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Sphingomonas sp. strain RB2256 was isolated from Resurrection Bay in Alaska and possibly represents the
dominant bacterial species in some oligotrophic marine environments. Strain RB2256 has a high-affinity
nutrient uptake system when growing under nutrient-limiting conditions, and growing cells are very small
(<0.08 pm?). These characteristics indicate that RB2256 is highly evolved for withstanding nutrient limita-
tions and grazing pressure by heterotrophic nanoflagellates. In this study, strain RB2256 was subjected to
nutrient starvation and other stresses (high temperature, ethanol, and hydrogen peroxide). It was found that
growing cells were remarkably resistant, being able to survive at a temperature of 56°C, in 25 mM hydrogen
peroxide, or in 20% ethanol. In addition, growing cells were generally as resistant as starved cells. The fact that
vegetative cells of this strain are inherently resistant to such high levels of stress-inducing agents indicates that
they possess stress resistance mechanisms which are different from those of other nondifferentiating bacteria.
Only minor changes in cell volume (0.03 to 0.07 pm®) and maximum specific growth rate (0.13 to 0.16 h ") were
obtained for cells growing in media with different organic carbon concentrations (0.8 to 800 mg of C per liter).
Furthermore, when glucose-limited, chemostat-grown cultures or multiple-nutrient-starved batch cultures
were suddenly subjected to excess glucose, maximum growth rates were reached immediately. This immediate
response to nutrient upshift suggests that the protein-synthesizing machinery is constitutively regulated. In
total, these results are strong evidence that strain RB2256 possesses novel physiological and molecular
strategies that allow it to predominant in natural seawater.

Natural seawater normally contains 10° to 10° bacterial cells
per ml (44). The bacterial composition of natural seawater is
regulated by such factors as grazing pressure (40, 47), nutrient
limitation or starvation (19, 21), and various other physico-
chemical stresses (e.g., temperature variation, oxidative stress,
etc.). In response to starvation in the normally oligotrophic
seawater environment, some marine bacteria form nongrowing
ultramicrocells which are highly resistant to secondary stresses
(20, 31). Although starved heterotrophic ultramicrobacteria
exhibit enhanced survival, they cannot become the predomi-
nant biomass in natural bacterial assemblages as long as they
remain in the nongrowing phase. In contrast, marine bacteria
that can survive oligotrophic conditions while maintaining cell
growth have the opportunity to become the predominant spe-
cies in natural seawater.

Sphingomonas sp. strain RB2256 was isolated from natural
seawater in Resurrection Bay, Seward, Alaska, by an extinction
dilution method (2, 3, 38). For further information on this
organism, see reference 37. Strain RB2256 was isolated from
10°-times-diluted natural seawater, indicating that 1 ml of the
original seawater contained at least 10° cells of strain RB2256,
making this organism a numerically important member of the
total population in Resurrection Bay (approximately 1.0 X 10°
cells per ml [38]). Moreover, subsequent 16S rRNA probing
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work suggested the presence of similar species in the North
Sea (37).

Strain RB2256 is a gram-negative, yellow-pigmented, rod-
shaped bacterium (37, 38). It is catalase and oxidase positive
and is resistant to kanamycin (85 pg/ml) and streptomycin (200
pg/ml) (38). Growing cells of strain RB2256 were shown to
have high-affinity uptake systems under nutrient-limiting con-
ditions (38, 39), similar to that of starved cells of a marine
bacterium such as Vibrio sp. strain S14 (1, 25). This character-
istic may help strain RB2256 to scavenge the very small
amounts of bioavailable substances in the marine oligotrophic
environment. As the cell size of strain RB2256 is <0.08 wm?
(see Table 1 and reference 38), this organism belongs to the
ultramicrobacteria as proposed by Torrella and Morita (42)
and more recently reviewed by Gottschal (9). Grazing of bac-
terial cells by heterotrophic nanoflagellates has been found to
be size selective in that ultramicrobacteria, such as strain
RB2256 and starved microcells, may more easily escape graz-
ing by heterotrophic nanoflagellates than do larger bacteria (7,
40). It therefore appears that strain RB2256 is highly evolved
for surviving both grazing pressures and nutrient limitation in
oligotrophic marine environments.

The growth behavior so far identified for strain RB2256
raises important questions concerning its physiotype. It has
been suggested that more detailed studies of strain RB2256,
which apparently retains its low growth rate and small size
under different growth conditions (37), may provide novel in-
formation on the characteristics of typical marine pelagic bac-
teria. While in laboratory cultures strain RB2256 grows het-
erotrophically like Escherichia coli or a marine Vibrio sp., it is
essential to address whether the physiology of RB2256 is fun-
damentally different from that of the well-characterized ma-
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rine species isolated so far. As the apparent DNA content of
RB2256 is one-third that of the E. coli chromosome (38), it is
of particular interest to elucidate how strain RB2256 responds
to nutrient starvation and other environmental stresses and
whether nutrient-limited and starved cells develop a general
cross protection from stress, as is found for most heterotrophic
nondifferentiating bacteria (20). Such responses appear to aid
in the successful adaptation to, and survival in, nutrient-limit-
ing and starvation conditions.

In this study, we initiated an examination of the responses of
RB2256 to shifts in growth and environmental conditions. Such
studies provide essential information on the physiological char-
acteristics of a main representative of the marine bacterial
community and address earlier hypotheses on distinctly differ-
ent physiotypes of oligotrophic bacteria (12, 34). The present
study examined the effect of starvation on the resistance of
batch- and chemostat-grown RB2256 cells to the physioco-
chemical stresses of high temperature, oxidation (hydrogen
peroxide), and ethanol. In addition, we studied the effect that
starvation and medium richness have on cell morphology and
assessed cell growth characteristics in response to the sudden
availability of nutrients.

MATERIALS AND METHODS

Organism, growth conditions, and media. The strain used in this study is the
heterotrophic marine ultramicrobacterium Sphingomonas sp. strain RB2256 (37,
38). The organism was maintained as freeze-dried cultures and as frozen stock
cultures at —80°C. In batch culture, RB2256 was grown in a range of different
media (VNSS broth [32, 43] without soluble starch, V/10, V/100, V/1000, and
nine-salts solution [NSS]) at room temperature (23 to 25°C) on a rotary shaker.
VNSS contained the following components per 1,000 ml of NSS: peptone, 1.0 g;
yeast extract, 0.5 g; glucose, 0.5 g; FeSO, - 7H,0, 0.01 g; Na,HPO,, 0.01 g. NSS
contained the following (per 1,000 ml of deionized water): NaCl, 17.6 g; Na,SO,,
1.47 g; NaHCO;, 0.08 g; KCl, 0.25 g; KBr, 0.04 g; MgCl, - 6H,0O, 1.87 g;
CaCl, - 2H,0, 0.041 g; SrCl, - 6H,0, 0.01 g; H;BO3, 0.01 g. To prepare the
V/10, V/100, and V/1000 media, VNSS broth without soluble starch was diluted
10, 100, and 1,000 times, respectively, with sterilized NSS (32). The pH of all
media was adjusted to 7.8. Concentrations of dissolved organic carbon in these
media were 800 (VNSS), 80 (V/10), 8 (V/100), and 0.8 (V/1000) mg/liter.

For chemostat cultivation and some batch cultures (see Results), a completely
defined artificial seawater (ASW) basal medium was used. This medium had the
following composition (grams per liter of deionized water): NaCl, 24; Na,SOy, 4;
KCl, 0.68; KBr, 0.1; H;BO; 0.025; NaF, 0.002; MgCl, - 6H,O, 10.8;
CaCl, - 2H,0, 1.5; SrCl, - 6H,0, 0.024; NaHCOj, 0.2; NaHPO,, 0.04; NH,Cl,
0.5; trace element solution, 1.0 ml/liter; vitamin solution, 1.0 ml/liter. The bicar-
bonate, phosphate, ammonium chloride, and trace element solutions were au-
toclaved separately and added as small, concentrated volumes to the autoclaved
basal salts after cooling to room temperature. The vitamin solution was filter
sterilized and added separately. The trace element solution contained the fol-
lowing (milligrams per liter of Milli-Q-purified water): CuCl, - 2H,0, 15;
NiCl, - H,O, 25; Na,MoO, - 2H,0, 25; ZnCl,, 70; MnCl, - 4H,O, 100;
CoCl, - 6H,0, 120. It also contained FeCl; at 4.0 g/liter, EDTA at 2.0 g/liter, and
6.5 ml of 25% HCI. The final solution was neutralized to pH 7 to 8 with
concentrated NaOH. The vitamin solution contained the following (milligrams
per liter of Milli-Q-purified water): p-aminobenzoic acid, 50; pyridoxine-HCI,
100; thiamine-HClI, 50; riboflavin, 50; nicotinic acid, 50; p-Ca-pantothenate, 50;
lipoic acid, 50; nicotinamide, 50; vitamin B,,, 50; biotin, 20; folic acid, 20. For
growth in the chemostat, glucose was used as the sole carbon and energy source
(0.54 g/liter; 3 mM) and was also added as a separately autoclaved, concentrated
solution.

In batch cultures grown on ASW medium, alanine, acetate, or glucose (3 to 15
mM) from an autoclaved stock solution was added as a growth substrate. In such
cultures, morpholinepropanesulfonic acid (MOPS) buffer (4 g/liter) was included
in the basal medium to maintain the pH between 6.9 and 7.6. For plate counting
of chemostat-grown cells, ASW-glucose (ASWG) medium was used, which con-
sisted of ASW medium with 3 mM glucose and 1.5% agar. For growth under
glucose limitation, the bacteria were grown at 30°C in a chemostat with a working
volume of 1,050 ml with constant automatic adjustment of the pH with a sterile
0.25 M NaOH solution.

For determination of the optimum growth temperature, RB2256 was grown in
ASWG and ASWG broth plus 8 g of yeast extract per liter and maximum specific
growth rates were determined at various temperatures.

Starvation conditions. Cells grown in VNSS and V/10 were harvested in the
log phase (4 X 108 cells per ml at an optical density at 610 nm [ODyg,(] of 0.1 in
'VNSS or 0.07 in V/10) by centrifugation (8,000 X g, 10 min), washed once, and
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resuspended in sterilized NSS buffered with MOPS (pH 7.8). Starvation of
chemostat-grown cells was initiated by transferring samples from the glucose-
limited culture into sterile conical flasks without centrifugation or resuspension.
Multiple-nutrient starvation refers to the use of media devoid of carbon, nitro-
gen, and phosphorus. All starvation experiments were carried out at 25°C.

Viability measurements. Viable counts in batch-grown cultures were estimated
from the number of CFU on VNSS agar, both with and without streptomycin
(200 pg/ml) and kanamycin (85 pg/ml), by the drop plate method (13). There
were no significant differences between CFU counts with and without antibiotics.
Growth and final cell densities were monitored by determining ODg,. Viable
counts of chemostat-grown cells were obtained as CFU counts on ASWG agar.

Stress exposure protocols. Stress resistance was assessed by recording the
number of CFU of RB2256 challenged with the following stresses: (i) heat stress,
as experienced by a shift from 25°C (or 30°C for chemostat-grown cells) to 56°C;
(ii) ethanol (20%) exposure; (iii) exposure to hydrogen peroxide (25 mM; freshly
prepared from a 30% commercial stock solution). A range of high temperatures
and ethanol and hydrogen peroxide concentrations were tested on RB2256 to
determine a satisfactory level for stress experiments. Exposure to ethanol or
hydrogen peroxide was done at 25°C. Stress resistance was determined on sam-
ples from log-phase batch-grown cells in VNSS and V/10, on samples taken
within 3 min following withdrawal from the chemostat, and on cells taken at
appropriate times during subsequent multiple-nutrient starvation. As cells grown
in VNSS or V/10 showed equivalent stress responses, V/10 was adopted for cell
growth. The number of repeats for each stress experiment is indicated in each
figure legend.

Morphological observations. Cell size and shape were determined by 4’,6-
diamidino-2-phenylindole (DAPI) epifluorescence photomicrography and scan-
ning electron microscopy. At appropriate times, samples were withdrawn from
growing or starving cultures and fixed in 0.5% (wt/vol) glutaraldehyde. Fixed cells
were pretreated with 0.1% Triton X-100 to improve stain penetration (38),
stained with the fluorochrome DAPI, and observed as described by Porter and
Feig (35), with an epifluorescence microscope (Olympus). For scanning electron
microscopy, growing cells were sampled from various media and filtered onto 0.2
wm-pore-size Nucleopore membrane filters (1-cm diameter). Cells on filters
were transferred to 75, 50, and 25% NSS; dehydrated once in 50, 70, 80, and 90%
ethanol and twice in 100% ethanol; treated with 100% isoamyl acetate; and dried
at the critical point. Finally cells were sputter coated with 15-nm Au particles,
and viewed on a JSM-T200 (JEOL) at a magnification of X5,000 to X10,000.

RESULTS

Growth rate, size, and viability of batch- and chemostat-
grown cells. Sphingomonas sp. strain RB2256 was grown in
chemostat and batch cultures to determine what effect medium
richness has on growth rate, cell size, and viability. Only minor
changes in the maximum specific growth rate were observed in
batch-grown cells in response to different concentrations of
organic compounds in complex media. These growth rates
were 0.16, 0.15, 0.15, 0.15, and 0.13 h™* at 25°C (Table 1) in
VNSS, V/10, V/100, V/1000, and NSS, respectively. While
growth rates remained constant, the final cell numbers varied
with medium richness, cell number being directly proportional
to the concentrations of organics in the different media (Table
1). Consistent with the observed small differences in growth
rates, only relatively minor changes in cell volume (Table 1)
and shape (data not shown) were noted during growth in these
media. Growing cells always appeared as short, nonmotile
rods. A similar cellular morphology was also observed when
cells were grown in defined ASW medium in a glucose-limited
chemostat at a dilution rate of 0.027 h™' (data not shown).
These results show that RB2256 grows slowly irrespective of
medium richness and that growing cells maintain a fixed cell
volume and shape.

Multiple-nutrient (carbon, nitrogen, and phosphorus) star-
vation (NSS medium) had a minimal effect on growth rate and
cell size in comparison with growth in VNSS (Table 1). Fur-
thermore, while cells were slightly smaller, they remained short
rods (data not shown). When batch-grown cells were starved,
during the first 24 h of starvation, CFU increased approxi-
mately 1.5-fold (data not shown); probably because of the
completion of ongoing rounds of DNA replication followed by
cell division and partitioning. In addition, the ODyg,, decreased
by approximately 20% (data not shown), which is consistent
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TABLE 1. Characteristics of RB2256 cells batch grown in VNSS, V/10, V/100, V/1000, and NSS media

Final density Growth rate

Mean cell vol (wum?) = SD (no. of cells examined)

Medium (cells/ml) (h ) SAPI SV Cell shape
VNSS 9.0 X 10° 0.16 0.07 = 0.02 (61) 0.04 = 0.01 (30) Shortrods
V/10 7.0 x 108 0.15 0.04 £ 0.02 (60) 0.04 = 0.01 (25) Shortrods
V/100 2.3 X 107 0.15 0.03 = 0.01 (60) 0.02 = 0.01 (30) Shortrods
V/1000 3.4 % 10° 0.15 0.03 = 0.01 (62) 0.02 = 0.01 (25) Shortrods
NSS 6.7 X 10° 0.13 0.03 £ 0.01 (61) ND? Shortrods

“ SEM, scanning electron microscopy.
> ND, not determined.

with starved cells being slightly smaller than growing cells (Ta-
ble 1). After 24 h, both CFU and ODy,, remained constant
throughout the starvation period (168 h) (data not shown).
Viability in samples taken from the glucose-limited chemostat
changed very little during the first 168 h, and CFU dropped
thereafter to stabilize at a level of 1 to 3% between 10 and 30
days after the onset of starvation (data not shown).

Stress responses of batch-grown cells. Growing and starved
cells were examined for sensitivity to temperature, hydrogen
peroxide, and ethanol stress. To evaluate the effect of starva-
tion, log-phase cells were harvested and resuspended in nutri-
ent-free NSS medium and starved for up to 168 h prior to being
stressed (see Materials and Methods). To examine heat stress
sensitivity, cells were subjected to heat stress by rapid transfer
from 25 to 56°C for 15, 30, and 60 min (Fig. 1). All cells were
remarkably heat tolerant, surviving, albeit at 107>%, for up to
60 min at 56°C. Starvation did not confer additional heat tol-
erance, with starved cells being essentially as tolerant as ac-
tively growing cells.

The ability of RB2256 to withstand high temperatures is also
reflected in its growth temperature profile (Fig. 2). While

% Survival

80

Time (minutes)

FIG. 1. Percent survival of Sphingomonas sp. strain RB2256 CFU following a
heat shock in the form of a shift from 25 to 56°C with continuous exposure at
56°C for up to 60 min. Samples were taken directly from exponentially growth
batch culture cells () or washed cells starved for various periods of time, i.e., 0
(©),24 (0), 72 (»), or 168 (m) h. Experiments were performed at least five times,
and the results of a typical experiment are shown.

RB2256 was able to grow at 5°C at a very low rate of approx-
imately 0.01 h™* (results not shown), it was also able to grow at
temperatures above 45°C (Fig. 2).

Cells were remarkably resistant to hydrogen peroxide, being
able to withstand 25 mM for up to 60 min (Fig. 3). Qualita-
tively, the survival patterns were similar to those observed in
heat stress experiments, with growing and starved cells being
able to survive the stress equally well. In a fashion similar to
the survival of cells exposed to high levels of heat and hydrogen
peroxide, RB2256 cells were intrinisically resistant to a high
level of ethanol (20%) (Fig. 4). However, while growing cells
were resistant to ethanol (<1% at 60 min), starved cells were
even more resistant (about 100-fold). Evidently, 60 min of
exposure to 20% ethanol poses little harm to RB2256 cells,
especially those that had been starved for up to 168 h. Inter-
estingly, cells that have just been starved (+ = 0) appear to be
extremely sensitive to ethanol, with survivors being undetect-
able after 30 min of exposure to ethanol (Fig. 4). An explana-
tion for this phenomenon is unknown; however, Eguchi et al.
are currently examining the accumulation of excreted metab-
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FIG. 2. Maximum specific growth rates of Sphingomonas sp. strain RB2256
in batch cultures at different temperatures in ASWG medium plus 8 g of yeast
extract per liter (@) and in ASWG medium (OJ). Experiments were performed at
least twice, and standard error bars are shown.
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FIG. 3. Percent survival of Sphingomonas sp. strain RB2256 CFU following
exposure to 25 mM hydrogen peroxide for up to 60 min. Samples were taken
directly from exponentially growing batch culture cells ((0) or washed cells
starved for various periods of time, i.e., 0 (), 24 (O), 72 (A), or 168 (m) h.
Experiments were performed at least five times, and the results of a typical
experiment are shown.

olites in the culture medium that may contribute to cell viabil-
ity (5).

Stress responses of chemostat-grown cells. The sensitivity of
strain RB2256 to hydrogen peroxide, ethanol, and heat stress
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FIG. 4. Percent survival of Sphingomonas sp. strain RB2256 CFU following
exposure to 20% (vol/vol) ethanol for up to 60 min. Samples were taken directly
from exponentially growing batch culture cells (CJ) or washed cells starved for
various periods of time, i.e., 0 (¢), 24 (O), 72 (A), or 168 (m) h. Experiments
were performed at least five times, and the results of a typical experiment are
shown.
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FIG. 5. Percent survival of Sphingomonas sp. strain RB2256 CFU grown in
glucose-limited continuous culture at a dilution rate of 0.027 h™'. Cells were
transferred immediately from the chemostat into test tubes and exposed to
hydrogen peroxide (25 mM, 0J), heat (56°C, A), or ethanol (EtOH; 20%, <) for
0 to 60 (or 76) min. In the case of hydrogen peroxide exposure, cells were also
subjected to 24 h (O) or 220 (m) h of starvation prior to the stress exposure.
Chemostat experiments were performed twice, and CFU were counted five times
for each time point. A standard deviation of 15 to 18% was observed for each
time point.

(30 to 56°C) was examined with glucose-limited, chemostat-
grown cells grown at a steady-state dilution rate (i.e., specific
growth rate) of 0.027 h™'. As shown in Fig. 5, cells taken from
the chemostat and exposed directly (without a washing proce-
dure) to the various stress conditions were extremely stress
resistant. Viability never decreased below 50% for any treat-
ment up to a 60- to 75-min exposure time. Furthermore, stress
resistance was independent of growth phase, with actively
growing and starved cells remaining largely unaffected by the
stress applied. In addition, these results also show that while
batch-grown cells are highly stress resistant, chemostat-grown
cells are even more resilient.

Transitions to growth in the presence of excess glucose.
Experiments were performed to examine the response of strain
RB2256 to the sudden availability of a nutrient source. Sam-
ples were taken from glucose-limited chemostat cultures grown
at a dilution rate of 0.027 h™*, supplied with 3 mM glucose, and
incubated further at 30°C as a batch culture. Growth was re-
corded in such cultures by measuring OD, from the moment
of glucose addition. Despite the low rate of growth in the
chemostat, cells grew at a rate of 0.185 h™' immediately fol-
lowing transfer to conditions of glucose excess (Fig. 6). When
the same experiment was repeated with ODyg,, readings taken
at much shorter intervals of 6 to 10 min (Fig. 6, insert), it was
evident that the ODg, increase occurred immediately within
the first 6 min.

The effect of a sudden addition of glucose was also examined
in the following way. Glucose-limited, chemostat-grown cul-
tures were allowed to grow for approximately 1 generation
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FIG. 6. Growth of Sphingomonas sp. strain RB2256 following addition of 3 mM glucose to 20-ml chemostat samples in conical flasks placed on a shaking incubator
at 30°C. The experiment was performed 4 days after startup of the first chemostat run (Glucose 1, 0J) and 6 days after startup of the second chemostat run (Glucose
2, A). The insert shows the growth response (in duplicate) 12 days after the startup of the first chemostat run recorded at much shorter time intervals. Chemostat
experiments were performed twice, and CFU were counted five times for each time point. A standard deviation of 15 to 18% was observed for each time point.

time period on alanine in a batch culture, and the 3 mM
glucose was added. Cells exposed to this regimen began to
grow instantaneously at a maximum rate (0.18 to 0.20 h™*; Fig.
7). During the first 30 to 40 min after glucose addition, cell
density increased at an even higher rate (0.28 to 0.29 h™1),
probably because of rapid initial intracellular polyglucose ac-
cumulation (36). In a fashion similar to sudden glucose sup-
plementation, when cells were transferred from the glucose-
limited chemostat into acetate- or alanine-containing ASW
batch cultures, growth was immediately established at rates of
0.02 and 0.04 h™*, respectively (data not shown). These results
indicated that regardless of the nutrient source encountered
(glucose, acetate, or alanine), RB2256 is able to resume its
maximum growth rate immediately upon supplementation to
nonlimiting concentrations, without any lag phase, as defined
by the nutrient source and the growth temperature.

DISCUSSION

Heterotrophic bacteria usually adapt their growth rate and
cell size to both the nature and concentration of organic nu-
trients in the environment. Recent studies have also demon-
strated that most nondifferentiating bacteria display differen-
tiation-like alterations during adaptation to stress, starvation,
and growth arrest (20). A large number of genes are involved
in such non-growth-related responses in nondifferentiating het-
erotrophic bacteria (20). The marine low-nutrient-adapted or-
ganism studied in this report, Sphingomonas sp. strain RB2256,
exhibits few similarities to the adaptation displayed by hetero-
trophic bacteria hitherto studied. In fact, this communication
provides results that suggest that strain RB2256 has evolved a
genotype with few phenotypic adjustments to changes in the
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FIG. 7. Growth of Sphingomonas sp. strain RB2256 following addition of 3
mM glucose to 20-ml alanine-grown batch cultures in the late log phase (in
duplicate). Cells had been transferred from the glucose-limited chemostat di-
rectly into the alanine-supplemented batch culture medium. The arrows indicate
the time at which 3 mM glucose was added to each batch culture. Chemostat
experiments were performed twice, and CFU were counted five times for each
time point. A standard deviation of 15 to 18% was observed for each time point.

environment, akin to the presumed characteristics (12, 34) of a
model oligotrophic bacterium.

An important way in which bacteria alter their growth rates
is by adapting the capacity of protein synthesis to accommo-
date growth demands (45). Key molecules for such a regulatory
mechanism are the protein and RNA molecules (45) of the
ribosomes. The number of ribosomes is suggested to reflect
variations in the growth rate of the bacterial cell. Interestingly,
Sphingomonas sp. strain RB2256 showed little variation in its
maximum growth rate (0.13 to 0.16 h™!) or cell size in response
to a 10-, 100-, or 1,000-fold dilution of complex growth medium
(Table 1). It even maintained the same rate of growth in NSS
in which a 2,000- to 3,000-times-lower cell number was ob-
tained than in VNSS medium. Although the constancy of the
maximum growth rate over such a large range of nutrient
concentrations is truly remarkable, it should be noted that the
maximum growth rate exhibited by strain RB2256 is relatively
low in comparison with those of most bacteria isolated from
marine or freshwater communities (2, 10, 24). Other growth
studies with strain RB2256 indicated that no other substrates
or media could be found supporting higher rates of growth
(38). Only much lower rates were observed in defined minimal
media with acetate or alanine (this study) or mixtures of sev-
eral other amino acids (38) and, as would be expected, under
substrate limitation in continuous culture. It may be tentatively
concluded that strain RB2256 is not genetically geared to high
growth rates. Not only does it contain as little as 1.5 fg of DNA
per cell (38), which is approximately one-third the size of a
single copy of the E. coli genome (15), but the organism was
also shown to contain only 1 copy of the rRNA operon (4),
compared with the 8 to 11 copies in most of the marine or-
ganisms tested to date (46).
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Experiments with glucose-limited chemostat cultures (D =
0.027 h™1) indicated that when cells of RB2256 were abruptly
confronted with excess glucose, maximum growth rates oc-
curred, either in chemostat cultures or after the cells had been
transferred to batch cultures. This occurred without a notice-
able lag and at rates very similar to those observed in batch
cultures grown with excess glucose. Although a rapid increase
in growth rate is to be expected, an immediate sevenfold in-
crease, as was observed in this study, is unusual. In earlier
studies on the nutrient upshift responses of chemostat-grown
E. coli (11, 23) and Klebsiella aerogenes (41) cultures, it was
shown that time is required (from several hours to 2 to 3
doubling times) to increase the rRNA content from the low
value at substrate-limited growth to a content typical for
growth at the maximum rate. Thus, E. coli grown at dilution
rates below 0.3 h™! showed an immediate increase in growth
rate, but never more than two- to threefold, followed by a
gradual further increase to its maximum rate of growth. Similar
experiments were performed with Cyfophaga johnsonae grown
under glucose limitation at 0.15 and 0.03 h™' (14). Growth of
cells at 0.15 h™' and an upshift to glucose excess resulted in
immediate growth at the maximum rate (D = 0.20 h™'), but
with cells grown at 0.03 h™!, a 1- to 2-h lag period was observed
in which no growth was detected at all, followed by a period of
nearly 20 h during which the growth rate gradually increased to
85% of its maximum value. The immediate response by Sphin-
gomonas sp. strain RB2256 to nutrient upshift suggests that in
this organism an increase in rRNA content does not necessar-
ily take place, perhaps because the organism does not down-
regulate its protein synthesis machinery during glucose limita-
tion and is possibly not capable of doing so. To substantiate the
validity of this suggestion, the rate of protein synthesis has to
be studied directly and compared in fast-growing, slowly grow-
ing, and starved cells.

Sphingomonas sp. strain RB2256 was the predominate spe-
cies in Resurrection Bay near Alaska, where the seawater
temperature was 4 to 8°C (36). Nevertheless, while RB2256 is
psychrotrophic in nature and well adapted to low tempera-
tures, its optimum growth temperature in defined glucose-
mineral medium appeared to be between 35 and 40°C and
growth was still possible between 44 and 48°C. Moreover, the
resistance of cells grown in batch culture at 25°C and subse-
quently exposed to 56°C is remarkable. After 15 min of expo-
sure to 56°C, 10 to 30% of the initial cell number remained
capable of forming colonies on agar plates, with no significant
differences between cells taken directly from growing cultures
or from cultures starved for up to 7 days. This resistance to
temperature extremes exhibited by RB2256 is significantly
greater than that observed in other bacteria. Growing cells of
E. coli K-12 lose viability to less than 1% after 6 min of
exposure to 57°C (17). With regard to well-characterized ma-
rine isolates, the CFU of cells of Vibrio sp. strains S14 and
DW1 grown at 26°C decreased by more than 3 log units after
30 min of exposure to 40 and 37°C, respectively (18, 33). In
contrast, a much higher temperature of 56°C was required to
kill a similar proportion of RB2256 cells.

Batch culture-grown cells of strain RB2256 were also greatly
resistant to a high concentration of hydrogen peroxide (25
mM). After 30 min of exposure, at least 50% of the initial
population was still capable of forming colonies. The same
length of exposure, albeit with 15 mM hydrogen peroxide,
resulted in more than 99% loss of viability in E. coli cultures
(17). Similarly, exponentially growing cells of Vibrio anguilla-
rum demonstrated a 10°-fold reduction in viability after 30 min
of exposure to concentrations of hydrogen peroxide as low as
2 mM (30).
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The remarkably pronounced stress resistance in strain
RB2256 was further highlighted by the results obtained for
stress exposure of chemostat-grown cultures. Cells from slowly
growing, glucose-limited chemostat cultures retained higher
viability following 1 h of exposure to ethanol, hydrogen perox-
ide, or high temperature than did batch-grown cells: 160, 7,500,
and 6 X 10° times more CFU, respectively, than for batch-
grown cells. We know of no obvious reason why chemostat-
grown cells should be inherently more stress resistant than
batch-grown cells. However, the results serve to highlight the
remarkable stress resistance of RB2256 during growth under
severe nutrient limitation, regardless of the growth constraints
placed on them. Moreover, these results complement observa-
tions made by others who have shown that bacteria grown at
low, nutrient-limited growth rates in chemostats exhibit better
starvation survival than the same bacteria grown at higher
dilution rates or in batch culture (8).

The marine environment is extremely oligotrophic (26-28),
which implies that microorganisms must face significant peri-
ods of shortage of carbon and energy (19, 22). Although strain
RB2256 seems extremely well adapted to growth at low nutri-
ent concentrations, it is unlikely to escape periods of starvation
altogether. No loss in viability was found during the initial 7
days of starvation of strain RB2256 after pregrowth in a batch
or 10 days of starvation of chemostat-grown cells. A hallmark
of the starvation response in most nondifferentiating hetero-
trophic bacteria is the development, in a sequential fashion, of
cross protection against a series of different stress conditions.
In fact, the starved, growth-arrested cell carries a distinct re-
semblance to the stress-resistant spore stage of differentiating
bacteria, such as Bacillus species. In this study, the response of
starved cells of strain RB2256 to stress conditions differed
markedly from that generally observed in starved heterotro-
phic bacteria (20). There was no development of cross protec-
tion against heat or peroxide stress. This is almost invariably
observed with other species, such as E. coli; Vibrio sp. strains
S14, DW1, and Ant300; and Pseudomonas putida (6, 17, 18, 33,
36). The only instance in which strain RB2256 displayed some
degree of protection as a result of a preceding starvation pe-
riod was during ethanol stress. A possible explanation for this
difference may be the nature of the killing and possible repair
mechanisms involved. Both heat and hydrogen peroxide are
predominantly DNA-damaging agents (29), whereas ethanol
most likely affects the cell membrane and thus interferes with
regulation of the internal pH, membrane transport, and, indi-
rectly, the translation process (16, 29). Nevertheless, it may be
hypothesized that strain RB2256 adds another strategy. That
is, that actively growing cells are already substantially resistant
to extreme conditions of stress. In fact, this study demonstrates
that the stress conditions employed to provoke a loss in the
viability of growing cells are significantly more severe than
those reported for other strains in studies of stress responses in
bacteria.

In conclusion, it is suggested that the marine bacterium
Sphingomonas sp. strain RB2256 displays a phenotype that
apparently lacks or rarely employs inducible systems for
growth rate and cell size changes under different nutrient reg-
imens. This is evidenced by the facts that starved cells of this
organism generally do not become more resistant to stress
conditions than are growing cells and cell size does not alter as
a result of starvation-induced growth arrest. Furthermore,
growing, as well as nongrowing, cells of strain RB2256 are
resistant to conditions of severe stress and appear to display a
constitutively resistant phenotype under all growth conditions.
We infer that the properties which are considered typical for a
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“model” oligotrophic bacterium (12, 34) are reflected in the
characteristics identified for Sphingomonas sp. strain RB2256.
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