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Physiologic, morphologic and behavioral responses of 
perpetual cultures of Caulobacter crescentus to carbon, 
nitrogen and phosphorus limitations 
ER Felzenberg, GA Yang, JG Hagenzieker  1 and JS Poindexter  

Department of Biological Sciences, Bamard College, Columbia University, New York, NY 10027-6598, USA 

Perpetual cultures of Caulobacter crescentus were maintained in a chemostat and provided with media that provided 
glucose, glutamate, ammonium chloride, and Na/K phosphate as sources, respectively, of C, of C and N, of N and 
of P. All cultures were maintained at the same relative flow rate, f/V, so that reproductive rate was constant. As the 
C : N : P ratio was shifted from a balanced ratio of 100/~g C: 9-10/~g N: 1 /~g P, the cells modulated their rates of 
uptake, reducing the rates of uptake of excess element-sources and accelerating the uptake of potential sources of 
the limiting element. The change in N-limited cells was the greatest, resulting in a nearly 150-fold increase in rate 
of uptake of amino acids. Poly-/3-hydroxybutyrate or polyphosphate was stored whenever C or P, respectively, was 
not the limiting element. Direct measurement of cell and stalk surface areas on purified peptidoglycan sacculi of P- 
limited cells revealed that the surface of both swarmer and stalked cells, as well as the stalk surface, participated 
in the accelerated rate of phosphate uptake. Swarmers from N-limited populations were the only cells that exhibited 
chemotactic responsiveness--to methionine, NH4CI and glutamate, but not to glucose or phosphate--sufficient to 
be detectable in a microcapillary assay. In populations that were C-limited and provided with ammonium ions as 
the principal source of N, morphogenesis and reproduction deteriorated and a steady state could not be maintained. 
Generally, the responses of C. crescentus were appropriate to manage unbalanced nutrient supplies, but this oli- 
goheterotrophic organism did not tolerate excesses of inorganic nutrients when limited for its sources of C, of 
energy, and of ammonium acceptor. 
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In t roduct ion 

Prolonged cultivation of microbial populations occurs in 
various commercial and municipal applications in bioreac- 
tors, fermentors, and sewage and water treatment facilities. 
In such settings, as in most natural habitats, micro- 
organisms are usually challenged to survive and multiply 
at the expense of mixtures of nutrients and in the presence 
of a variety of microorganisms. To some degree, these fea- 
tures can be provided in laboratory-maintained perpetual 
cultures. Such cultures, principally chemostats, of mono- 
typic and of mixed microbial populations, with single and 
multiple limitations, are useful in evaluating various aspects 
of potentially applicable microbe-catalyzed processes, such 
as suitability of specific organisms for specific processes, 
tolerance of the microbial population for toxic substances 
that can be cometabolized with supportive nutrients, influ- 
ences of physicochemical factors on biomass or product 
yields, etc. The relevance of fundamental perpetual culture 
studies in microbial physiology, ecology and population 
dynamics to industrial applications was a central topic of 
a recent symposium on microbial growth kinetics, whose 
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discussions were published together [see 23 and 
accompanying articles]. 

Studies with perpetual cultures that provide more than 
one source of carbon and energy or of nitrogen have usually 
revealed that bacteria and yeasts are capable of utilizing 
mixtures of nutrients by employing mixtures of enzymes 
that, in batch-cultivated populations, do not act together. In 
chemostat cultures, this can occur even though: (a)some 
of the enzymes are repressed during batch cultivation by 
the presence of other enzymes' substrates [8,11,15]; 
(b) some of the enzymes are repressed or inactivated in the 
presence of high concentrations of their own substrates 
[12,32] or derepressed when their own product concen- 
tration is low [60]; or (c) some of the metabolizable sub- 
stances are generally toxic in batch cultures [26]. Labora- 
tory perpetual cultures have also revealed the value of 
specific microbial properties to microbial competitiveness 
[21,28,31] and the relative effectiveness of different meta- 
bolic pathways for degradation of toxic and potentially haz- 
ardous substances [10]. 

Under perpetually nutrient-poor conditions, micro- 
organisms exhibit diverse physiologic responses that 
include increased rates and affinities of nutrient uptake sys- 
tems, derepression of catabolic enzymes and of hydrolytic 
scavenging enzymes, storage of 'excess' nutrients, and 
increased capacity for respiration of substrates [reviewed 
in 16,19,20,57]. Nutrient limitation can also enhance chem- 
otactic responsiveness [58]. Each of these changes would 
serve to enhance the microorganisms' ability to find, take 
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up, and utilize diverse nutrients as they became available 
in the environment. 

In natural microbial habitats, microorganisms surely (if 
for no other reason, as the consequence of their own activi- 
ties [30]) exist most of the time under conditions of nutrient 
limitation. However, there seem to be two ends of the limi- 
tation-response spectrum. Copiotrophic bacteria are accus- 
tomed to periodic floods (feasts) of useable nutrients; they 
suffer shock and may die if nutrient deprivation (fasting) 
is prolonged [24]. In contrast, oligotrophic bacteria survive 
quite well as stable populations in habitats where nutrient 
availability varies between limiting (fasting) and nothing at 
all (famine) [39]. Even when famine is relieved, the mixture 
of nutrients transiently available in the habitat of oligo- 
trophic types may not be balanced relative to the compo- 
sition and the metabolic needs of the organism. 

The purpose of the present studies was to examine the 
hypothesis that the oligoheterotrophic bacterium Caulo- 
bacter crescentus would exhibit a repertoire of responses 
that should enable it to manage successive limitation by 
each of the major nutrient elements (carbon, nitrogen and 
phosphorus), and that as the relative abundance of the 
element sources changed, the cells' appetite would shift 
toward the limiting nutrient while transiently excessive 
nutrients were stored intracellularly. In addition to the intra- 
cellular storage of excess carbon as poly-Ct-hydroxybutyrate 
(PHB) and excess phosphorus as polyphosphate, the reper- 
toire included: for each of the three element sources, an 
increase in substrate uptake rate; for phosphorus in parti- 
cular, a morphogenetic response that allowed the cells to 
enlarge and accommodate large reserves of PHB without 
decreasing their surface:volume ratio; and, for nitrogen, 
the development of chemotactic responsiveness to gradients 
of potential nitrogen sources that demonstrably affected the 
organism's distribution in a liquid environment. Also, 
another small insight into the nature of oligotrophy was 
gained through the finding that, like Hyphomicrobium [17], 
nutrient-limited populations of C. crescentus encountered 
difficulty in managing a relatively high flux of ammonium 
as the principal source of nitrogen. 

Materials and methods 

Bacteria 
Caulobacter crescentus strain 2NY66R, a non-adhesive 
revertant of the stalk abscission mutant 2NY66 [37] derived 
from strain CB2 (ATCC 15252 [36]) was used throughout. 
This strain has been particularly useful in perpetual cultures 
because, in contrast to the wild-type parent, it neither clings 
to the culture vessel wall and inserts, nor does it form 
rosettes, so that colony-forming units (CFU) are single 
cells. 

Media 
Peptone/yeast extract medium, employed for preparation of 
inocula and for plating for viable counts, contained 0.2% 
(wt/vol) Bacto peptone, 0.1% (wt/vol) Difco yeast extract, 
and Bacto agar for plates (1%, wt/vol) and overlayers 
(0.7%, wt/vol). 

Hutner's-imidazole buffered-glucose-glutamate ( 'HiGg')  
media prepared with glass-distilled water were employed 

for all chemostat cultures. Hi basal medium contained 
5 mM imidazole as pH buffer, and Hutner's mineral base 
[7] prepared without vitamins and with additional CaC12 to 
provide 1 mM calcium. The pH was adjusted to 7.0 before 
the medium was autoclaved. Glucose, Nal-glutamate-H20, 
NH4C1, and Na/K-phosphate were filter-sterilized and 
added to autoclaved Hi basal medium at the concentrations 
shown in Table 1. As indicated in Table 1, each inde- 
pendent perpetual culture was designated by a letter (J, K, 
N, C); each successive change in reservoir medium deliv- 
ered to a culture was regarded as a new 'mode' of the cul- 
ture and was designated by a Roman numeral (I, II, etc). 

Previous studies with this strain and its parent in both 
chemostat and batch cultures had shown that C-limited cells 
would store P as inorganic polyphosphate, and P-limited 
cells would store C as PHB [36,38,42,45]. In batch cultures 
preliminary to the design of the HiGg media employed in 
the present studies, limitation was assessed by quantitative 
analysis of PHB (indicating C excess) and Poly-P 
(indicating P excess), and by the effect on yield in station- 
ary phase of small increments of glucose, of NH4C1, or 
of Na/K-phosphate. Chemostat and batch cultures were in 
agreement that, in HiGg media, a ratio of 100/xg C per 9-  
10 ~g N per 1 /xg P constituted a nutrient supply in which 
C, N and P were balanced with each other, and all other 
nutrients (sulfur, major cations, trace elements) were in 
excess as long as total carbon was less than 3 mg m1-1. The 
C : N  ratio is similar to that observed for other bacteria, 
most relevantly for Hyphomicrobium X [9]. 

Perpetual cultivation 
Perpetual cultures were maintained in a BioFlo benchtop 
model C30 chemostat operated at 30~ stirred at 300 rpm, 
and aerated with sterile air delivered at 0.8-1.0 L min -1. 
The flow rate of medium from the 12-L reservoir to the 
culture vessel was 28.3 ml h 1, and the culture volume was 
340 ml for all cultures. This rate of delivery replaced cul- 
ture volume every 12 h, requiring that cells divided on the 
average every 8.3 h in order to maintain a constant popu- 
lation in the vessel. 

Each perpetual culture (J, K, N, or C; Table 1) was begun 
with an inoculum of 10 ml of a batch culture grown to late 
exponential phase in peptone/yeast extract broth, then 
allowed to grow exponentially in the chemostat vessel for 
five generations before liquid flow through the vessel was 
begun. A culture was presumed to have attained a steady 
state when the turbidity and viable count had remained con- 
stant for at least 60h (five volume replacements); the 
steady state was characterized by sampling over 7 to 55 
generations (typically at least 20 generations in the exper- 
iments involving chemotaxis). 

Changes in relative nutrient fluxes from one mode (I, II, 
etc; see Table 1) to the next of a perpetual culture were 
effected by changing the composition of the medium in the 
reservoir. Tubing volume between reservoir and vessel was 
approximately 15 ml; consequently, the newly constituted 
medium began to reach the culture approximately 30 rain 
after the change was effected in the reservoir. 
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Culture/modP %, wt/vol: mM beg ml ~ Ratio b 

glc glt NH4C1 Pi glc-C glt-C glt-N NH3-N Pi-P C : N : 1P 

J/I 0.05 0.05 0.05 0.15 200 160 37 130 4.7 77 : 36 
J/I! 0.075 0.075 0.05 0.15 300 241 56 130 4.7 115:40  
J/IIl 0.10 0.10 0.05 0.15 400 32l 75 130 4.7 153 : 44 
J/IV 0.15 0.15 0.05 0.15 600 481 112 130 4.7 230 : 51 
J/V 0.05 0.05 0.05 0.05 200 160 37 130 1.6 225 : 104 

K/I 0.05 0.05 0.05 0.05 200 160 37 130 1.6 225 : 104 
K/II 0.075 0.075 0.05 0.05 300 241 56 130 1.6 338 : 116 

N/I 0.20 0.033 0.025 0.29 800 106 25 65 9 101 : 9 
N/II 0.20 0.033 0.013 0.29 800 106 25 34 9 101 : 6.6 
N/III 0.20 0.033 0.042 0.44 800 106 25 I09 13.7 66 : 10 
N/IV 0.10 0.10 0.025 0.48 400 318 75 65 14.9 48 : 9 
N/V 0.10 0.10 0.025 0.12 400 318 75 65 3.7 194 : 38 
N/VI 0.10 0.10 0.025 0.48 400 318 75 65 14,9 48 : 9 

C/I 0.22 0.0374 0.0107 0.323 880 120 28 28 10 100 : 5.6 
C/II 0.275 0.0374 0.0107 0.404 1100 120 28 28 12,5 106 : 4.5 
C/III 0.22 0.0748 0.0213 0.180 880 240 56 56 5.6 200 : 20 

~Each perpetual culture initiated by inoculation of sterile medium in the vessel was designated by a letter. Each time the composition of the reservoir 
medium was changed, the culture was shifted to the next mode; each successive mode was designated by a Roman numeral. 
bHiGg media were balanced with respect to C, N and P when the gravimetric ratio of assimilable C, N and P was 100 : 9-10 : 1, as in mode 1 of culture 
N. Other ratios imposed specific limitation of growth by C (eg 48 : 9 : 1 in N/VI), by N (eg 101 : 6.6 : l in N/II), or by P (eg 194 : 38 : 1 in N/V). 

Table 2 Duration and productivity per mode in (2. c r e s c e n t u s  perpetual cultures 

Culture mode Hours No. Gen? Per ml of culture: Productivity rates 

109 CFU /xg DW xs /xg glc xs /~g Pi-P /Lg DW h -I 10 v CFU h -I 

J/I 0-96 11.5 3.7 320 15 <0.01 9.0 104 
J/II 97- i92 11.5 4.3 499 19 <0.01 ! 4.0 120 
J/II1 193-288 11.5 4.6 671 23 <0.01 18.8 129 
J/IV 289 372 10.1 4.6 1162 46 <0.01 32.5 129 
J/V 373-576 24.5 1.7 396 18 <0.01 11. l 48 

K/I 0-71 8.5 1.7 356 53 <0.01 10.0 48 
K/II 72-167 11.5 1.7 517 116 <0.01 14.5 48 

N/I 0-98 11.8 6.0-I.6 905-598 h 108-507 <0.03 15 17 168-45 
N/II 99-266 20.1 4.9 496 277 0.39 13.9 137 
N/III 267-312 5.4 5.7-0.7 671-394 (794) c (0.56) 19-11 160-20 
N/IVa a 313-435 14.7 4.4 499 30 1.06 14.0 123 
N/IVb a 436-504 8.2 5.7 575 14 1.14 16.1 160 
N/V 505-696 23.0 3.6 591 34 <0.06 16.6 101 
N/VI 697-866 20.4 5.7 585 16 1.13 16.4 160 

C/I 0-240 28.9 2.7 558 15.6 76 
C/IIa e 0-189 22.6 3.6 503 14.1 101 
C/IIb ~ 190-649 55.4 3.6 542 15.2 101 
C/IH 650-980 39.8 3.8 1080 30.2 106 

aNo. of generations was calculated as = t/th, elapsed time divided by hydraulic half-time. In these cultures, th was 8.3 h. 
bFor non-steady states and for otherwise steady states during which substrate uptake rates changed steadily in one direction, two values are given; the 
first is the first rate determined, and the second is the last determination during that mode. 
~ in parentheses represent determinations with a single culture sample during the mode. All other values are averages of determinations with 
samples removed from the culture at least three times during the mode. 
dSee Figure 4. 
ePerpetuafion of culture C required replacement of the reservoir during mode II; although intended to be identical in composition, clearly there was 
some difference between the two batches of reservoir medium prepared for mode II. 
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Sampling from perpetual cultures 
Samples were withdrawn directly from the culture through 
the sampler on the BioFlo culture vessel and chilled 
immediately by swirling in an ice-water slush. The volume 
removed at any time depended on the number of assays to 
be performed. The smallest samples, for determinations of 
turbidity, pH and viable counts only, were approximately 
5 ml. The largest samples, required for segregation of 
stalked and non-stalked cells, were 100 ml. After removal 
of such a large sample, flow was accelerated in order to 
hasten return of the culture to its previous volume, and at 
least two volume changes were allowed before the next 
sampling. 

Viable counts 
Viable counts were determined from two parallel dilution 
series in half-strength peptone/yeast extract broth prepared 
from each culture sample. An aliquot of appropriate 
dilution was placed on the agar surface, then spread over 
the agar by the addition of 2 ml of molten soft agar. The 
plate was incubated at 30~ and colonies were counted 
after 3 days of incubation. Four aliquots were plated from 
each dilution series so that each viable count was based on 
colony counts from eight plates. Routinely, plating error 
was within + 5%. For cultures J, K and N, microscopic 
counts were also performed in a Petroff-Hausser chamber; 
because these counts were not significantly different from 
the viable counts, only viable counts are reported. 

Assays of pH and of residual nutrients 
A chilled sample of culture of at least 5 ml was centrifuged 
at 27 000 x g at 4~ and the clear supernatant phase was 
aspirated to a plastic, screw-capped tube. The pH of a sam- 
ple of the supernatant warmed to room temperature was 
determined, and the remainder of the supernatant was 
stored frozen. Thawed supernatants were used for assays 
of residual glucose by the anthrone reaction [61] and phos- 
phate by the molybdate 'kit ' procedure [35]. 

Assays of dry weight, protein, nucleic acids and 
reserve materials. 
Turbidity was determined in a Klett-Summersen color- 
imeter calibrated to convert Klett units (KU) to dry weight 
density through calibration curves prepared for large (PHB- 
laden) cells and for small (low-PHB) cells, and for segre- 
gated stalked and non-stalked cell populations. Each of 
these populations scatters light as a linear function of den- 
sity, but the slopes of turbidity as a function of density 
vary. Protein was determined on culture samples, washed 
cells prepared for substrate uptake assays, and on washed 
and frozen cell pellets by the method of Lowry et al [29] 
after solubilization of proteins by heating with 1 N NaOH 
for 30 rain; bovine serum albumin was used as protein stan- 
dard. RNA and DNA were assayed by the orcinol (total 
pentose) and diphenylamine (deoxyribose) procedures [51]. 
RNA varied from 15 to 20% of protein content; DNA 
varied from 2.9 to 5.9/xg per 109 CFU, reaching its mini- 
mum in culture K, mode II, where the proportion of divid- 
ing cells (7% of the population) was the lowest observed. 

Reserve materials were assayed using frozen cell pellets. 
PHB was determined turbidimetrically in alkaline hypo- 

chlorite reagent, and polyphosphate by molybdate reaction 
of phosphate freed by acid hydrolysis as described pre- 
viously [45]. 

Segregation of stalked and non-stalked cells 
To segregate stalked and non-stalked cells by differential 
centrifugation [56], a chilled 100-ml sample of culture was 
centrifuged at 8000 x g for 10 min at 4~ The supernatant 
phase and fluffy layer of cells were decanted and centri- 
fuged at 20000 x g for 15 rain. The clear supernatant phase 
was aspirated and discarded, then the loosely-packed cells 
were resuspended in Hi basal medium, centrifugation was 
repeated at 20000 x g, and the loosely-packed cells finally 
resuspended in Hi basal medium. The first pellet of cells 
that packed densely at 8000 x g was resuspended in Hi 
basal medium, recentrifuged at 8000 x g, and finally resus- 
pended in Hi basal medium. The suspension of densely- 
packing cells comprised >95% non-stalked cells, and the 
suspension of loosely-packing cells comprised ca 99% 
stalked cells; each population had been washed once in Hi 
basal medium. 

Measurements of cell dimensions 
To prepare cells as shadowed specimens for examination 
by electron microscopy, 1 ml of culture was diluted with 
9 ml of glass-distilled water (GDW), centrifuged at 27000 
x g, then resuspended in 1 ml GDW and immediately 
placed on nitrocellulose-coated copper grids. After 3-5 
min, the fluid was gently drained from the grid and the 
specimen allowed to dry in air. Dried specimens were 
shadowed with Pt :Pd, 80 : 20, and examined in a Philips 
EM300 operated at 60 kV. Electron micrographs were 
printed at 5-10000x magnification, and cell and stalk 
lengths were measured with a Numonics integrating plan- 
imeter. Length measurements shown below are averages for 
200-400 cells and 100-300 stalks per mode for each culture 
except mode V of culture J, from which only 31 cells and 
23 stalks were measured. 

To determine surface area per cell, excess cells from the 
cell segregation procedures during cultures J and K were 
repooled and their peptidoglycan sacculi were purified by 
solubilization and washing away of all other cell compo- 
nents. The purified sacculi were laid flat on nitrocellulose- 
coated copper EM grids, stained with uranyl acetate, and 
rotary shadowed at a low (< 10 ~ angle, as described pre- 
viously [46,47]. Electron micrographs were printed at 
10800x magnification, and the area of each sacculus was 
measured with a Numonics integrating planimeter. The 
complete surface area was calculated as twice the measured 
area; because the sacculus is only 4 nm thick, the minute 
fraction of surface at the edge of each sacculus was disre- 
garded. The areas of 70-80 sacculi were measured for each 
pooled population. The length of each 'stalkulus' (the pep- 
tidoglycan skeleton of the stalk) was also recorded; the 
transverse dimension of the flattened stalkulus was constant 
at 92.6 nm; twice this value was regarded as the circumfer- 
ence, and the stalkulus surface area was calculated as 2 x 
0.0926/xm x length. 
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Alkaline phosphatase assay 
Alkaline phosphatase was assayed according to the method 
of Tommassen and Lugtenberg [59] employing Sigma 104 
Phosphatase Substrate (p-nitrophenylphosphate, 'pNPP'). 
A sample of culture was mixed with 1/20 volume of toluene 
for 60 s at room temperature, then a sample of the toluen- 
ized cells was transferred to 0.5 ml of pNPP reagent in Tris 
buffer, 0.1 M, pH 10.0, prewarmed to 30~ Reaction was 
stopped after 20 min by the addition of 0.5 ml 1 N NaOH 
and absorbance was read at 410 nm in a Zeiss PMQ spec- 
trophotometer. 

Substrate uptake assays 
A chilled sample of culture was centrifuged at 27 000 x g 
for 15 min, washed once by resuspension in Hi basal 
medium and recentrifugation, then finally resuspended to a 
turbidity of 100 Klett units (KU) (ca 109 CFU ml-1). 
Samples were removed for determinations of protein and 
viable count, then the suspension was either used directly 
or diluted to 50 or 25 KU for determination of uptake rate. 
With populations containing cells with very long stalks, it 
was necessary to use more dilute suspensions; the long 
stalks retarded filtration and washing, allowing continued 
substrate uptake after the timed interval, a problem elimin- 
ated by the use of low-density suspensions. To determine 
the initial rate of uptake, a small volume (70-105/xl) of 
suspension was warmed briefly to room temperature, carrier 
or diluent was added, and then radiolabeled substrate was 
added. After 15-30 s, a 50/xl sample was removed to a 
membrane filter mounted on a Millipore vacuum manifold 
so that liquid moved promptly through the filter, which was 
immediately washed with three 2-ml aliquots of distilled 
water. The membrane filter was removed to paper toweling 
to dry, then placed in a scintillation vial; 5 ml of Ultraflor 
scintillation fluid was added and the counts were deter- 
mined in a Beckman LS65 liquid scintillation counter on 
the day of assay. Radiolabeled substrates were obtained 
from New England Nuclear, Boston, MA, USA. Phosphate 
was provided as 32P-phosphate, 3H-amino acid(s) either as 
leucine (for cells from cultures J, K and C) or as a mixture 
of amino acids (for cells from culture N), and 3H-glucose 
as D-glucose. For comparative purposes, all values shown 
here are calculated for 1/xM substrate concentration. How- 
ever, each rate was routinely measured at several substrate 
concentrations, ranging from < 1 nM to 1 raM; for some 
populations, uptake (particularly of leucine) was saturated 
at 1/xM substrate. 

Glucose was added to 0.2% (wt/vol) to the suspending 
medium for suspensions from cultures J and K. However, 
the presence of glucose did not influence rates of uptake 
of phosphate or leucine. Glucose was not added to assay 
suspensions for cultures N and C, allowing glucose uptake 
to be measured with and without carrier glucose. 

Chemotaxis assay 
The assay was a version of the microcapillary assay method 
of Adler [1], modified for strict aerobes whose locomotion 
ceases within a few minutes under a cover slip when the 
suspension mounted exceeds about 5 x 108 cells m1-1. 
Instead of the U tube-closed chamber of Adler's design, 
0.2 ml of bacterial suspension was loaded into a shallow 

depression slide with a cover slip over one-half the width 
of the depression; the vertical meniscus provided a rela- 
tively large surface for the diffusion of air into the suspen- 
sion. The test solution that generated the solute gradient in 
the chamber was loaded into an unsealed 1-/xl capillary 
tube ('microcap') by allowing the microcap to stand (on 
end 'A')  for about 1 s in 2 ml of solution in a 10-ml beaker. 

To begin an assay with cells from culture N, 5 ml of 
culture was centrifuged at 8000 x g for 10 min, and the 
supernatant and loosely-packed cells (stalked, non-motile) 
were discarded. The swarmer-enriched pellet was gently 
resuspended in 10 ml of Hi basal and centrifugation was 
repeated. The second pellet was resuspended and diluted to 
approximately 107 cells ml -~ in aerated diluent and used 
promptly for the assay. Cells from culture C were not 
washed; the culture was diluted into aerated Milli-Q filtered 
distilled water as needed to achieve 10 7 cells ml 1 (at least 
150-fold). As soon as possible after the cell suspension was 
delivered to a depression chamber, two microcaps were 
loaded with diluent or test solution, rolled on filter paper 
to blot any liquid adhering to their outer surfaces, and end 
'B' of each was introduced into the suspension. At the end 
of the incubation time (routinely 20 min), each microcap 
was removed, rolled on paper to blot its outer surface, then 
its contents were expelled into 1.0 ml of diluent through 
end 'A'.  At least two aliquots of the diluted microcap con- 
tents were transferred to the surface of agar medium and 
each was spread by the addition of 2 ml of molten soft 
agar medium at 50~ Plates were incubated at 30~ and 
colonies were counted after 3 days of incubation. 

Routinely, an assay included one chamber per test sol- 
ution per concentration, two microcaps per chamber, and 
two aliquots were plated from each microcap, so that each 
count of CFU per microcap was based on counts of colonies 
on four plates. Controls were duplicated and so were based 
on counts of colonies on eight plates. Diluent-only micro- 
capillaries typically contained 1000-5000 CFU. 

Stock solutions of test substances were prepared using 
reagent grade chemicals, filter-sterilized, and stored 
refrigerated; dilutions were prepared in Hi basal medium 
for assays with cells from culture N and in Milli-Q filtered 
water for cells from culture C. 

R e s u l t s  

Four perpetual cultures were studied. The culture para- 
meters are given in Table 2, cell composition in Table 3, 
and cell dimensions in Table 4. Some characteristics of cul- 
tures J and K were displayed in a previous report [43]. 

Phosphorus limitation 
The first two cultures (J and K) were established to charac- 
terize responses to increasing severity of phosphorus (P) 
limitation relative to the supply of carbon (C) and nitrogen 
(N) by periodically adding glucose and glutamate to the 
reservoir medium (Table l; J, modes I-IV) while NH4C1 
and phosphate concentrations remained constant. This 
sequence was followed by a three-fold decrease in each of 
glucose, glutamate and phosphate concentrations to change 
their absolute, but not their relative fluxes during mode V. 
The second culture (K) was initiated to replicate mode V 
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Table 3 Cell composition 

A. All cells 

Culture/mode /,g per 109 CFU 

dry weight protein PHB polyP-P 

APase nmol min J mg ' protein 

J/I 87 62 <4.0 0.16 
J/II 116 75 13,7 n.d. ~ 
J/III 146 94 28.0 n.d. 
J/IV 253 110 80.4 n.d. 
J/V 233 98 69.4 n.d. 

K/I 209 98 60.0 n.d. 
K/ll 304 107 109.4 n.d. 

N/I 139-374 b 81-243 30-46 0.05-0,17 
N/If 101 62 6.7 0.065 
(N/III) 118-563 (479) c (34) (0.82) 
N/IVa d 113 85 3.0 0.079 
N/IVb d 101 68 2.3 0.050 
N/V 164 91 26.7 0.017 
N/VI 102 79 2.6 0.059 

C/1 207 
C/IIa ~ 140 
C/lib ~ 151 
C/III 284 

79 
111-265 

239 
275 
275 

175 
239 

B. Segregated Populations 

/xg dry wt per 109 CFU /~g protein per 109 CFU 

S cells N cells S cells N cells 

APase, nmol rain -t mg -~ protein 

S cells N cells 

J~, 72 h 83 66 53 40 
J/II, 168 h 126 105 69 55 
J/III, 266 h 189 129 101 64 
J/IV, 360 h 251 180 119 73 
K/I, 48 h 217 183 177 123 
K/II, 167 h 396 273 304 188 
N/II, 264 h 108 93 70 50 
N~V, 435 h 105 83 80 57 
N/V, 696 h 225 157 144 83 
N/VI, 866 h 139 95 105 61 

85 89 
240 235 
295 243 
241 206 
139 159 
174 194 

I 

aNot detected; limit of detection was 0.05/xg Pn-P ml < culture. 
bFor non-steady states and for otherwise steady states during which substrate uptake rates changed constantly in one direction, two values are given; 
the first is the first rate determined, and the second is the last determination during that mode. 
~ in parentheses represent determinations with a single culture sample during the mode. All other values are averages of determinations with 
samples removed from the culture at least three times during the mode. 
dSee Figure 4. 
ePerpetuation of culture C required replacement of the reservoir during mode II; although intended to be identical in composition, clearly there was 
some difference between the two batches of reservoir medium prepared for mode II. 

o f  cul ture  J, then  once  aga in  the  fluxes of  g lucose  and  gluta-  
ma te  were  inc reased  wi thou t  inc reas ing  the  flux of  phos -  
pha te  (or of  NH4C1) in order  to d e t e r m i n e  w h e t h e r  
r e sponses  to inc reased  sever i ty  of  P l imi ta t ion  would  be  
a f fec ted  by  the  lower  abso lu te  f luxes of  C, N and  P. 

Cu l tu re  J was  p rov ided  wi th  a m e d i u m  wi th  a C : N : P 
rat io  of  77 : 36 : 1 and  shou ld  have  b e e n  C- l imi ted  in m o d e  
I. I t  was  expec t ed  that  C- l imi ted  cells  wou ld  express  cons t i -  
tu t ive  l eve l s  of  p roper t i es  and  act ivi t ies  re la ted  to P acqui-  
s i t ion  and  s torage,  m a x i m a l  c o n s u m p t i o n  and  m i n i m a l  stor- 
age of  C, and  d e v e l o p m e n t  of  stalks of  m o d e r a t e  length.  
Sh i f t ing  the  nu t r i en t  flux f rom P-excess  and  C- l imi ta t ion  to 
C-excess  and  P - l imi t a t ion  was expec t ed  to resul t  in  corre-  

spond ing  shifts  in  cel lular  compos i t ion ,  act ivi t ies  and  mor -  
phogenes i s .  

In mos t  respects,  these expectat ions were real ized with cul- 
ture J (Tables 2, 3, 4 and 5). As the nutr ient  flux changed  
f rom C-l imita t ion through three successively more  severe P- 
l imitations,  PHB storage increased, and the cells became  more  
massive;  protein content  decreased as a proport ion of  dry 
weight  as the proport ion accounted for by  PHB increased. 
The  rate of  phosphate  uptake increased (by every comparison:  
per  cell, per  unit  dry weight  or protein,  and per  unit  vo lume  
of  culture), the specific activity of  alkaline phosphatase  
increased, and cell and stalk lengths increased as a direct func- 
t ion of  the increased C : P ratio in the m e d i u m  (Figure 1). 
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Cell length, /*m Stalk length, /xm Area a, /~m 2 

N cell S cell Div cell b All 3-Band ~ N cell S body + Stalk = Total 

J/I 1.4 1.7 2.5 1.4 2.1 0.724 1.146 + 0.264 = 1.410 
J/Ii 1.5 1.8 2.6 1.9 2.9 0.711 1.046 + 0.356 = 1.402 
J/III 1.7 2.1 3.0 3.1 4.0 0.853 1.178 + 0.574 = 1.752 
J/IV 1.8 2.4 3.4 3.9 4.8 1.181 1.587 + 0.712 = 2.299 
J/V 1.4 2.2 2.6 4.4 (4.4) 
K/I 1.7 2.3 2.9 3.6 4.1 1.090 1.355 + 0.858 = 2.213 
K/II 1.9 2.6 3.8 5.4 5.8 1.446 1.661 + 0.982 = 2.643 

aArea was determined by measurement of electron micrographs of peptidoglycan sacculi. 
bDivision by constriction is accompanied by transient cell elongation as the constriction develops into the taper of the new cell poles. 
~ bands are present only after the cell has divided at least once. Comparison of 3-banded stalks provides a comparison of stalks of the same age 
in each population. 

Table5  Substrate uptake by steady-state populations 

Culture/mode pmol min 

per 109 CFU per mg protein a 

phosphate amino acid glucose phosphate amino acid glucose 

J/I 25-17 b 60 377-263 942 
J/ll 39 77 54 - 520 1041 719 
J/III 106 57 - 1166 623 
J/IV 193 73-59 - 1776 629-532 
J/V (359) c (65) - (4128) (745) 

K/I 73 27 - 854 278 
K/II 151 14 - 1096 100 

N/I 45 118 14 6 300 959-68 36 
N/II 4 193 7 65 3399 60 
N/III (10) (433) (12) (26) (1098) (31) 
N/IVa a 4 max 976 6 75-42 max 12531 56 
N/IVb d 2 min 133 max 21 28 min 1913 max 309 
N/V 131 94-293 11 1168 900-2125 91 
N/V1 l0 88 60 127 1118 765 

C/I 10 64-243 9 79 508-1929 7l 
C/Ila e 16 89 135 8 188 1047-1588 94 
C/IIb e 16 576 1 174 6261 11 
C/III 170 24 5 983 139 29 

aProtein content estimated for culture C populations. 
t'For non-steady states and for otherwise steady states during which substrate uptake rates changed constantly in one direction, two values are given: 
the first is the first rate determined, and the second is the last determination during that mode. 
CValues in parentheses represent determinations with a single culture sample during the mode. All other values are averages of determinations with 
samples removed from the culture at least three times during the mode. 
aSee Figure 4. 
~ of culture C required replacement of the reservoir during mode II; although intended to be identical in composition, clearly there was 
some difference between the two batches of reservoir medium prepared for mode II. 

M e a n w h i l e ,  p o l y p h o s p h a t e  s t o r age  c e a s e d  w h e n  the  C : P  

rat io  e x c e e d e d  100 : 1 ( m o d e  II a n d  fo l l owing ) ,  and  a l t h o u g h  

a b s o l u t e  g l u c o s e  c o n s u m p t i o n  i n c r e a s e d  pe r  un i t  t ime ,  a p ro-  

g r e s s i v e l y  h i g h e r  c o n c e n t r a t i o n  o f  g l u c o s e  r e m a i n e d  u n u s e d  

in the  cu l tu re  m e d i u m .  D e c r e a s i n g  the  a b s o l u t e  f l uxes  o f  g lu-  

cose ,  g l u t a m a t e  a n d  p h o s p h a t e  at the  s a m e  rat io  for  m o d e  

V r e d u c e d  p o p u l a t i o n  d e n s i t y  ( m a s s  a n d  C F U )  a n d  r e s i dua l  

g lucose ,  e a c h  b y  a b o u t  th ree - fo ld ,  bu t  d id  no t  a l ter  cel l  c o m -  

pos i t i on  (Tab le  3). C u l t u r e  J w a s  i n t e r rup t ed  af ter  on l y  o n e  

s a m p l e  f r o m  m o d e  V h a d  b e e n  a s s a y e d  for  subs t r a t e  u p t a k e  

ra tes ,  w h i c h  s e e m e d  to h a v e  i n c r e a s e d  (Tab l e  5). C u l t u r e  K,  

m o d e  I, p r o v i d e d  cel ls  o f  a p p r o x i m a t e l y  t he  s a m e  s ize  a n d  

g e n e r a l  c o m p o s i t i o n  as in J /V,  b u t  spec i f i c  ac t iv i ty  o f  a lka l ine  

p h o s p h a t a s e  a n d  ra tes  o f  p h o s p h a t e  and  l e u c i n e  u p t a k e  w e r e  

s ign i f i can t ly  lower .  N e v e r t h e l e s s ,  the  r e s p o n s e s  to i n c r e a s e d  

C : P  f lux  (K/I I  re la t ive  to K/ I )  w e r e  the  s a m e  as  s e e n  

t h r o u g h o u t  cu l tu re  J w i t h  r e g a r d  to e v e r y  p a r a m e t e r  

e m p l o y e d .  
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Figure l Influence of the ratio of carbon to phosphorus in the culture 
medium on average stalk length. The culture and mode corresponding to 
each point are indicated along the right border. 

As usual in healthy, reproducing populations of C. cres- 
centus, three types of cells were present: dividing cells that 
bore a stalk at one pole and (often) a single flagellum at 
the other, plus the two types of unconstricted cells that 
arose from completion of cell division: non-motile stalked 
cells and non-stalked swarmer cells. In P-limited popu- 
lations dividing every 8.3 h, constricted cells accounted for 
not more than 10-11% of the population. 

In order to determine whether the various changes 
recorded for each total population occurred equivalently in 
the stalked and non-stalked cells, one sample of each of 
six steady-state populations (J/I - IV and K/I and II) was 
segregated to provide suspensions of N cells (non-stalked, 
flagellation not determined) and of S cells (stalked, with 
and without constrictions). 

The results, shown in Tables 3, 4 and 6, revealed that 
the principal difference between the S and the N cells was 
the greater size of the S cells, whether measured as cell 
body length (cell diameter was the same), or as mass or 
protein per cell. Accordingly, it was not surprising that phy- 
siologic activities calculated on a per cell basis resulted in 
larger values for S cells than for N cells. The activities of 
the phosphate-regulated enzyme alkaline phosphatase were 
not significantly different for S cells and N cells when cal- 
culated per unit of protein. The stalked and non-stalked 
stages of the cell cycle appeared comparably derepressed 
for alkaline phosphatase activity by P fluxes that imposed 
P-limitation on cell activities. 

In contrast to alkaline phosphatase activity, the rate of 
phosphate uptake was considerably higher in S cells than 
in N cells, whether calculated per cell or per unit protein. 
This uptake activity appeared comparable in the two cell 
types only when calculated as activity per unit of cell sur- 
face area, and only when the surface area of a stalked cell 
included the surface of the stalk as well as the surface of 
the cell body (Table 6). These results revealed that uptake 
per cell was a function--topologically, as well as physio- 
logical ly-of  total surface area per cell. S cells took up 
phosphate faster because their surface area was greater, due 
both to their greater length, which increased the 
surface : volume ratio relative to that of N cells, and to the 
presence of stalks, which added surface to each cell without 
increasing its cytoplasmic volume. Although uptake 
activity has been demonstrated in stalks sheared from Astic- 
cacaulis biprosthecum cells [27,49], this is the first direct 
experimental evidence of participation of the stalk surface 
of intact caulobacterial cells in nutrient uptake. 

Leucine uptake was included in this study of phosphate 
limitation to provide a measure of cell surface activity that 
might be indifferent to P flux. Unexpectedly, the rate of 
leucine uptake decreased as relative P flux decreased. How- 
ever, what is planned is not necessarily what is executed, 
and the decrease in leucine uptake through this series of P- 
limitations was more reasonably attributed to the changing 
ratio of N sources to each other (next section). 

Nitrogen limitation 
The third culture (N) was to be challenged to respond to 
shifting identity of the limiting nutrient flux among C, N 
and P sources, while minimal change in population density 
was allowed. This culture experienced two periods of intol- 
erable relative fluxes, in modes I and III, during which the 
populations declined (Figure 2) and cell morphology 
became bizarre and irregular. These two unsteady states 
were nevertheless instructive with regard to both morpho- 
genesis and the oligotrophic physiology of C. crescentus. 

The medium for mode I (0 to 98 h) provided a C : N : P 
ratio of 1 0 0 : 9 : 1 ,  and it was expected to provide 
nutritional balance among these three elements. The media 
used in our previous perpetual cultures (J and K; see also 
[38,45]) had provided 55% of the C as glucose and 45% 
as glutamate. However, in order to simplify calculations for 
the shifts in nutrient ratios planned for culture N, 88% of 
the C was provided in the form of glucose and only 22% 
as glutamate, while NHaC1 provided the remainder of N for 
the ratio of 9/xg total N per/xg P. This had dramatic effects 
on morphogenesis, reproduction, and substrate consump- 
tion. 

Within 12 h of initiation of medium flow to the culture, 
cell diameter had increased noticeably. As flow continued, 
the cell poles became blunt, at most only stubby stalks 
developed, motility decreased, and pre-division constric- 
tions were placed irregularly along the cells, resulting in 
wide variation in cell length. Granules of PHB became 
large and refractile and were packed within the cells. The 
viable count declined, but not so rapidly as would have 
occurred if reproduction had ceased. The reproductive rate 
could be calculated, as mean cell cycle time (tc), from the 
relationship between the increase in cell number that would 
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Culture/mode Cells pmol Pi rain -~ per: pmol leu rain ] per: 

109 CFU mg protein /xm 2 surface 109 CFU mg protein /xm 2 surface 

body + stalk body + stalk 

J/I, 72h  S 20 375 17 14 90 1694 79 64 
N 14 360 19 52 1307 72 

J/II, 168h S 78 1147 75 56 80 1181 76 57 
N 47 859 66 37 674 52 

J/III, 266 h S 153 1552 130 87 69 704 59 39 
N 68 1063 80 35 550 41 

J/IV, 360h  S 216 1828 136 94 53 450 33 23 
N 97 1333 82 26 357 22 

K/I, 48h  S 116 638 86 52 41 228 30 19 
N 58 476 53 21 174 19 

K/II, 167 h S 291 989 175 110 23 76 14 9 
N 169 916 117 10 55 7 

pmol Pi min -~ per: pmol leu min -l per: pmol glc rain -1 per: 

10 9 C F U  mg protein 10 9 C F U  mg protein 10 9 C F U  mg protein 

NflI, 264 h S 4.0 61 256 3817 2.3 35 
N 1.9 38 201 3989 2.3 46 

N/IV, 435 h S 2.6 33 347 4324 11.7 145 
N 2.3 40 236 4054 4.6 80 

N/V, 696 h S 213 1433 319 2143 16.4 111 
N 72 884 237 2917 6.3 77 

N/VI, 866 h S 26 245 133 1274 159 1525 
N 16 263 91 1474 77 1247 

�9 ^ -̂ , ,̂  ~ '̂ 
\ ~ p  cFu 

20O 5 
I / / o ~ .  ~ 8 
b �9 \ 0 pH 

o l I I : \  / t "  

o~ / / o ~ - -  o - o  : \ / ~ o  ~ 
pH 

4C[ 1 " ' , . . . "  " , "  -. 

L ,V , ,V . .V 

100 200 300 400 500 
H O U R S  

Figure 2 Declines and recoveries of perpetual culture N. (e) 10 9 Colony-forming units m1-1 culture. (o) Turbidity, as Klett units. (+) pH. Arrow heads 
along top and bottom borders indicate the times at which media were changed (98 h, 266 h, 312 h, 504 h). 

r e s u l t  f r o m  b i n a r y  f i s s i o n  e v e r y  t = tc ( p r o p o r t i o n a l  i n c r e a s e  

= N x T/ 'c) ,  a n d  t h e  d e c r e a s e  in  ce l l  n u m b e r  tha t  w o u l d  

r e s u l t  f r o m  l i q u i d  f l ow  t h r o u g h  t h e  c u l t u r e  e v e r y  t = th 

( p r o p o r t i o n a l  d e c r e a s e  = N x 2'/ 'h), as:  

Nt = No (2t/'c)(2-'/th), 

w h e r e  th is  t h e  h y d r a u l i c  h a l f - t i m e  o f  t h e  s y s t e m  ( e q u a l  to  
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R ln2), and t is elapsed time during which viable count 
changed from No to Nt. Solving for mean cell cycle time: 

[(In N,/No)/(t.ln2)] + 1/th = 1~to, 

and using the viable counts determined at four points during 
mode I, the reproductive rate of the population was calcu- 
lated as 10.4 h per generation. This tc was longer than th, 
as occurs during a decline in density of a viable population 
[22]. (See Figure 2. The count at 54 h was aberrant; 
although no technical error could be found to account for 
its divergence, it did not fit the otherwise clearly 
exponential decline and was not included in calculation 
of to.) 

Although phosphate consumption continued efficiently, 
the concentration of residual glucose increased steadily. 
Dry weight, protein, PHB and polyphosphate per cell 
increased as the cells enlarged, divided infrequently, and 
stored both C and P. Uptake rates per unit protein were at 
constitutive levels for glucose and phosphate, and although 
amino acid uptake began at a constitutive level, it fell to 
the lowest specific rate observed throughout this study 
(Table 5). Also during this mode, the pH had dropped to 
less than 6.0 (Figure 2); in the 14 steady states reported 
here, culture pH was 6.6 during stable N-limitation, and 
7.7-7.8 during stable C- or P-limitation. 

In hindsight, the cells appeared to be unable to utilize 
ammonium as the principal source of N in this medium, an 
interpretation substantiated by swift recovery (Figure 2) of 
the culture in mode II (99-266 h), initiated by reduction of 
the NH4C1 concentration in the reservoir medium. This was 
not done because the situation was understood at the time, 
but in order to proceed tu an unexplained failure to attain 
a C/N/P balanced steady state to a N-limited state. Within 
24 h, morphology was returning to normal (small cells of 
regular length, long stalks, lively motility, cell poles tap- 
ered, regular division sites, etc), and viable count had risen 
without an increase in turbidity. The rate at which the 
viable count was restored required a cell cycle time of not 
more than 5.5 h (for calculation, see above), so that cells 
were produced faster than hydraulic flow removed them. 
Only binary fission was detected by microscopical examin- 
ation; the large cells did not constrict at more than one site 
at a time within any one cell. 

The cause of the condition of the culture in mode I still 
not being appreciated, all these troubles were revisited on 
the culture when both NH4C1 and phosphate were added to 
the reservoir medium to change the nutrient ratio to 
66: 10: 1, intended to impose C-limitation for mode III 
(267-312h) without reducing the C flux. Instead, the 
changes seen in mode I recurred, more severely and more 
rapidly. During the mode III decline, the average tc was 
17.5 h and motility was abolished entirely. The cells were 
recognizable as caulobacters only by the occasional pres- 
ence of a typical stalk, complete with bands, on an other- 
wise monstrous cell (Figure 3). 

Normal morphology and population density were 
restored by reducing the reservoir concentrations of both 
glucose and NH4C1, and by providing the rest of the C and 
N in the form of glutamate. The phosphate concentration 
was changed (increased) only slightly. The C : N : P ratio 

of the medium for mode IV was 48 : 9 : 1, with one gluta- 
mate-N per ammonium-N; this should have imposed C- 
limitation. 

Recovery of morphogenesis, motility, and reproduction 
was prompt. In contrast to mode II, recovery in mode IV 
was accompanied by an increase in turbidity. To account 
for the rise in viable count observed within 12 h of the 
initiation of mode IV, reproduction must have occurred 
with a cell cycle time not longer than 4.1 h, and mor- 
phology was normal through at least 90% of the population 
by the end of the third generation. Adjustment of substrate 
uptake activities, however, was not prompt (Figure 4). For 
about 12 generations (mode 'IVa'), the culture exhibited 
an exceptionally high capacity for amino acid uptake-the 
highest observed for culture N, and comparable to that 
observed in mode II of culture C, where the lowest pro- 
portion of N was provided (see Tables 1 and 5). As the 
capacity for amino acid uptake began to drop to constitutive 
levels, a significant increase in glucose uptake rate began 
(mode 'IVb'),  accompanied by a 30% increase in CFU ml 1 
and a 15% increase in turbidity (Figure 2). These somewhat 
smaller cells continued to increase in capacity for glucose 
uptake; a maximum glucose uptake rate was not achieved 
by the time the culture was shifted to P-limitation (mode 
V). 

Because C. crescen tus  lacks glutamic dehydrogenase and 
is dependent upon an ammonium-regulated GS/GOGAT 
system for ammonium assimilation [13], the experiences of 
this perpetual culture were interpretable as due to extreme 
N-starvation resulting from the high ratio of ammonium-N 
to glutamate-N. In all subsequent attempts to impose N- 
limitation, media provided at least 1 beg glutamate-N per 
beg ammonium-N. Wide variations in relative flux of both 
glucose and of phosphate are tolerated by perpetual cultures 
provided with such media, in which glutamate and 
ammonia together provide assimilable N. 

During incubation of culture N, cells were periodically 
withdrawn from the culture and used as inocula for batch 
cultures in the reservoir media, unsupplemented and sup- 
plemented with glucose, NH4C1, phosphate, or all three 
nutrients. Cells from 120 h were inoculated into reservoir 
media I and II, cells from 359 h into media III and IV, and 
cells from 815 h into all six media (I-VI). The purposes of 
this secondary cultivation were to determine: (a) the rate of 
exponential growth that each medium would support; 
(b) the identity of the supplementing nutrient that would 
increase yield in a batch culture, since that is the nutrient 
that would limit population density and productivity in the 
perpetual culture; and (c)whether the population's ability 
to grow in these media changed during perpetual culti- 
vation. 

Five of the unsupplemented media supported exponential 
growth at a specific rate of 0.214h -1 (3.2h/doubling); 
growth was somewhat slower in reservoir medium V (the 
low-P medium), occurring at a specific rate of 0.193 h -1 
(3.6 h/doubling). All yields in the unsupplemented media 
were higher than in the perpetual culture (see Table 2); 
batch culture yields, as beg dry wt ml -~, were: 800 in 
medium I, 585 in medium ]I, 702 in medium III, 624 in 
media IV and VI, and 630 in medium V. Yield was 
increased by NH4C1 supplementation of media I and II, and 
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Figure 3 Appearance of cells during mode III of culture N. (a) early cells (290 h) appeared swollen, but not misshapen. (b, c) Late cells (312 h) were 
wider, irregular in outline, and usually divided abnormally, although an occasional cell appeared unaffected (the small vibrioid swarmer in (b). Shadowed 
electron micrographs, negative image; the marker is 1 /xm and applies to all three micrographs. 

by glucose supplementation of media IV and VI. Glucose 
supplementation of medium V enhanced dry weight yield, 
all accounted for by PHB. None of the supplementations 
enhanced yield in medium III; unfortunately, glutamate 
supplementation was not tested. Thus, the batch cultures 
were yield-limited by nitrogen (I and II), by carbon (IV 
and VI), and by phosphorus (V); glutamate probably lim- 
ited yield of the batch cultures in medium III. Rates, yields 
and lag times (in every case not more than 3 h) were not 
different for 120-h, 359-h and 815-h cells. 

The course of events in culture N implied an explanation 
for the decline in rate of leucine uptake in the successive 
modes of culture J. In that culture, successive additions of 
glucose and glutamate, intended to decrease the relative P 
flux, simultaneously decreased the ratio of ammonium-N to 
glutamate-N. As shown in Figure 5, the progressive 

decrease in this latter ratio was directly correlated with 
decreased rate of leucine uptake. (Leucine uptake correlated 
equally well with ammonium flux per unit dry weight in the 
culture because dry weight was a function of the reservoir 
concentrations of the C-sources, glucose and glutamate 
together.) Apparently, when ammonium flux exceeded 
availability of the ammonium acceptor, glutamate, the unas- 
similated ammonium reduced the capacity of the cells to 
assimilate that ammonium. The cells were N-deprived and, 
in response, increased their uptake capacity for organic N; 
progressively, as more acceptor became available, the 
response became less intense. 

Successive nitrogen, phosphorus, and carbon 
limitations 
A major goal of studies with culture N was to determine 
whether cells would become chemotactically responsive to 
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gradients of solutes emerging from microcapillaries when 
cultivated under conditions of nutrient limitation and, if so, 
whether responses would be elicited specifically by gradi- 
ents of the limiting nutrient. As judged from substrate con- 
centrations in culture supematants (Table 2), PHB and 
polyphosphate content of the cells (Table 3), and rates of 
uptake of amino acids, phosphate, or glucose (Table 5), 
three steady states were achieved in which the populations 
appeared limited specifically for N (mode II), for P (mode 
V), or for C (mode VI). A subsequent culture (culture C) 
was intended to approximate mode II (N-limited) of culture 
N (but with only 1/xg ammonium-N per/xg glutamate-N), 
then to increase the severity of N-limitation, gently, by 
increasing the fluxes of glucose and phosphate, and finally 
to relieve N-limitation by adding glutamate and NH4C1 to 
the medium and reducing the phosphate concentration to 
ensure that the culture was shifted to P-limitation. 

Results of the microcapillary assays for chemotaxis are 
presented in Table 7. Responses interpreted as positive 
ranged from 1.3 to almost 10 times as many cells per 
microcapillary if it contained an attractive solute rather than 
diluent alone. This is a very weak response, numerically; 
increasing the incubation time of the microcapillaries did 
not increase the ratios, and often reduced them. Neverthe- 
less, the overall result of both experiments was repeatably 
detectable responsiveness, but only to gradients of potential 
N sources. Swarmers that arose during N-limited growth 
(N/II and C/II) or recovery from it (N/IV) responded to 
gradients of methionine, NH4C1 and glutamate. Responsive- 
ness to NH4C1 gradients continued during subsequent P- 
limitation in culture N (mode V). At one sampling time 
(833 h), the swarmers of mode VI seemed somewhat 
responsive to gradients of glucose and phosphate, but after 
prolonged C-limitation, responsiveness was not detected in 
gradients of any solute tested. 

Modes IV and VI of culture N were provided with the 
same medium (Table 1). However, for about 12 generations 
of mode IV (mode 'IVa'),  the population was recovering 
fi-om the adverse effects of the high ammonium : glutamate 
medium of mode IIl. During mode IV, responsiveness was 
more apparent in mode 'IVa' (361 h; 5.8 generations), 
while the cells still behaved as though limited for N, than 
in mode ' IVb'  (459 h; 17.6 generations), when the cells 
were adjusting to C-limitation. In contrast to events in 
mode IV, as the culture entered mode VI after 23 gener- 
ations of P-limitation, a C-limited steady state was estab- 
lished within 71 h (8.6 generations); chemotactic respon- 
siveness to amino acids was not detectable, and 
responsiveness to NH4C1 was eventually lost. 

Summary of results 

Eight potential responses to nutrient limitation were 
assessed in one or more of four nutrient-limited perpetual 
cultures, and the responses appeared to be correlated with 
relative nutrient availability (Table 8; Figure 6). Among the 
14 steady-state populations, PHB was stored, and alkaline 
phosphatase and phosphate uptake activities increased 
whenever the ratio of C : P  in the medium was at least 
100 : 1. This ratio appears to elicit responses from C. cres -  

c e n t u s  appropriate to managing conditions of P-limitation. 
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Test  soluteb: Hours  me th ion ine  g lucose  phospha te  NH4C1 

(10X)M, x: - 2  - 3  - 4  - 5  - 2  - 3  - 4  - 5  - 2  - 3  - 4  - 5  -1  - 2  - 3  - 4  - 5  

Cu l tu re /mode  

N/I  27 h 0 0 0 0 0 0 0 0 0 0 0 0 - 0 0 0 0 

N/I I  98 h 0 0 0 0 0 0 0 0 0 0 0 0 - 0 0 0 0 

192 h 3.4 0 0 0 0 0 0 0 0 0 0 0 - 0 0 0 0 
264 h 2.4 3.0 3.1 0 0 0 0 0 0 0 0 0 - 0 0 0 0 

N/ IV 361 h 1.6 0 1.9 2.2 0 0 0 0 0 0 0 0 - 4.4 1.8 0 0 

459 h 0 0 0 1.6 - - 0 0 0 0 0 0 3.5 0 0 0 0 

N/V 603 h 0 0 0 0 0 0 0 0 0 0 0 0 2.4 9.3 0 0 1.6 

650 h 2.6 0 0 0 0 0 0 0 0 2.0 0 0 9.9 2.7 1.9 1.7 1.7 

696 h 0 0 0 0 0 0 0 0 0 0 0 0 3.4 0 0 1.7 0 

N /VI  795 h 0 0 0 0 0 0 0 0 0 0 0 0 4.9 1.8 0 0 0 

866 h 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

C/I I  188 h - - 1.3 1.5 . . . . . .  0 0 . . . . .  
357 h - - 2.0 1.5 - - 0 0 - - 0 0 . . . . .  

429 h - 1.4 0 2.4 - - 0 - - - 0 . . . . . .  

452 h - - 1.3 . . . . . . . . . . . . .  
500 h - - 0 0 - - 0 - - - 1.3 . . . . . .  

645 h - - 1.7 0 - - 0 - - - 0 - - - 1.8 - - 

C/ I I I  789 h - - 0 0 - - 0 - - 0 0 0 . . . . .  

833 h - - 0 0 - - 1.4 - - 1.4 0 1.5 . . . . .  

908 h - - 0 0 - - 0 - - - 0 0 . . . . .  

980 h - - 0 0 - - 0 0 - - 0 0 . . . . .  

aPosi t ive chemotax i s  responses are indica ted  as the rat io o f  C F U  /xcap -~ conta in ing  test  so lu t ion  to C F U  /xcap -1 con ta in ing  diluent .  A response  was 

regarded as pos i t ive  when the ratio was at least  twice  the coeff ic ient  o f  var iance  obse rved  a m o n g  d i luen t -on ly  s a m p l e s - - l . 5  or greater  for  cul ture  N, 

1.3 or greater  for  cul ture C. Absence  o f  response is indica ted  as zero; a dash (-)  indicates  that  the test was  not  performed.  

bGlu tamate  at 10 -4 M was tested occas ional ly  wi th  cul ture  C; the responses dur ing  C/I I  were 4.6 at 429 h, 2.1 at 645 h, and 0 at 500 h; and in C / I l l ,  0 

at all  four  test t imes.  

T a b l e  8 Responses  to var ia t ion  in  re la t ive  nutr ient  f luxes 

Cu l tu re /mode  Nut r ien t  flux: /xg h -~ per  109 C F U  Responses  a 

carbon n i t rogen  phosphorus  PHB Pn C - U p  N - U p  P - U p  APase  Stk  C T  

J/I  8.1 3.8 0 .106 0 + - 0 0 0 0 - 

J / I I  10.5 3.6 0.091 ++ 0 - 0 + + + / -  - 

J / III  13.0 3.7 0.085 ++ 0 - 0 + + + - 

J / IV 19.6 4.4 0.085 ++ 0 - 0 + + + - 

J /V 17.6 8.2 0 .078 ++ 0 - 0 + + + - 

K/I  17.6 8.2 0.078 ++ 0 - 0 + + + - 

K/II  26.5 9.1 0.078 -H- 0 - 0 + + + - 

N/I  b 13-47  1.2-4.7 0 .12 -0 .47  ++ + 0 + - 0  + - - 0 

N/I I  15.4 1.0 0.15 + + 0 + 0 - - + 
N/ I I I  b 13 -108  2 - 1 6  0 .20 -1 .63  + + 0 + 0 - - N M  

N/ IVa  c 13.6 2.6 0.28 0 + 0 ++  0 - - + 

N / IVb  c 10.5 2.0 0.22 0 + + + 0 - - + 

N / V  16.6 3.2 0 .086 ++ 0 0 0 - +  + - - 0 

N / V I  10.5 2.0 0.22 0 + + 0 0 - - 0 

C/I  30.8 1.7 0.31 - - 0 0 /+  0 - - - 

C / I I  28.2 1.3 0.29 - - 0 ++ 0 - - + 

C/ I I I  24.5 2.5 0.12 - - 0 0 + - - 0 

aResponse to a par t icular  nut r ient  l imi ta t ion  was regarded as pos i t i ve  by the f o l l o w i n g  criteria.  PHB storage at least  0.05 m g  (+) or 0 .10  m g  (++) per  

m g  dry weight .  Po lyphospha te  s torage at least  0 . 0 5 / x g  po lyphospha te -P  per  m g  dry weight .  Subst ra te  uptake,  p m o l  m in  -j  m g  -~ protein) :  phospha te  at 

leas t  200, amino  acid at least  1500, and g lucose  at least  100. A lka l i ne  phosphatase  was  regarded  as derepressed i f  at least  100 n m o l  o f  substrate  was  

hydro lyzed  rain -~ m g  -~ protein.  Stalks  were regarded as hyper t roph ied  when  three-banded s talks  were twice  the average  length  o f  non-s ta lked  cells.  

Chemotax i s  was  interpreted as pos i t i ve  as ind ica ted  in Table  7. 

bSteady state was not  achieved.  

cSee F igure  4. 
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Figure 6 Appearance of C. crescentus cells in perpetual culture N. (C)Carbon-limited, mode VI (795 h). (N)Nitrogen-limited, mode II (264 h). 
(P) Phosphorus-limited, mode V (650 h). Shadowed electron micrographs, negative image; the marker is 1 kern and applies to all three micrographs. 

These changes were accompanied by marked hypertrophy 
of  the stalk, which further increased the capacity of the 
(stalked) cell to take up phosphate. Whenever the C : P  
ratio was not more than 100 : 1, polyphosphate was stored, 
further evidence that, in HiGg media, P available at greater 
than 1% (wt/wt) of the C available will serve C. c r e s c e n t u s  

as an excess nutrient. 
A gravimetric C : N : P ratio of 48 : 9 : 1 successfully 

elicited two responses appropriate to C-limitation: 
enhanced rate of glucose uptake, and storage of poly- 
phosphate. It did not elicit detectable chemotactic responses 
to gradients of glucose. Imposing manageable N-limitation 

was achieved only after the exquisite sensitivity of  this 
organism to ammonium interference with ammonium 
assimilation was appreciated. Once achieved, however, by 
a C : N : P ratio of  >100  : <10  : >1 in the medium, the 
cells responded by storing both PHB and polyphosphate, 
maintaining only relatively low levels of phosphate and 
glucose uptake activities while greatly increasing their 
capacity for the uptake of  amino acids, and by exhibiting 
positive chemotactic responses to gradients of  amino acids 
and ammonium chloride. 
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D i s c u s s i o n  

In many studies employing chemostat-maintained perpetual 
cultures, nutrient flux to the culture is altered by changing 
the relative flow rate; however, that type of manipulation 
complicates interpretation of physiologic and other 
responses of the microorganisms because it superimposes 
changes in reproductive rate on changes in nutrient flux 
per cell. In the present studies, as in studies with a similar 
organism (strains of Hyphomicrobium [9,17]), changes in 
nutrient fluxes were achieved by changing substrate con- 
centrations in the reservoir media while a constant relative 
flow rate and, therefore, a constant reproductive rate was 
maintained. This allowed the responses observed to be 
interpreted narrowly in terms of the relative flux of each 
of the varied nutrients. Among the four C. crescentus cul- 
tures, total reservoir carbon was varied 3.4-fold, nitrogen 
4.3-fold, and phosphorus 9.3-fold. Population density 
varied 3.4-fold (as cells ml -~) and 3.6-fold (as dry weight 
ml-~). These narrow ranges nevertheless elicited responses 
over much wider ranges of rates of substrate uptake, and a 
seemingly all-or-none behavioral response. 

Among the stable populations, each relative limitation-- 
for carbon, for nitrogen, or for phosphorus--elicited an 
increase in the rate of uptake of a potential source of the 
limiting element. This could be achieved by cells in more 
than one conceivable way, but the most probable mech- 
anism is synthesis of more of the relevant transport 
protein(s) and increase in the density of their distribution 
within the cell surface. This certainly seemed to be the case 
for cells in cultures J and K, where the rates of phosphate 
and of leucine uptake were significantly greater in stalked 
(S) than in non-stalked (N) cells when calculated per cell, 
and were still distinctly greater in S cells when calculated 
per unit protein. C. crescentus swarmers usually seem less 
active biosynthetically than stalked cells, do not replicate 
DNA, and are generally interpreted as cells specialized for 
dispersal [6,34,40,44]. However, uptake activities of S and 
N cells were not different when calculated per unit of cell 
surface area. The similarity of uptake rate per unit surface 
area in the two types of cells persisted as the rate of phos- 
phate uptake increased, the rate of leucine uptake 
decreased, and cells of both types enlarged. Apparently, S 
cells grow faster because they eat faster. 

The activity of only one enzyme was assayed during this 
study. As expected [60], the specific activity of alkaline 
phosphatase was greater in P-limited cells than in cells not 
strictly limited for P. However, the change was far smaller 
than the changes in rates of substrate uptake. This scaveng- 
ing enzyme was not strongly repressible, a regulatory fea- 
ture it shares with at least some catabolic enzymes [25] and 
assimilatory systems [13] in C. crescentus. Enzyme activity 
was not higher in S cells than in N cells (Table 3), even 
though it is a periplasmic enzyme [55], which implies that 
the intermembrane contents are not randomly distributed 
between the stalk and the cell body. 

As expected, the morphology of C. crescentus cells 
(Table 4; Figure 6) was affected principally by the avail- 
ability of inorganic phosphate, which retards stalk out- 
growth [18,38,50] due to its interference with the support- 
ive role of C a  2+ ions in stalk initiation and outgrowth 

[41,42]. In culture J, stalk length increased 2.8-fold at a 
constant absolute P flux as C and N fluxes increased. 
Decrease in absolute flux of P (from J/IV, to J/V and K/I) 
had little effect on stalk length, whereas further reduction 
in relative P flux by increased C and N fluxes (K/I to K/II) 
resulted in maximum stimulation of stalk outgrowth. As C 
and N were provided faster than P, the individual cells built 
more biomass per genome, yet surface:volume ratio 
increased in S cells as accelerated stalk elongation added 
surface in close proportion to increased cytoplasmic vol- 
ume. In C. crescentus, a stalk band is added during each 
cell cycle [48,54], and acceleration of stalk outgrowth was 
reflected in cultures J and K in a progressive increase in 
average interband distance from 0.7/zm band -1 in J/I 
through 1.9/~m band -1 in K/II. Shown for three-banded 
stalks only (Table 4), interband distance was constant 
within each population among stalks with up to 9-10 bands. 

C. crescentus possesses genes and gene products similar 
in composition to chemotaxis genes and proteins in other 
organisms. Mutations in the genes have been mapped 
[2,14,53], and the relevant proteins have been shown to be 
selectively inherited and active in the swarmer sibling 
[3,33; reviewed in 6,52]. Nevertheless, chemotaxis that 
causes non-random distribution of C. crescentus swarmers 
in a liquid environment has not proved detectable. Chemo- 
taxis and its loss as a consequence of mutation has been 
inferred on the basis of whether cells were able to grow out 
into soft agar, to reverse direction while swimming under 
a cover slip, or to methylate and demethylate appropriate 
membrane proteins [2,14,53]. Wild-type C. crescentus is 
positive for all of these traits; mutant clones unable to form 
wide colonies in soft agar often lack one or another of the 
other traits and are interpreted as chemotaxis mutants 
[2,14,53]. Our own attempts to employ an Adler-type 
microcapillary assay with C. crescentus swarmers collected 
during or at the end of exponential growth in HiGg or in 
peptone/yeast extract media were not successful. 

Two explanations for the seeming lack of distributively 
significant chemotaxis were considered. One was the possi- 
bility that in the oligotrophic environments where caulobac- 
ters typically occur, gradients of soluble, assimilable nutri- 
ents may be so shallow and/or short-lived that they neither 
stimulate nor reward chemotactic responses, and so C. cres- 
centus' chemosensory genes and proteins serve solely for 
aerotaxis. Alternatively, these oligotrophic organisms might 
spare the biosynthetic effort of maintaining a complete 
chemosensory apparatus unless overall development is lim- 
ited by the need for a specific nutrient; in response to a 
specific limitation, the apparatus might be provided with a 
specific receptor for a solute other than 02 (which they need 
in all environments), possibly a component of a transport 
system. This would improve the potential of the organism 
to balance its diet by locating a source of the missing nutri- 
ent. A similar hypothesis was examined by Terraciano and 
Canale-Parola with Spirochaeta aurantia grown in sugar- 
limited chemostat cultures [58]. Chemotactic responsive- 
ness to glucose (or to xylose) was distinctly enhanced when 
glucose (or xylose) was the limiting nutrient, and enhance- 
ment was sugar-specific. Each enhanced response was 
maximal at a 'peak D'; however, because reservoir concen- 
trations of the two sugars were different, each maximum 
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enhancement actually occurred at about the same sugar 
flux, viz, at the flux that delivered >3.2 and <4.0/xg sugar- 
C h -1. 

In the present studies with C. crescentus, only N-limi- 
tation appeared to stimulate chemotactic responsiveness 
sufficient for detectability in a microcapillary assay. How- 
ever, in contrast to results with S. aurantia, responsiveness 
in this case was acquired behavior, not an enhancement of 
constitutive responsiveness. In the cell cycle of C. cres- 
centus growing in a N-limited environment, responsiveness 
of the swarmer to a N gradient might lead it to a site of 
greater N availability, where it could develop into a stalked 
cell able to manage limitations of other nutrients, such as C 
or P. In a N-adequate environment, random motility and/or 
probably-constitutive aerotaxis would serve to separate the 
swarmer from its non-motile sibling and thereby reduce 
competition between them for the scarce resources to which 
they are accustomed. 

Extreme N-limitation was unintentionally imposed on C. 
crescentus during two attempts to impose C-limitation by 
increasing the flux of NH4CI (and, in N/III, also of 
phosphate) without a proportional increase in glutamate 
flux. The adverse effects on the culture were unanticipated 
from preliminary studies with batch cultures, and not read- 
ily interpreted with the help of batch cultures prepared in 
the reservoir media during the course of the experiment. 
Further, C. crescentus strain 2NY66R is not a glutamate 
auxotroph; it grows in batch cultures in glucose/NH4C1 
medium. It can also grow in batch cultures with glutamate 
as sole N-source, but at a lower growth rate 
(5.8 h/doubling) than when NH3 is the sole N-source, and 
with glutamate as sole source of both C and N, but more 
slowly still (nearly 12 h/doubling). With glucose available 
and either N-source alone, significant PHB is stored (up to 
30% of dry wt), yet total yield per input C is half that 
achieved in batch cultures with the same total C and N, but 
with both N sources present (Poindexter, unpublished). 

The explanation offered here for the unsuitability of res- 
ervoir media I and III for perpetual culture N has two 
components. The first lies in the intermittency of individual 
cell growth in chemostat cultures. Regardless of the mech- 
anics of delivery (dropwise, point-stream, diffusion of a gas 
into solution, solubilization within the growth vessel, etc), 
nutrients are consumed by the population almost as rapidly 
as they become available. Newly available nutrients run a 
gauntlet of substrate-avid cells and do not diffuse through- 
out the population before they are consumed; this is the 
meaning of nutrient limitation. When mixing is adequate, 
each cell receives its share (is fed) as frequently as each 
other cell, but not every cell will be fed out of every deliv- 
ery. Thus, while the feeding rate per cell is constant, feed- 
ing is not a constant activity of each cell. Between meals, 
various changes may occur within the cells. Such changes 
are traditionally attributed to D (= f/V), but the concept of 
intermittent feeding of each cell makes many recorded 
'effects of D' (maintenance energy, derepression of 
enzymes, the results of competition between strains or 
species), as well as mechanisms of simultaneous limi- 
tations, much easier to comprehend as familiar physiologic 
consequences of interrupted cellular growth. In the present 

instance, 'effects of D' were not available as an explanation 
because D was not varied. 

A second component of the explanation arises from C. 
crescentus' metabolism. This organism lacks glutamic 
dehydrogenase and is dependent on an ammonium- 
repressed glutamine synthetase : glutamine/oxoglutarate 
aminotransferase (GS/GOGAT) system for ammonium 
assimilation [13]. The media provided for modes I and III 
of culture N contained less glutamate-N than ammonium- 
N, and less than 10/xg C per/~g N; with a limiting supply 
of C as glucose, the population probably consumed some 
of the small supply of glutamate as a source of C and 
energy. In the chemostat culture, as soon as the glutamate 
arriving in each drop of medium was consumed, the cells 
were in an environment approximating the suspending 
medium used to impose 'ammonia shock' and thereby 
increase the inactivation of glutamine synthetase by aden- 
ylylation [4]. The population starved for nitrogen because 
the supply of nitrogen in the form of ammonia was excess- 
ive relative to the supply of C, and especially to the supply 
of glutamate. The similarity of the aberrant cells in culture 
N to cells grown in batch cultures with high initial phos- 
phate concentrations, with ethylene glycol bis-(/3-amino- 
ethyl ether)-N,N'-tetraacetic acid (EGTA), or without 
added CaCI2 [42], suggested that morphogenesis was 
impaired by the high flux of phosphate relative to assimi- 
lane N. C-limitation reduced availability of glutamate, 
making the cells more susceptible to ammonium shock and 
less able to assimilate N, and consequently more suscep- 
tible to retardation of morphogenesis and reproduction by 
phosphate. And so the population collapsed. 

Morphogenesis in Hyphomicrobium is phosphate-sensi- 
tive and appears Ca-dependent, as in C. crescentus [41], 
and a similar problem was encountered in chemostat cul- 
tures of Hyphomicrobium ZV620 in a medium containing 
more than 10raM phosphate [17]. Strain ZV620, like 
Hyphomicrobium X [5], can synthesize NADP-dependent 
glutamic dehydrogenase, but not when grown N-limited at 
a C : N ratio greater than 8. Nutrient-limited ZV620 toler- 
ated up to 50 mg ammonium-N per nag dry weight of cells 
at C : N  = 6, but at C : N  above about 9, the maximum 
tolerated flux appeared to be 24 mg ammonium-N h -~ per 
mg dry wt. At higher NH4 § fluxes, 'the cells were sensitive 
to residual methanol, and wash-out, wall growth and the 
formation of small, misshapen cells was observed.' 

Whether the shocking ammonia flux or the relatively 
high phosphate flux to C. crescentus and Hyphomicrobium 
cells impaired in ammonium assimilation was the immedi- 
ate cause of morphogenetic and reproductive deterioration, 
the implication is the same: under nutrient-limited con- 
ditions, these organisms appear to be intolerant of high 
fluxes of inorganic nutrients, just as they are of organic 
substances. Our recognizing this may improve their cultiv- 
ability from samples of natural populations, their industrial 
applicability, and our general understanding of the nature 
of oligoheterotrophy in microorganisms. 
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