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Proteus vulgaris is shown to  take up nicotinic acid in the 
early stage of  growth in amounts greater than needed 
for growth. The time variation of the specific nicotinic 
acid content of the cells, calculated by dividing the amount 
of  nicotinic acid taken up from the liquid medium by the 
mass of cells present at that time, is interpreted to define 
two parameters, the maximum specific nicotinic acid con- 
tent, f,, and the minimum content required for growth, 
f2. The difference, E, between these parameters is the 
specific nicotinic acid content capable of supporting growth 
for three doublings after depletion of nicotinic acid from 
the medium. A kinetic model for the system is developed 
based upon two stages of  growth, a stage in which the 
cells accumulate from the medium their maximum nic- 
otinic acid content, and a stage in the nicotinic acid-de- 
pleted medium in which cell growth occurs at the ex- 
pense of the cell-bound nicotinic acid. 

INTRODUCTION 

Nicotinic acid is an essential growth factor for Pro- 
teus vulgaris. ' Others of the vitamin B group (thiamine, 
biotin, mesoinositol, calcium pantothenate, and pyri- 
doxine) are important but not essential.2 Pelczar and 
Porter' studied the growth of 189 strains of P. vulgaris 
and related species in a simple chemically defined me- 
dium with the addition of one of each of the 14 nicotinic 
acid and related pyridine compounds. Most of the strains 
were found to grow on the synthetic medium with a 
supplement of nicotinic acid or one of the related pyr- 
idine compounds, although a few species failed to grow 
and some were capable of growing in the absence of 
the supplement. The experiments of Ellinger and co- 
workers3 with nicotinic acid and P .  vulgaris were not 
controlled sufficiently to allow general conclusions about 
growth rate effects to be drawn. M ~ r e l ~ , ~  found that 
the growth curve of P .  vulgaris was S-shaped under 
limiting nicotinic acid conditions and that growth was 
a linear function of the initial concentration of the nic- 
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otinic acid. In the present work, the effects of nicotinic 
acid on the kinetics of growth and on carbon substrate 
utilization are examined, and a kinetic model developed. 

MATERIALS AND METHODS 

The chemically defined medium employed by Davis 
and Mingioli6 was used together with the addition of a 
five vitamin B group solution2 and nicotinic acid at the 
desired concentration. The five vitamin B group con- 
sisted of biotin (0.1 mg/L), calcium pantothenate (10.0 
mg/L), mesoinositol (50.0 mg/L), thiamine hydrochlo- 
ride (10.0 mg/L), and pyridoxine hydrochloride (2.0 
mg/L). The mineral component of the medium was 
either steam sterilized in place in the fermenter or au- 
toclaved. The glucose component was sterilized in an 
autoclave, and the vitamin solution was sterilized by 
Millipore filtration. After cooling, these components 
were mixed aseptically to form the complete medium. 
The concentrations of glucose and nicotinic acid were 
varied during the course of the investigation. 

Fifteen liters of complete medium in a 30-L fermen- 
ter (Fermentation Design Inc., Bethlehem, PA) were 
inoculated with 150 mL of newly prepared fiask-cul- 
tivated seed. The culture was aerated with sterilized 
air at 15 L/min and mechanically agitated at 250 rpm. 
The air was filtered through a steam-sterilized glass 
wool filter. The temperature was controlled at 30°C. 
Samples were taken automatically at one-hour inter- 
vals over the two-day growth period and kept in cold 
storage for analysis. 

A Spectronic 20 spectrophotometer (Bausch & Lomb) 
was used for measurement of the optical density of the 
culture at 420 nm7,* after dilution with a diluent con- 
taining 0.1% Tween 80 and 0.5% formaldehyde. Fol- 
lowing measurement of optical density, 50 mL of cul- 
ture were centrifuged at lo4 rpm for 10 min, washed, 
and resuspended with double distilled water and trans- 
ferred into a preweighed, dried aluminum dish for drying 
at ca. 90°C for 8 h. A standard curve for cell mass dry 
weight versus culture optical density was prepared. 
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Figure 1. Time course of the growth of P. vulgaris in nicotinic- 
acid-limited growth (initial nicotinic acid is 6.7 pg!L): (.) nicotinic 
acid, (A) glucose, (0) cell mass, and (El) specific nicotinic acid 
content (pg nicotinic acid/mg cell). 

Glucose was determined according to the o-toluidine 
color reaction9 and nicotinic acid by microbial assay. l o  

RESULTS 

2). The nicotinic acid was depleted in the culture liquid 
after 1 1  and 12 h, respectively, and growth levelled off 
after 20 and 30 h, respectively. The cell mass concen- 
trations at the end of fermentation were 130 and 268 
mg/L, respectively. Because of the limited quantity of 
nicotinic acid provided initially, glucose consumption 
was incomplete at the end of these experiments. The 
growth pattern in these experiments is nicotinic acid 
limited. 

Figure 3 shows a different pattern of behavior. Be- 
cause of the large initial concentration of nicotinic acid 
(90 pg/L), glucose was depleted in the culture medium 
after 36 h. Since nicotinic acid was also depleted in 
the culture medium after 20 h, the culture can be clas- 
sified either as a glucose-limited or  as a nicotinic-acid- 
limited culture. In fact, Figure 3 is an example of a 
glucose-limited culture, as will be discussed later. 

Nicotinic-acid-limited behavior was also observed 
for initial concentrations of nicotinic acid and glucose 
of 1) 3.3 pg/L and 1943 mg/L, 2) 10.5 pg/L and 2017 
mg/L, and 3) 23 pg/L and 2000 mg/L, respectively. In 
these cases, nicotinic acid was depleted early but glu- 
cose was present in the medium after growth levelled 
off (Table I). 

The yield factor for growth of P .  vulgaris on nicotinic 
acid can only be computed from experiments on nic- 
otinic acid-limited cultures, when glucose is not lim- 
iting. Under these conditions, the yield factor was found 
to be 17.5 mg cell mass/pg nicotinic acid consumed 
(Fig. 4). 

Nicotinic-acid-limited growth was observed in batch 
experiments having initial concentrations of 1)  1943 
mg/L glucose and 6.7 pg/L nicotinic acid (Fig. 1) and 
2) 1870 mg/L glucose and 15 pg/L nicotinic acid (Fig. 

Growth of P .  vulgaris as a function of initial nicotinic 
acid and glucose concentrations is shown in Figure 5. 
A linear relationship between the concentration of nic- 
otinic acid and the total growth measured as optical 
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Figure 2. Time course of the growth of P. vuigaris in nicotinic-acid-limited growth (initial 
nicotinic acid is 15 pg/L): (B) nicotinic acid, (A) glucose, (0) cell mass, and (0) specific 
nicotinic acid content (pg nicotinic acid/mg cell). 
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Figure 3. Time course of the growth of P. vulgaris in nicotinic-acid-limited growth (initial 
nicotinic acid is 90 pg/L): (m) nicotinic acid, (A) glucose, (0) cell mass, and (0) specific 
nicotinic acid content (pg nicotinic ac idhg  cell). 

density exists over the initial portion of the curve. For 
an initial glucose concentration of 0.12%, growth was 
limited by depletion of glucose as shown at  point A. 
Further increases in the nicotinic acid concentration 
do not result in more growth. However, at an initial 
glucose concentration of 0.2%, growth continued to 
increase until, at point B as shown in the figure, no 
further increase in growth occurred due to the deple- 
tion of glucose. Points A and B represent growth limits 
due to depletion of nicotinic acid and glucose, re- 
spectively. 

Another growth parameter in nicotinic acid limited 
cultures is the specific nicotinic acid content of the 
cells, f ,  which can be determined as a time average 
over the growth period from the expression f = 

( N o  - &')/Po, where No is the initial nicotinic acid 
contentration in the medium; N is the nicotinic acid 
concentration in the medium at time t ;  Pv, is the P. 
vulgaris cell concentration in the medium at time t .  As 
the cell mass increases, and nicotinic acid is depleted 
from the medium, the specific nicotinic acid content 
of the cell gradually decreases from a maximum value 

of f l  to an approximately constant value f 2  (Fig. 2) 
representing the minimum required for growth. The 
difference between the maximum and minimum values, 
E = f l  - f 2 ,  represents the quantity of nicotinic acid 
which supports growth after depletion of nicotinic acid 
from the medium. 

For P. vulgaris, f ,  and f 2  were found to be 0.45 and 
0.057 (range 0.055-0.060) pg nicotinic acidmg cell mass, 
respectively. The reciprocal of f2 ,  17.5 mg cell mass/pg 
nicotinic acid, is the yield factor for overall cell mass 
under nicotinic acid-limited growth, that is, the f 2  yield 
factor. The yield of cells containing excess nicotinic 
acid, the f ,  yield factor, is 2.13 mg cells/pg nicotinic 
acid (Fig. 7). Values of f l  and f 2  must be determined 
using an adequate supply of nicotinic acid, so that the 
cells can reach their maximum content, and an ade- 
quate supply of carbon nutrient so that this nutrient 
will not be limiting. 

At the time of depletion of nicotinic acid from the 
medium, the cells contain their maximum content of 
nicotinic acid, as shown in Figures 1-3. The maximum 
nicotinic acid contents for cultures of 10.5 and 23.0 

Table I. Growth data for three different nicotinic acid-limited cultures. 
~~~~~ 

Initial concentration Time for Time for Residual 
depletion of completion glucose at Cell concentration 

Nicotinic acid Glucose nicotinic acid of growth completion of at completion of 

- 

(PglL) (mg/L) (h) (h) growth (mg/L) growth (mg/L) 

3.3 1943 10 18 1750 
10.5 2017 12 24 1500 
23.0 2000 14 32 1080 

70 
175 
360 
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Figure 4. 
concentration in nicotinic acid limited growth (f2 yield factor). 

Yield of P.  vulgaris f 2  cells as a function of nicotinic acid 

pg/L initial nicotinic acid are also shown in Table I. 
The nicotinic acid concentration of 3.3 pg/L in Table 
I is low, so that it cannot be concluded with certainty 
that in this case the maximum content of nicotinic acid 
is reached in the cells. After depletion of nicotinic acid 
from the medium, the cells continue to grow, resulting 
in a decrease in the nicotinic acid content of the cells 
until the f 2  value is reached, at which point the cells 
cease growing. 

KINETIC MODEL 

Since P. vulgaris takes up nicotinic acid in amounts 
greater than required for growth and stores the excess 
for future growth, the kinetic model for nicotinic-acid- 
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Figure 5. P .  vulgaris culture optical density (at 420 nm) as a func- 
tion of nicotinic acid and glucose concentrations: (0) 0.2% glucose 
and (A) 0.12% glucose. 

limited growth is more complicated than a simple Monod 
equation. The mechanisms for uptake and storage in 
the early stage of fermentation and the mechanism for 
the utilization of the stored nicotinic acid remain to be 
investigated. In order to develop the model, the fol- 
lowing assumptions are made. When an inoculum is 
exposed to a new medium in which nicotinic acid is 
present, the cells grow and take up nicotinic acid to 
their maximum capacity. All the cells produced contain 
nicotinic acid at this maximum level, f l ,  as long as 
nicotinic acid is available from the medium. Nicotinic 
acid in these cells is consumed until the base level of 
f 2  is reached, after which growth ceases. 

Growth of P. vulgaris can then be divided into two 
stages: a first stage to produce cells containing a pool 
of nicotinic acid, f l ,  and a second stage during which 
the pool is depleted to produce cells containing a min- 
imum level, f 2 ,  of nicotinic acid. The equations of growth 
can be represented as: 

(1) First stage of growth: 

Pvn + alS  + b lN + . . . - 2Pvn + . . . (1) 

(2) Second stage of growth: 

Pvn + a,S + . . . --+ 2Pvn, + . . . 
Pvn, + a,S + . . . --+ 2Pvn2 + . . . 

(2) 

( 3 )  

Pvn+,) + alS  + . . . - 2Pvni + . . . (4)  

(5 )  Pvn, + a l S  + . . . - 2Pv + 
or written consecutively as the following: 

+ alS + 2a,S + 4a1S lPvn - 2Pvnl - 4Pvn2 

+ 2'alS 2'Pvn; . . . - 2('+') Pv . . . (6) 

where a ,  and 6, are stoichiometric coefficients, and 
Pvn; is the number of nicotinic acid cells containing 
nicotinic acid at the ith level. The dots represent other 
substrates consumed or other products formed of no 
importance for the present purpose. 

The second growth stage starts at the time the free 
nicotinic acid in the culture liquid is depleted. The 
culture continues to grow by utilizing the available 
nicotinic acid in the cells until this pool of nicotinic 
acid is depleted or until some other essential nutrient 
is depleted. At this time growth ceases. 

The one-carbon substrate and one-growth factor ki- 
netic model in the first stage of growth can be consid- 
ered to be similar to a two-substrate model, and can 
be represented as follows: 
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dPvn 
dt 

- -  - p l P v n  

Pvn (8) S - 

- pmax’ (E) ( K n  + N )  

- a l p l P v n  
dS 
dt 

_ - -  

Pvn (9) 
S - 

- alpmaxl (E) ( K n  + N )  

- b l p l P v n  dN 
dt 

Pvn (10) 

The kinetic model for the second stage of growth is 
different from that for the first stage. The main differ- 
ences are: 1) there is no uptake of nicotinic acid, and 
the system is one-substrate-limited, and 2) there is a 
continuous transformation of cells containing a pool of 
available nicotinic acid ( f l  cells) into cells with no 

S 

available nicotinic acid (f2 cells). 
The general form of the kinetic equations is: 

dPvn 
dt 

- p2Pvn 

dPvn , 
dt 

- -  - p2(2Pvn - Pvnl)  

dPvn2 
dt 

~- - pz(2Pvn1 - Pvn2) 

= ulpz(Pvn + Pvnl 
dS 
dt 

_ -  

+ Pvn2 + . . . + Pvn( i -I ) )  

al  = l/Yedl 

b1 = l/Yed2 

The total cells in the culture at any time will be: 

Pv, = Pvn + Pvn, + Pvn2 + . . . + Pvnj (18) 

The pool of nicotinic acid will last for a number of 
generations or doubling times. The number of gener- 
ations can be calculated from: 

D = (In f l  - In f2)h 2 (19) 

Since f l  = 0.45 and fz = 0.057, then D = 3. 
Once the number of generations is known (that is, i 

is fixed), the simultaneous differential equations are 
fixed and computer simulation can be carried out. A 
simple check of the simulation is possible, since, from 
the number of doublings, the total growth of the culture 
can be calculated from 

Pv,  = 2O Pvn (20) 

where Pv, is the total cell population at the end of 
growth. 

The kinetic model of nicotinic-acid-limited growth 
as described above was simulated on the computer. 
The values of parameters used for the model simulation 
were: pmaxl = pmaxZ = 0.288; Ks = 84.3; Kn = 0; 
Yedl = 0.378; and Yedz = 2.13. The substrate constant 
for nicotinic acid in the first stage of growth, Kn,  was 
taken as zero because the rate of nicotinic acid uptake 
is fast and the excess is stored in the cell and available 
at any time. Nicotinic acid was not a growth-rute-lim- 
iting factor although it limits the total growth; therefore 
K n  was set to zero. The value of Yed,, the yield factor 
of P .  vulgaris on glucose, was determined from growth 
on glucose (Fig. 6). The value of Yed,, the yield factor 
of cells of P .  vulgaris containing the maximum avail- 
able content of nicotinic acid, on nicotinic acid, was 
determined from Figure 7. The values of p m a x l ,  pmax2,  

and Ks resulted from best fit of the experimental data. 
Figure 8 shows results calculated using the model. The 
initial concentration of nicotinic acid was 10.5 pg/L, 
of carbon substrate, 2000 mg/L, and of the cell mass, 
1.1 mg/L. It can be seen that the small amount of 

GLUCOSE, mg/L 

Yield of cell mass of P .  vulgaris as a function of glucose Figure 6. 
concentration. 
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Figure 7. Yield of P. vulgaris f l  cells with maximum specific nic- 
otinic acid content (fl  cells) as a function of nicotinic acid concen- 
tration in the medium (fl  yield factor). 

nicotinic acid used initially was exhausted after growth 
for 12 h, according to a nicotinic-acid-limited growth 
pattern. The model agrees well with the experimental 
data. Curves were also calculated for nicotinic acid- 
limited growth with initial concentrations of nicotinic 
acid of 3.3 and 23.0 pg/L. Depletion of nicotinic acid 
occurred a t  10 and 14 h, respectively. Agreement with 
experiment was equally as  good as with 10.5 pg/L nic- 
otinic acid. 

DISCUSSION 

The uptake of nicotinic acid by P .  vulgaris is greater 
than required for growth in the early stages. Evidence 
for this excess uptake lies in the observation that the 
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F i r e  8. Comparison of model (line) with experimental data (points): 
(A) glucose, (0) cells, and (a) nicotinic acid. The experimental data 
are for an initial nicotinic acid concentration of 10.5 pg/L. 

growth rate does not alter for some time after the nic- 
otinic acid in the medium is depleted. Eventually, growth 
ceases even though the carbon source and other nu- 
trients are still plentiful in the medium (Fig. 2). It has 
previously been observed that organisms can store nu- 
trients intracellularly for subsequent use under nu- 
trient-deficient conditions. Rautanen and Miikkulainen’ I 

observed that phosphorus-starved Torulopsis utilis as- 
similated phosphate from the medium at up to twice 
the normal cell content when placed in a medium con- 
taining phosphate. Wiame”*I3 reported that inorganic 
phosphate taken up by yeast cells was stored as  me- 
taphosphate in volutin granules. This stored phosphate 
could be converted into usable orthophosphate when 
the culture was placed in a medium without phosphate. 
Cho and EagonI4 studied the uptake of glucose by the 
resting cells of Pseudomonas natriegens and found that 
ca. 56% of the glucose assimilated was incorporated 
into the cells as reserved glycogen-like material and 
pyruvate which was later catabolized via the tricar- 
boxylic acid cycle. 

GaleIS found that in the uptake of amino acid by 
Staphylococci, cells grown on casein hydrolyzate con- 
tained large amounts of glutamic acid, lysine, and other 
amino acids up to 100 times the concentration in the 
external medium. This accumulation took place only 
when the energy source, glucose, was supplied and 
metabolic processes occurred. The uptake of valine by 
E. coli K12 has been studied in some detail by Cohen 
and RickenbergI6 who found accumulation of valine in 
the cells in amounts corresponding to a concentration 
factor, with respect to the external medium, of up to 
500. The uptake of valine was found to follow an ad- 
sorption isotherm. 

In most reported studies on the uptake and storage 
of nutrients, resting cells are involved and only sorp- 
tion occurs. In the present study, both sorption and 
growth processes occur simultaneously, suggesting that 
catabolism and storage of the nutrient also occur 
simultaneously. 

Nicotinic-acid-limited growth of P .  vulgaris appears 
to be similar to carbon substrate-limited growth. Morel4 
found that the growth curve on glucose was S shaped 
as found here. Since nicotinic acid can be taken up at 
a very early stage of the fermentation and stored in 
the cell and subsequently reutilized without any delay 
in growth, nicotinic acid cannot be said to  control the 
rate of growth. Nicotinic acid does, however, limit the 
total growth of the culture in proportion to its initial 
concentration. This relationship is in agreement with 
the work of Morel.5 In the present study, the lowest 
concentration of nicotinic acid which did not appear 
to be rate limiting was 3.3 pg/L. Since all the experi- 
ments here were conducted at  nicotinic acid concen- 
trations in excess of this value, the nicotinic acid sub- 
strate constant, Kn,  [eq. (7)1, was set to zero. 

There are two yield factors relating to nicotinic acid 
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defined in this study: namely, the f l  cell yield factor, 
Ye&, for production of cells containing the maximum 
content of available nicotinic acid ( Yedz = l/fl in Fig. 
2), and the f z  cell yield factor (not defined by a symbol) 
for total cell mass production in nicotinic acid-limited 
culture, equal to I/f2 in Figure 2. The former yield 
factor can be obtained easily from growth and nicotinic 
acid utilization curves (see Fig. 7). This yield factor 
represents a new concept, and is useful in modelling. 
(The conventional yield factor on glucose, Yedl ,  is also 
used in the model.) 

The observation in the early stage of growth that P .  
vulgaris took up nicotinic acid in quantities greater 
than needed for growth has not been reported in the 
literature. Ten different experiments with initial nic- 
otinic acid concentrations ranging from 3.3 to 90 pg/L 
showed that nicotinic acid was depleted after 10-20 h 
growth and that growth continued until 38 h. The higher 
the initial concentration of nicotinic acid, the longer 
was the total growth period. In the analysis of the plot 
of the specific nicotinic acid content versus time, two 
parameters were introduced, namely, the maximum 
specific nicotinic acid content, f,, and the minimum 
content, f2. The difference between these two param- 
eters, E ,  represents the nicotinic acid which supports 
growth after depletion of nicotinic acid in the medium. 
If f l  is expressed on the same basis as the concentra- 
tion of nicotinic acid in the medium, No, a comparison 
of f l  and NO can be made. The comparison reveals that 
the concentration of nicotinic acid in the cell is 4 x 
10’-4 x lo4 times that present initially in the culture 
liquid. For example, the concentration ratio in Figure 
2 is ca. 2 x lo4. 

Values o f f ,  and f 2  are good indicators of nicotinic 
acid-limited growth. If the initial concentration of nic- 
otinic acid is too low, then the organism may not be 
able to take up nicotinic acid to its maximum specific 
capacity, f l .  The initial acid concentration of 3.3 pg/L 
in Table I provides an example of this kind of behavior. 
If the amount of nicotinic acid added initially is high, 
but the amount of carbon-source substrate is not, de- 
pletion of carbon-source substrate occurs, resulting in 
a high value of f2. Such growth is not nicotinic acid 
limited. Figure 3 is an example of such a pattern of 
behavior. 

Since the concentration of nicotinic acid in the cell 
is very much higher than in the medium, the uptake of 
nicotinic acid cannot be explained by diffusion and is 
probably due to active transport. 

The kinetic model in the second stage of growth 
involves conversion of cells containing excess nicotinic 
acid (f l  cells) into ordinary celIs (f2 cells). This type 
of growth model has not been reported previously. 
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NOMENCLATURE 

Ql 

6 ,  

D 
E 

fl 

f i  

Kfl 
Ks  

N 
NO 
Pvn 

Pvn, 

Pv 

pv,  
Pv, 
S 
Yed, 

Yed2 

carbon source (glucose) substrate coefficient, equal to the 
reciprocal of the yield factor on the carbon source ( a ,  = 
1 / Yed,) 
nicotinic acid substrate coefficient, equal to the reciprocal 
of the yield factor of f ,  cells containing excess nicotinic 
acid (61 = l/Yed2) 
number of generations (or doublings) 
= f l  - f2, excess nicotinic acid content of the cells (pg 
nicotinic acid/mg cells) 
the maximum specific nicotinic acid content of the cells 
( f ig nicotinic acidimg cells) 
the minimum specific nicotinic acid content of the cells 
( p g  nicotinic acid/mg cells) 
substrate constant for nicotinic acid [eq. (7)] 
substrate constant for carbon-source substrate [eqs. (7) 
and ( l l ) ]  
nicotinic acid concentration (pg/L) 
initial nicotinic acid concentration (pg/L) 
concentration of P .  vulgaris cells containing the maximum 
excess of nicotinic acid (mg/L) 
concentration of P.  vulgaris cells containing nicotinic acid 
at the ith level 
concentration of P .  vulgaris cells not containing excess 
nicotinic acid 
total concentration of all forms of P .  vulgaris cells 
total P.  vulgaris cell concentration at the end of growth 
carbon substrate concentration (mg/L) 
yield factor of P .  vulgaris cells on carbon substrate (mg 
cells/mg glucose) 
yield factor of P.  vulgaris cells containing the maximum 
content of available nicotinic acid, the f , yield factor, on 
nicotinic acid (mg cellsipg nicotinic acid) (Ye& = I/f ,; 
see Fig. 2) 
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