After 22 h of starvation, an increase in the number of motile
Vibrio sp. strain S14 cells was not observed prior to 1 h after
the addition of nutrients (Fig. 3). By 1.5 h, 5 to 10% of the
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FIG. 3. Increase in optical density of Vibrio sp. strain S14 cells
during nutrient-aided recovery from starvation. Motile cells: — none
observed; (+), few observed; +, 5 to 10% observed; ++, 10 to 50%
observed; +++, =50% observed.

S14 cell population was motile. At 4 h of recovery, 10 to 50%
of the cells were motile, and by the completion of the
observation period, after 6 h, 50 to 100% of the cells had
regained motility.

While more than 10% of Vibrio sp. strain S14 cells that had
been starved for 10, 24, or 48 h regained their motility within
120 min of recovery, there were no observable motile cells
after 5 h of recovery of 168-h-starved S14 cells. The viability
remains 100% after at least 2 weeks of starvation of S14 cells
3).

During recovery from starvation, Vibrio sp. strain S14
cells showed a positive chemotactic response to leucine at 2
and 4 h but not at 1 or 6 h after nutrient addition (Fig. 4).
Moreover, after 2 h of recovery, cells responded most
strongly to leucine at a concentration of 10™* M, whereas
after 4 h, 1072 M leucine elicited the strongest response.

DISCUSSION

Motile cells have the possibility of encountering nutrient
gradients that surround aggregates in marine waters (4) and
gaining access to favorable nutrient sites. This random
movement, in combination with a chemotactic response
involving direct swimming toward higher nutrient concen-
trations, is suggested to be an efficient means for substrate
scavenging by marine bacteria (5, 17).

Maintained motility is reported also for bacteria exposed
to nutrient limitation (31, 34). Although the majority of cells
lost motility, a fraction (1 to 2%) of the total population of
Vibrio sp. strain S14 cells was still motile after 24 h, and
motile cells (about 5%) were observed even after 70 h of
starvation. The almost total loss of motility corresponded to
a loss of flagella, as shown by TEM photographs of 24-h-
starved cells. The decrease in motility corresponded to the
utilization of energy storage polymer (poly-B-hydroxybu-
tyrate) of S14 cells during starvation, as found by Mardén et
al. (24). It is possible that the loss of easily utilizable
endogenous energy sources corresponds to an energy level
below the threshold to drive the flagellum motor. Recently
Eisenbach (12) reported that when Escherichia coli had no
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FIG. 4. Chemotactic response of Vibrio sp. strain S14 cells to
leucine at various times during nutrient-aided recovery.

external supply of energy, a second mechanism for driving
the motor, other than the proton motive force, is induced.
This may serve as a backup mechanism that enables the
bacteria to swim away from the energy-poor environment.
Similarly, such a secondary mechanism may account for the
motility observed after 70 h of starvation for approximately
5% of the S14 cell population.

The chemostimuli included in this study were chosen for
the following reasons. Vibrio sp. strain S14 has shown
different uptake systems for leucine under starvation-in-
duced conditions than under nonlimiting conditions (23, 28).
It may be of interest to observe whether a coupling exists
between the leucine uptake systems and the chemosensory
response for leucine. Also, leucine is reported to be a
chemorepellent for E. coli. This is an interesting observation
as leucine is one of the essential amino acids. Is the negative
chemotactic response shown for E. coli toward leucine a
common phenomenon for procaryotes, and is it altered
during energy and nutrient limitation? Arginine has been
employed as a chemoattractant in previous work that eval-
uated the chemotactic responses by marine bacteria under
nutrient deprivation (13). Valine was chosen as an additional
amino acid since it is known that for E. coli it is also a
repellent. Glucose is a common carbohydrate in marine
waters, and Vibrio sp. strain S14 induces, or derepresses, a
high- affinity, protein synthesis-dependent uptake system for
glucose subsequent to 70 h of starvation (3a).

The results showed that Vibrio sp. strain S14 responded
differently to three amino acids and to glucose during the
first 10 h of starvation. Although positively attracted to
leucine, arginine, and valine at the beginning of starvation,
after 3 h the cells were attracted to leucine and arginine but
not to valine. It would be interesting to include experiments
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to determine whether valine becomes a repellent to starving
S14 cells. Valine is known as a repellent for E. coli, which
uses the same class of receptor as for leucine. At 0 h of
starvation Vibrio sp. strain S14 cells responded most
strongly to the highest concentration of attractant used, i.e.,
10~* M. From the graphs shown in Fig. 2A to C it is clear
that saturation (26) of the chemosensory system did not
occur at any concentration of these attractants in the initial
phase of starvation. These results can be compared with
results obtained for E. coli cells from a log-phase culture: the
majority of the compounds tested elicited a peak value in the
chemotactic response (25). In contrast to the chemotactic
response of E. coli, the results of our study showed that
leucine was an attractant for Vibrio sp. strain S14 cells.

The response of Vibrio sp. strain S14 cells to glucose was
different and more complex than that to the amino acids (Fig.
2D). At 0 and 3 h the chemosensory system remained
unsaturated, even at 107! M glucose. However, after this
time, saturation occurred at 10~2 M. This saturation effect is
similar to the peak values for E. coli responses to sugars (2).
The peak value of a chemotactic response denotes the
attractant concentration at which an increase in concentra-
tion does not elicit any greater chemotactic response by the
cell (26).

The chemosensory system of bacteria may be closely
linked to the uptake and transport systems (10). It has been
shown that under nonlimiting nutrient conditions bacterial
cells use low-affinity uptake systems but that under limiting
nutrient conditions there is a switch to high-affinity ones (11,
13, 19). For Vibrio sp. strain S14, Mardén et al. (23) have
shown that a low-affinity uptake system for leucine is used
by cells during growth and during the initial phase of
starvation. However, at 24 h of starvation both the low- and,
with increasing V., a high-affinity system can be detected.
This change in uptake capacity for leucine is concomitant
with a loss in the chemotactic response to leucine by Vibrio
sp. strain S14 cells.

Constant, or even enhanced, chemotactic responses by
various microorganisms under nutrient-limited conditions
have been reported (33, 34). For Vibrio sp. strain S14, the
majority of cells were nonmotile after 24 h, so it is not known
if the chemosensory system was still functional. However,
the results indicate that the system may be shut down after
24 h of starvation, since the response to arginine and leucine
became weaker over 10 h of starvation.

The dual uptake system may allow bacteria to conserve
energy by being nonmotile when nutrient concentrations are
low but to use a search strategy in the vicinity of higher
solute concentrations, enabling them to locate or remain in
the vicinity of a nutrient source. Similarly, the high-affinity
uptake system for glucose of Vibrio sp. strain S14 cells is not
induced or derepressed prior to 70 h of starvation (3a).

The lipid composition in the cell and outer membranes of
Vibrio sp. strain S14 changes during starvation (21). The
overall change leads to a total decrease of the lipid content
after 24 h of starvation. The greatest changes were observed
at starvation times of 3 and 5 h. This is parallel to the
enhanced chemotactic response to glucose by Vibrio sp.
strain S14 after 3 h of starvation. Changes in the lipid
composition of the cell membrane toward shorter and tem-
porarily unsaturated fatty acids may influence the chemotac-
tic behavior at that starvation time. That the lipid composi-
tion as well as the lipid content in the cell membrane may
influence activities such as uptake and chemosensory sys-
tems has been suggested by several investigators (20, 27, 29).

An increase in the numbers of motile, and therefore
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flagellated, cells occurred upon addition of nutrients to the
22-h-starved Vibrio sp. strain S14 cells. The first increase in
the number of motile cells was observed after 1 h, and by 1.5
h of recovery approximately 5 to 10% of the cell population
was motile.

The rate of synthesis of flagellin and its incorporation into
the flagellum is reported to be 0.2 um min~! for E. coli (14).
A full-size E. coli flagellum is estimated to be 10 to 20 um in
length (14). If a similar rate of synthesis can be applied to
Vibrio sp. strain S14, it would take approximately 1 to 1.5 h
to synthesize a full-length flagellum. This time corresponds
to that found for S14 cells to regain motility during recovery
from starvation. Resynthesis of the flagellum is likely to be
the case on the basis of results from TEM photographs of
24-h-starved cells. By this time, few or no flagellated cells
were seen. There was no evidence of shearing of the
flagellum as there were no free flagella in the surrounding
area.

Vibrio sp. strain S14 cells starved for 48 h and subse-
quently given nutrients responded by an increase in motility
after approximately 2 h of recovery. However, there was no
increase in the number of motile cells observed within 5 h of
recovery in a 168-h-starved cell culture. This shows that
prolonged starvation includes a prolonged lag period be-
tween addition of nutrients and phenotypic expression. The
observation time (5 h) may have been too short, as cells in
colonies, recovered on rich medium plates after 8 weeks in a
starvation medium, have been found to be motile (K. Malm-
crona-Friberg and A. Goodman, unpublished observations).

When E. coli grows in the presence of glucose in minimal
salts medium, flagellar formation is transcriptionally re-
pressed (18). Flagellum synthesis is derepressed with in-
creasing levels of cyclic AMP. A different result was found
for Vibrio sp. strain S14 cells when they were subjected to
energy and nutrient recovery. The addition of glucose in the
recovery medium did not inhibit increased motility by Vibrio
sp. strain S14. Glucose may, however, inhibit a chemotactic
response with time of recovery in nutrient media, as by 6 h
of recovery there appeared to be little chemotactic response
to leucine.

Vibrio sp. strain S14 cells starved for 22 h exhibited a
chemotactic response to leucine at 10~* M after 2 h of
recovery. The delay in chemotactic response may have been
caused by a total shutdown of the chemotactic system under
prolonged starvation and the time required for reformation
of the system when energy became available. The appear-
ance of the chemotactic response paralleled the restoration
of motility. Therefore, it may be the lack of motility which
regulates the chemosensory system.

The chemotactic response by Vibrio sp. strain S14 to a
concentration of 10~* M leucine after 2 h of recovery
indicated the presence of a sensitive sensory system which
was not induced or derepressed during starvation or log-
phase growth. As the S14 cells continued to recover in the
presence of nutrients, utilization of a chemotactic response
may have become less necessary. This could be seen after 4
h of recovery, at which time the sensitivity of the response
had decreased. No measurable response was observed 6 h
after nutrient addition. The characteristics of the graph for
the chemotactic response to leucine by Vibrio sp. strain S14
after addition of nutrients indicated the presence of a satu-
rated system, unlike that displayed during starvation.

Recent results obtained in our laboratory by two-dimen-
sional gel electrophoresis of pulse-labeled starved and recov-
ered cells show the temporary synthesis of several proteins
that are unique to the recovery period between nutrient
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addition and onset of growth (3a). Components of the
chemosensory system are apparently part of this unique
class of temporary recovery proteins.

In contrast to results for the initial recovery period, Vibrio

sp. strain S14 cells responded most strongly to the highest
leucine concentration used (10~' M) during energy and
nutrient limitation. Thus, it appears that for S14 cells the
kinetics of chemotaxis are different for starved and growing
cells. It is possible that, as for substrate uptake systems,
there may be two types of chemosensory systems in marine
bacteria.
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