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The kinetics of cellular reproduction and the rate and ex- 
tent of synthesis of extracellular polymeric substances 
(EPS) were investigated for P. aeruginosa growing in glu- 
cose-limited chemostats. pmax and K ,  estimates of 0.4 h - ’  
and 2 mg glucose CIL, respectively, at 25OC were ob- 
tained for this bacterium. The extent of EPS formation 
was inversely related to the growth rate of P. aeruginosa. 
The rate of EPS formation had both growth- and non- 
growth-associated components. The growth-associated 
polymer formation rate coefficient ( k )  was 0.3 mg polymer 
Clmg cellular C and the non-growth-associated polymer 
formation rate coefficient ( k ’ )  was 0.04 mg polymer Clmg 
cellular Clh. The values for k and k ’  must be regarded as 
provisional since the product formation data were quite 
variable at low dilution rates. Estimates of the cellular 
(Yx,,) and polymer (Ypls)  yield coefficients were 0.3 mg 
cellular Clmg glucose C and 0.6 mg polymer Clmg glu- 
cose C, respectively. Most of the non-growth-associated 
consumption of glucose detected was due to exopolymer 
formation. 

INTRODUCTION 

Carbon substrates metabolized by aerobic heterotrophic 
bacteria have three fates: (i) cellular carbon; (ii) extracel- 
Mar product carbon-which may include secondary me- 
tabolites; and (iii) oxidized products of catabolism. Extra- 
cellular products formed by aerobic heterotrophs, such as 
pseudoinonads, are typically polysaccharidic materials 
(e.g., alginic acid) that may become incorporated into the 
organic matrix encasing the bacterial cell. The formation 
of these extracellular polymeric substances (EPS) repre- 
sents an energy loss to the cell unless-as suggested by oth- 
ersi.2-EPS production confers an ecological advantage 
on a cell (e.g., by promoting its attachment to surfaces). 
The specific chemical nature of EPS is still not entirely 
clear-even for p s e u d ~ m o n a d s ~ ~ ~ - a n d  is receiving in- 
creasing scientific attention. 

The extent to which EPS production occurs at the ex- 
pense of biomass synthesis depends partly on the organ- 
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ism’s growth rate and the nutrient status of the growth 
medium. Many investigator$-y have shown that a nitrogen 
limitation shifts partitioning of substrate carbon toward 
EPS production, reducing the yield of cellular biomass. 
Phosphorus, sulfur or potassium deficiencies are also 
known to enhance exopolymer f ~ r m a t i o n . ~  Others have 
shown the extent of EPS formation to be inversely related 
to an organism’s growth rate,’O being particularly signifi- 
cant for starved cells of certain bacteria.” Finally, Mian 
et aL8 showed that the production rate of exopolymer (al- 
ginate) for P. ueruginosa was directly related to the 
growth-rate and density of this organism under nitrogen- 
limited conditions. 

One purpose of the present study was to quantify the re- 
lationship between the growth rate of Pseudomonus ueru- 
giizosu and the rate of EPS production by this organism 
under carbon-limited conditions. Specifically, we tested 
whether EPS formation by P. uevuginosu could be de- 
scribed using the Luedeking-Piret expression,I2 an equa- 
tion previously used to describe product formation by rep- 
resentatives of various bacterial genera.6.8.’3,14 A second 
objective of our research was to see if the growth rate of 
P. nerirgirzosu influenced the extent of EPS synthesis by 
this bacterium. A third objective of this study was to deter- 
mine what fraction of glucose consumed for purposes 
other than cellular reproduction was directed toward EPS 
synthesis. 

MATERIALS AND METHODS 

Organism and Culture Conditions 

The strain of P. ueruginosu used in this study was ob- 
tained from the culture collection of the Department of 
Microbiology at Montana State University (Bozenian, 
MT). The organism was routinely grown on tryptic soy 
yeast extract (TSY) agar and stored over the short-term at 
10-15°C on TSY agar. For long-term storage, suspensions 
of P. cierziginosu were kept at - 10°C in a 20% skim milk 
medium. 
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The carbon-limited medium used in the chemostat ex- 
periments had the following composition: glucose, 10.0 mg 
1 - I ;  NH,CI, 3.6 mg 4-I; Mg.50, X 7H20,  1.0 mg 1-I; 
CaCI2, 100 mg 1 - I ;  FeCI3 X 6H20, 20 ug 1-I; vitamin 
B12, 50 ng 1-I; Na2HP04, 570 mg 1-I ;  and KH2P0,, 540 
mg 1 - I .  In experiments where the glucose concentration 
was increased, amounts of the other growth medium con- 
stituents were proportionately increased. 

Chemostat Apparatus 

Chemostats used in this study were constructed from 1-L 
Berzelius Pyrex beakers (Fig. 11, to which were added side- 
arms at the 500-mI mark for effluent discharge. In addition 
to antibackflow devices, the chemostats were equipped 
with inverted plastic funnels attached to metal rods (Fig. 1) 
that served to remove wall growth during long runs. The 
entire continuous culture system was comprised of four of 
the above chemostats plus water bath and ancillary equip- 
ment (Fig. 2). 

The chemostat growth medium (described above) was 
continuously fed to the chemostats using either gravity 
feed-for flow rates less than 1 mL/min-or a peristaltic 
pump (Buchler Instruments Co., Fort Lee, NJ)-for flow 
rates greater than 1 mL/min. Gravity-controlled flow rates 
were set at the desired values (FO.05 mL/min) using Dial- 
A-Flo valves (Sorensen Research Co., Salt Lake City, UT) 
and were monitored with in-line flow meters (Gilmont In- 
struments Inc., Great Neck, NY, size No. 11). Flow rates 
controlled with peristaltic pumps were also maintained 
within F0.05 niL/min of the desired settings and were 
monitored with in-line 5-mL pipettes. 

All experiments were run at 25 f 1 "C. This temperature 
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Figure 1. 
sidearm attached at 500-mL mark). 

Diagram of I -L  chemostat vessel (1-L Berzelius beaker with 

was maintained using a thermostat (Yellow Springs In- 
strument Co., Yellow Springs, OH) that activated a 120-V 
immersion heater in the water bath. 

Air was aseptically supplied to the four chemostats 
through the upper antibackflow device (Fig. 1) at a rate of 
0.14 m3/min. 

Maintenance of axenic (pure-culture) conditions in the 
chemostats was checked using the API 20E Identification 
System (Ayerst Laboratories Inc., Plainview, NY). 
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Figure 2. 
measuring devices, and water bath. 

Diagram of entire chemostat system including rcactor vccscl~ (4). substrate rcwwoir5. flow 
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Chemostat Startup Protocol 

Experiments were run in duplicate and were initiated 
by inoculating 500 mL of the glucose-mineral salts me- 
dium in the chemostats with loopfuls of P. uerirgiriosu 
grown on TSY agar plates. The chemostats were then run 
in a batch mode (i.e., flow off) for about 12 h before sub- 
strate flow was initiated at the desired rate. Steady state 
was reached within six mean residence times at which 
point sampling commenced. 

Sampling and Analytical Methods 

At steady state, effluent samples were obtained for the 
following analyses: (1) total (TOC) and soluble (SOC) or- 
ganic carbon; (2) total bacterial counts; (3) suspended sol- 
ids; and (4) glucose carbon. Samples for glucose and SOC 
analyses were obtained by filtering aliquots of the chemo- 
stat effluent through Nuclepore 0.45-pm filters; filtrates 
were frozen until analysis. Glucose was determined using 
a modification of the Sigma 510 procedure (Sigma Chemi- 
cal Co., St. Louis, MO) and organic carbon was measured 
in the filtered samples using an Oceanography Interna- 
tional Carbon Analyzer (Oceanography International 
Corp., College Station, TX). The TOC was similarly mea- 
sured except that effluent samples were not filtered prior 
to analysis. Unfiltered samples for determination of TOC 
were also frozen before analysis. Direct bacterial counts 
were made by first fixing 5-mL effluent samples in 2 %  for- 
malin and then counting cells stained with acridine orange 
according to the epifluorescence method of Hobbie and 
co-workers. 

Formalin-fixed samples were refrigerated prior to anal- 
ysis. Total suspended solids in the chemostats at steady 
state were determined by passing 50-mL aliquots of the ef- 
fluent through preweighed, 0.45-pm Nuclepore filters that 
were subsequently dried at 103OC for 1 h and reweighed. 

Biovolumes were estimated at each dilution rate by 
measuring the lengths and widths of cells using an occular 
micrometer. The standard deviation of replicate cell mea- 
surements was typically less than 15% of the mean size es- 
timate at a given dilution rate. 

Biovolumes were converted into cellular carbon esti- 
mates using the following conversion factors: 1.07 g wet 
cell weight/cm3,16 0.22 g dry cell weight/g wet cell 
weight," and 0.5 g cell carbon/g dry cell weight.lh The to- 
tal product carbon-primarily polymeric-was calculated 
by subtracting the measured glucose and cellular carbon 
values from the TOC estimates. 

MATERIAL BALANCE EQUATIONS 

In the following material balance equations, we assume 
that substrate carbon is partitioned into extracellular 
product and biomass carbon. For both of these processes, 
some substrate carbon is oxidized to COz providing energy 
for the synthesis of cells and EPS. These assumptions per- 
mit us to consider the cellular ( Y X / $ )  and product ( Y,,,s) 

yields to be fundamental quantities rather than observed 
yields. 

Cellular Carbon 

The following equation describes the mass balance 
across a chemostat for cellular carbon: 

V d X , / d t  = F(X ,  - X , )  + uX,V ( 1 )  

where Vis the liquid volume ( L 3 ) ;  X ,  is the cellular carbon 
concentration ( M , / L 3 )  at time t ;  t is time ( t ) ;  F is the vol- 
umetric flow rate of the substrate feed ( L 3 / t ) ;  x, is the in- 
fluent cellular carbon concentration ( M A / L 3 ) ;  and y is the 
specific cellular growth rate ( t - '  ). All measurements were 
made at steady state and hence, V d X , / d t  = 0. Given the 
steady state, X ,  = 0, and assuming the Monod equation 
describes the relationship between the growth rate of 
P. aeruginosa and the steady-state glucose concentration 
(S), eq. (1) simplifies to 

( 2 )  

In eq. (2) pLnlax. K,, S, and D (= F / V )  equal the maximum 
specific growth rate ( t - l ) ,  half-saturation coefficient for 
growth ( M s / L 3 ) ,  steady-state glucose concentration ( M s /  
L3) ,  and dilution rate ( t - l ) ,  respectively. 

D = p, , , , ,S / (K,  + S )  

Polymer Carbon 

bon is 
A material balance across a chemostat for polymer car- 

V d P , / d t  = F(P; - P,) -t R,,X,V ( 3 )  

where P, is the polymer carbon concentration (M, , /L3 )  at 
time t ,  Pi is the influent concentration of polymer carbon 
(M,,/L3),  and R,, is the specific polymer formation rate 
( M , , / M x / t ) .  At steady-state, given that P, = 0, eq. (3) 
simplifies to 

DP = R,,X (4) 
where P is the steady-state polymer carbon concentration 
(M, , /L3 )  a n d X  is the steady-state cellular carbon concen- 
tration ( b f Y / L 3 ) .  The polymer production may be related 
to organism growth rate and population density using the 
following expression: I 2  

R,, k p  + k '  (5) 

where, k is the growth-associated polymer formation rate 
coefficient ( M , , / M x )  and k ' is the non-growth-associated 
polymer formation rate coefficient (M,>/M.,./l).  After 
substituting eq. (5) into eq. (41, the steady-state polymer 
carbon balance becomes 

DP = kDX + k ' X  (6) 

Glucose Carbon 
The mass balance for glucose carbon across a chemo- 

stat may be written as 

V d S , / d t  = F(S,  - S,)  - p X , V / Y , / ,  

- ( k p X ,  V f k ' X ,  V ) /  Y,,ls ( 7 )  
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where S, is the glucose carbon concentration ( M S / L 3 )  at 
time t ;  S; is the influent concentration of glucose carbon 
(M,/L3);  YxIs is the cellular carbon yield coefficient (M.,/ 
M S ) ;  and Y,,/, is the polymer carbon yield coefficient (M, , /  
M, ) .  Dividing both sides of eq. (5) by V and using the 
steady-state simplification, the glucose carbon balance 
becomes 

D(S; - S )  = D X / Y , / ,  + (kDX + k ' X ) / Y , / ,  (8) 

Equation (8) simplifies to the following expression if 
polymer formation is negligible: 

D ( S ; -  S) = DX/Y,., (9) 

In eqs. (6), (S), and (9), D is assumed to be related to the 
steady-state glucose concentration (S) according to eq. (2). 
Additional details on the above mass balance equations 
may be found in ref. 18. 

RESULTS 

Steadystate Biovolumes 

Cells of P. aeruginosa increased in length with increas- 
ing dilution rate. The range of cellular lengths observed 
was 1.5-2.8 pm (Table I). In contrast, cellular diameters 
were not proportional to growth rate and ranged from 0.5- 
0.7 pm (Table I). Replicate measurement of length and 
width were within 15% of their respective mean values at a 
particular growth rate. 

Steady-State Biomass, Polymer and 
Glucose Carbon 

Steady-state cellular, polymer, and glucose carbon con- 
centrations were measured in duplicate chemostats run at 
eight dilution rates (0.025, 0.05, 0.075, 0.1, 0.15, 0.25, 
0.35, and 0.4 h-l). Suspended solids (SS) were also mea- 
sured at these dilution rates and were converted into 
equivalent carbon weights by multiplying the SS weights 
by 0.45 mg C/mg SS. Mean values for these variables, 
measured at the above dilution rates, along with their re- 
spective standard deviations, are given in Table 11. With 
increasing dilution rate, X rose to a maximum of 11 mg 

Table I. 
state." 

Cellular lengths and widths (pm) for P. uerugirioso at steady 

0.050 1.67 0.61 
0.075 1 S O  0.50 
0.10 1.75 0.60 
0.15 2.0 0.73 
0.25 2.25 0.66 
0.35 2.75 0.64 
0.40 2.75 0.61 

"Values are means of replicates. For all of these data, the standard de- 
viations were less than or equal to 15% of the indicated means. 

Table 11. 
mer carbon (mg/L)." 

Steady-state suspended solidc, cellular, glucose, and poly- 

7.8 t 4.6 0.025 13.5 f 1.27 4.9 k 1.2 0.1 f 0 
7.2 t 0.2 0.050 14.2 t 3.54 8.7 k 2.1 0.2 f 0 

0.075 15.8 f 3.82 8.6 t 0.3 0.8 f 0.3 6.3 1.5 
6.9 ?r 0.3 0.4 t 0 0.10 14.4 t 0 

0.15 15.6 k 1.63 10.9 f 1.7 0.3 t 0 6.0 ? 0.4 
0.25 13.4 f 1.7 7.8 f 0.2 7.5 . 0.8 3.0 f 0.2 
0.35 3 . 9 5 f 1 . 2 0  2.0.0.1 2 8 . 6 k 0 . 8  2 . 1 k O . 8  
0.40 0 0.9 f 0.3 33.2 k 0.3 0.1 k 0.1 

9.6 k 0.1 

aValues are means plus-or-minus standard deviation for replicate ( I T  = 
2) chemostats. 

C/L at 0.15 h-' and then decreased until it was less than 
1 mg C/L at a dilution rate of 0.4 h-' (Fig. 3). In contrast, 
P decreased from its maximum of 8 mg C/L at the lowest 
dilution rate to less than 0.1 mg C/L at 0.4 h-' (Fig. 3). 
The SS carbon paralleled P (ca. 16 mg C/L at 0.025 h-I) 
in that it remained relatively constant up to a dilution rate 
of 0.15-0.25 h-I, after which it abruptly decreased to 0 mg 
C/L at 0.4 h-I (Fig. 3) .  Steady-state glucose carbon con- 
centrations increased from barely measurable values at 
dilution rates from 0.025 to 0.15 h-I, up to the influent 
glucose carbon concentration at washout (Fig. 3). 

Estimation of Monod Growth Parameters 

Estimates of pmax and K, were determined from the glu- 
cose carbon data (Fig. 3) using the following linearized 
form of eq. (2): 

(10) 

A linear fit of the transformed glucose versus dilution rate 
data to eq. (10) yielded a slope, y-intercept, and r2  of 2.5 
(SE = 0.2), 5.1 (SE = 2.8), and 0.98, respectively. From 
the slope and y-intercept, estimates of pmax and K, were 
calculated to be 0.4 h-' and 2 mg C/L, respectively. The 
growth parameter estimates yielded a theoretical curve of 
p (= D )  vs. S that fit reasonably well to the untransformed 
data (Fig. 4). 

S / D  = S/pmax 4- K,/pmax 

Estimation of Polymer Rate Coefficients 

The growth- and non-growth-associated polymer for- 
mation rate coefficients were determined using the follow- 
ing linearized version of eq. (6): 

D P / X  = kD + k' (11 )  

Linearized polymer formation data obtained from dupli- 
cate chemostats run at dilution rates of 0.025,0.05,0.075, 
0.1, 0.15, and 0.25 h-l plotted against the best-fit line are 
shown in Figure 5. The slope (= k )  andy-intercept (= k ' )  
of the best-fit line were 0.27 mg polymer C/mg cellular 
carbon (SE = 0.044) and 0.035 mg polymer C/mg cel- 
lular C/h (SE = 5.8 X respectively; r2  = 0.90. 
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Figure 3. Suspended solids ( S S ) ,  cellular (X), polymer (P), and glucose (S) carbon at steady-state. 
Points represent means of duplicate chemostat runs; see Table 1 for values mid their respective stan- 
dard errors. 
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Figure 4. Fit of steady-state glucose carbon versus dilution rate data to I he  Monod cqiiation 
solved for F ~ , , ; ~ ~  and K,, estimates of 0.4 h arid 2 nig glucose C/L, respectively. The pnrrtmcters 
were determined via least-squares analysis of transformed data fitted to thc double-reciprocal vcr- 
sion of the Monod equation. 
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eq. (11). 

Specific polymer formation rate versus dilution rate plotted versus thc best-fit line dcscribed by 

The value for k ' of 0.035 was significantly different from 
O ( P  < 0.005). 

Estimation of Cellular and Polymer 
Yield Coefficients 

Yield coefficients for polymer formation and cellular 
reproduction were determined using duplicate chemostats 
run at dilution rates of 0.025, 0.05, 0.075, 0.1, 0.15, 0.25, 
0.35, and 0.4 h-I. Dividing both sidesof eq. (8) byX, and 
grouping terms involving D on the right-hand side, yields 
the following linearized expression that may be used to es- 
timate Y,,/, and YXls: 

D(S ;  - S ) / X  = D(1/Yx, ,  + k / Y , , I S )  + k ' /Y , , / s  (12) 

The left-hand side of eq. (12) equals the specific glucose 
removal rate and, if plotted vs. D ,  estimates of y/,,s and 
YVIs may be calculated, given values for k and k'  . The 
goodness-of-fit of the transformed X and S data obtained 
for P. aeruginosa to eq. (12) is shown in Figure 6; the r2 
equalled 1.0. They-intercept of the best-fit line was 0.063 
(SE = 0.022) and the slope equalled 3.4 (SE = 0.098). 
Dividing the estimate fork ' of 0.035 by they-intercept ob- 
tained using eq. (1 1) yielded an estimate for ylls of 0.56 mg 
polymer C/mg glucose C. Given the latter value, an esti- 
mate fork of 0.27, and the value of the slope obtained us- 
ing eq. (12), an estimate for Yx/,7 of 0.34 mg cellular C/mg 
glucose C was obtained. 

An apparent cellular yield was also estimated by fitting 
transformed SS C versus dilution rate data to 

D(S;  - S ) / X  = D/Y,, / ,  (13) 

which is a linearized form of eq. (9) that neglects product 

formation. In eq. (13), YsSls is the milligrams of suspended 
solids C produced/milligram glucose C consumed. The fit 
of the linearized data to eq. (13) is shown in Figure 6 ( r2  = 
0.99). The slope of the best-fit line was 1.65 and its inverse, 
which equals Yss,sr was 0.61 mg SS C/mg glucose C. 

DISCUSSION 

Estimates of pmax and K, for P. ueruginosa obtained in 
this study are similar to values reported by others for pseu- 
domonads. JenkinsI9 reported pmax and K,  values for glu- 
cose-limited cultures of a Pseudomonas sp. of 0.38 hV' and 
2.0 mg glucose/L, respectively. Matin and co-workers20 
obtained a p,,, for lactate-limited cultures of a freshwater 
Pseudomonas sp. of 0.55 h-l. Finally, Molin and co- 
workers2' determined that P. putida grown in batch on 
L-asparagine had a pmax of 0.6 h-l. 

We found that the production of extracellular polymer 
(EPS) by P. aeruginosa was both growth and nongrowth 
associated, in contrast to results reported by Williams.22 
He found that polymer production for a Pseudomoms sp. 
was not dependent on growth rate. In a study that corrob- 
orates our findings, Mian and co-workers8 observed that 
extracellular polymer formation by P. aeruginosu , grown 
under nitrogen-limited conditions, was growth and non- 
growth associated. Similar findings were obtained for 
xanthan gum production by Xunthomonas caniyestris , I 3  

an organism having metabolic similarities to Pseudo- 
i?l011US sp. 

The growth-associated and non-growth-associated co- 
efficients we determined for P. aeruginosa are approxi- 
mately 10-fold lower than previous estimates8 of these co- 
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Figure 6. Comparison of fits for linearized specific substrate renioval rate versus dilution ratc to cqs. 
(12) and (13). For the fit to eq. (12). X was used in the denominator of the ordinate, whereas S S  was used 
in the denominator of the ordinate for the linearized data fitted to eq. (13). 

efficients. Mian and co-workers8 reported values fork and 
k ' of 3.29 mg polymer C/mg glucose C and 0.12 mg poly- 
mer C/mg glucose C/h, respectively, compared with our 
estimates of 0.27 and 0.035. This discrepancy is probably 
due to the differences in the culture conditions used in our 
study versus the one by Mian and co-workers.8 The latter 
investigators studied EPS production by P. aeruginosa 
under nitrogen-limited conditions, a situation known to 
stimulate polymer formation .s-7.22 

Neglecting product formation by organisms like P. ae- 
ruginosa leads to significant overestimates of cellular 
yields. Using a mass-balance equation for glucose that ne- 
glected polymer formation [eq. (9)], we determined that 
the above aerobe had an apparent cellular yield of 0.6 mg 
cellular C/mg glucose C consumed. But after taking into 
account polymer synthesis by P. ueruginosa and using a 
glucose material balance that included product formation 
[eq. ( 8 ) ] ,  we found the actual cellular yield was 0.3 mg cel- 
lular C/mg glucose C consumed, which is similar to yield 
coefficients reported for other heterotrophs growing on 
 carbohydrate^.^,^^ Thus, had we determined the cellular 
yield for P. aeruginosa using the suspended solids data 
alone, which included both cellular mass and particulate 
extracellular polymers, our value for YIIs would have been 
in error by 100%. Based on our findings, cellular yields re- 
ported by others for P. ~ e r u g i n o s a ~ ~ ~ ~ ~  should be cautiously 
interpreted since no distinction was made between cellular 
carbon and extracellular particulate carbon. 

The polymer yield coefficient ( Y/l,,,) is a more funda- 
mental quantity than the polymer conversion efficiency 
[=  P / ( S j  - S)] which was used in a previous study of 
polymer formation by P. aeuuginosa.8 The polymer con- 

version efficiency indicates the quantity of polymer formed 
per unit mass of total glucose consumed; no distinction is 
made between glucose consumed for cellular reproduction 
versus polymer synthesis. On the other hand, T I I S  gives 
the mass of polymer formed per unit mass of glucose con- 
sumed for polymer synthesis. Polymer conversion efficien- 
cies reported by Mian and co-workers8 for P. ueruginosu 
are two to three times greater than values estimated from 
our polymer formation data (mean = 0.2 mg polymer 
formedlmg total glucose consumed), probably because 
the conditions employed by Mian and co-workers8 stimu- 
lated polymer synthesis. 

For EPS-forming organisms like Pseudonionus , the ra- 
tio X / ( S j  - S )  does not equal YX/,.  because substrate is 
consumed for both cellular reproduction and exopolymer 
synthesis (Fig. 7). Similarly, P I ( S j  - S) does not equal 
Y,,,s (as mentioned above, it merely represents the polymer 
conversion efficiency). We were able to obtain estimates of 
YxIs and YllIs since our mass-balance relation for glucose 

__ .Y./. * Cellr 

.) 

f S ~ e l ~ s  

F '  

Respiratory t n d  Products 
S 7/ 

FS/P \ SEPS -- EPS 

Figure 7. 
cells and EPS by an exopolynier-forming organism. 

Diagram illustrating partitioning of substratc carbon into 
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[eq. (12)] included both cellular biomass- and EPS-for- 
mation terms. Given these values, estimates of the frac- 
tions of glucose converted into cells (F,,,) and particulate 
products (F,/,,) may be calculated using the following two 
expressions derived by Trulear18: 

and 

Note that substrate carbon oxidized for energy, yielding 
respiratory products, is incorporated into both FS,, and 
Fsll1 (Fig. 7). 

The ratio Fsll,/Fs,x generally decreased with increasing 
growth rate (Table HI), indicating that the fraction of glu- 
cose converted by P. aeruginosa to EPS was greater at 
lower growth rates. This observation is consistent with the 
findings of others who have shown that the extent of poly- 
mer formation is inversely related to an organism’s growth 
rate.I0 In the extreme case, Dawson and co-workers” 
found that polymer formation was greatest for a marine 
vibrio when this organism was starving (i.e., 

Most of the non-growth-associated consumption of glu- 
cose by P. cievuginosa was attributable to EPS production. 
When the SS C data, which includes cellular and particu- 
late extracellular carbon, were transformed according to 
eq. (13) and fitted toy = bx + a ,  they-intercept was not 
different from 0 at the 5% level of statistical significance. 
This fact does not preclude the existence of a finite main- 
tenance requirement for P. aeruginosa, it merely shows 
that the majority of the non-growth-associated consump- 
tion of glucose detected was due to exopolymer synthesis. 
It is unlikely that the D(S j  - S)/SS C vs. D curve would 
have passed through the origin had the amount of glucose 
consumed for maintenance purposes been large relative 
to the quantity of glucose converted into extracellular 
products. 

= 0). 

Table III. 
ratory endproducts and EPS-carbon plus respiratory endproducts. 

Partitioning of glucose-carbon into cellular mass plus respi- 

0.025 0.39 0.38 0.97 
0.05 0.80 0.40 0.50 
0.075 0.67 0.30 0.45 
0.10 0.73 0.32 0.44 
0.15 0.83 0.28 0.34 
0.25 0.79 0.18 0.23 
0.35 0.79 0.51 0.65 
0.4 0.80 0.05 0.06 

“Calculated using data shown in Table I.  
“Estimated using cq. (14); Y,,> = 0.34 nig cellular carbonlnig glu- 

‘Calculated using cq. (IS); Y,,,, = 0.56 mg polymer carbonlnig glu- 
cose carbon. 

cose carbon. 

CONCLUSIONS 

Exopolymer (EPS) formation by P. uevugiizosrr is both 
growth- and non-growth-associated, under carbon-limited 
conditions. The extent to which EPS production occurs by 
P. aeruginosa is inversely related to this organism’s growth 
rate. The EPS production accounts for most of the steady- 
state non-growth-associated consumption of limiting glu- 
cose by P. aeruginosa . 

The data presented in  this article were excerpted from the Ph.D. thesis 
of one of the authors (MGT). Financial support from the National Sci- 
ence Foundation (grant No. CPE 80-17439), the Office of Naval Re- 
search (grant No. N00014-80-C-0475), the Calgon Corporation, and the 
Montana State University Engineering Experiment Station is gratefully 
acknowledged. 

NOMENCLATURE 

dilution rate ( f  - I )  

volumetric flow rate ( L , ’ / / )  
fraction of glucose converted into EPS plus respiratory prod- 
ucts (dimensionless) 
fraction of glucose converted into cellular mass plus rcspirn- 
tory products (dimensionless) 
growth-associated polymer formation rate coefficient (M/ , lM. , )  
non-growth-associated polymer formation rate cocfficicnt 

half-saturation coefficient ( M 3 / L 3 )  
polymer carbon concentration at steady state ( M , , / L ” )  
polymer carbon concentration at time t (M, , /L3)  
influent polymer carbon concentration ( M , , / L 3 )  
specific polymer formation rate ( M l , / M . v / t )  
steady-state glucose carbon concentration (M, /L”)  
glucose carbon concentration at time t ,  ( M , / L 3 )  
influent glucose carbon concentration ( M , / L 3 )  
steady-state suspended solids carbon concentration (M, , /L3 )  
time 
chtmostat volume { L 3 )  
steady-state cellular carbon concentration (M,,  / L 3 )  
cellular carbon concentration at time t .  (M,/L’)  
influent cellular carbon concentration ( M A I L 3 )  
polymer yield coefficient ( M l , l M s )  
suspended solids yield coefficient (M5,1M,)  
cellular yield coefficient (M., / M 5 )  
specific cellular growth rate ( i  I )  

maximum specific cellular growth rate ( t - ’ )  

( M , , / M ,  I t  ) 
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