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SUMMARY

The kinetics of Bordetella pertussis growth was studied in a glutamate-limited continuous culture. Growth kinetics corresponded to Monod’s model. The
saturation constant and maximum specific growth rate were estimated as well as the energetic parameters, theoretical yield of cells and maintenance coefficient.
Release of pertussis toxin (PT) and lipopolysaccharide (LPS) were growth-associated. In addition, they showed a linear relationship between them. Growth

rate affected neither outer membrane proteins nor the cell-bound LPS pattern.

NOMENCLATURE

X cell concentration (g L)

n specific growth rate (h™%)

Mn maximum specific growth rate (h™!)

D dilution rate (h™1)

S concentration of growth rate-limiting nutrient

(glutamate) (mmo! L™* or g L7Y)
Ks substrate saturation constant (wmol L™1)
m maintenance coefficient (g g~ h™?)
Yy theoretical yield of cells from glutamate (g g™1)
Y. yield of cells from glutamate (g g™!)

Yprs  yield of soluble PT from glutamate (mg g!)
Ykpos yield of cell-free KDO from glutamate (ug g™!)
Yers  specific yield of soluble PT (mg g 1)

Yxpon specific yield of cell-free KDO (ug g™%)
der specific soluble PT production rate (mg g™! h™1)

qkpo  specific cell-free KDO production rate (ug g=!
h™1)
INTRODUCTION

Whooping cough continues to be a major health problem.
The traditional whole cell vaccine for pertussis, although
effective in providing immunity, has been associated with
many adverse reactions. A toxin present in large amounts
in whole cell vaccine is Bordetella lipopolysaccharide (LPS
endotoxin) which is thought to contribute to the vaccine’s
reactogenicity [23,29]. For this reason, LPS should be
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reduced or excluded from vaccine formulations. One of the
main advantages of introducing acellular pertussis vaccine
composed of one or more antigenic proteins, is the removal
of most of the LPS during the purification of soluble
antigenic material. Although the number of components to
be included in an optimally protective pertussis vaccine
remains to be established, the consensus is that the pertussis
toxin (PT) will be an essential constituent [2,25,26]. The
development of a vaccine based on this toxin will require a
high yield of this protein from cultures of B. pertussis.

Licari et al. [14] demonstrated that when working in
continuous culture with a mod(—) strain of B. pertussis
growing in an iron-limited modified SS medium, the pro-
duction of PT was predominantly growth-associated. They
concluded that continuous operation at high dilution rate
would be the process best suited for PT production. Perera
et al. [19] reported that PT could be released in association
with outer membrane components such as LPS. However,
whether the dilution rate affects the LPS release remains to
be studied.

The present work was carried out in continuous culture
under energy-limited conditions. We studied kinetics of
growth of B. pertussis strain Tohama phase I and the release
of both PT and LPS in relation to the specific growth rate.
Furthermore, the effect of the dilution rate on outer
membrane proteins (OMP) and cell-bound LPS expression
was also investigated in order to determine if any outer
membrane change at different growth rates could be impli-
cated in the release of PT.
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MATERIALS AND METHODS

Microorganism

B. pertussis strain Tohama (8132 of the Pasteur Institute
Collection) was maintained in 15% glycerol, 1% casamino-
acids at —70 °C.

Growth conditions

Cells were grown for 48 h on Bordet Gengou agar (Difco
Laboratories, Detroit, MI, USA) supplemented with 1%
(wiw) peptone and 15% (v/v) defibrinated sheep blood
(BGs). Cells harvested from these plates were transferred
into 500-m] flasks containing 125 ml of Stainer Scholte (SS)
[28] medium and incubated on an orbital shaker (160 r.p.m.)
for 24 h at 35.5 °C before inoculating the chemostat. After
6 h of batch growth, the medium (SS) feed for the chemostat
operation was started.

Continuous culture was conducted in a LH 210 series 2
modular fermentation system (LH Engineering Co., Bell’s
Hill, Stoke Poges, Bucks, UK), with a working volume of
700 mi. The dissolved oxygen was controlled at 40% by the
agitation rate. The pH was maintained at 7.4 by addition
of HCI and the temperature was maintained at 35.5 °C. The
medium in the reservoir was replaced daily. Growth rates
were fixed by adjusting the dilution rate (D) in the range
of 0.03 to 0.06 h™%, and then checked at least twice each
day. Cultures were allowed to achieve the steady state over
at least ten generations before samples were taken. Cell
growth was monitored by optical density at 650 nm and dry
cell weight. Samples were removed for analysis of PT, LPS,
OMP and cell-bound LPS.

LPS extraction

Cells harvested from cultures maintained at different
dilution rates were centrifuged at 8000 X g for 15 min at
4°C and washed twice in distilled water. The bacterial
concentrations were adjusted to the same optical density
and LPS was extracted by the hot phenol-water method of
Westphal and Jann [31]. The volume of phenol used to
suspend the organisms was 55% (v/v). The extracts were
dialyzed overnight at 4 °C against 4 L of water and then
centrifuged at 100000 X g for 2 h. The sediment (LPS) was
resuspended in distilled water and stored at —20 °C until
used.

SDS-PAGE of cell-bound lipopolysaccharides

The Laemmli [11] discontinuous buffer system was
employed with an acrylamide concentration of 15% in
the separating gel. LPS preparations of whole cells were
solubilized in sample buffer and heated at 100 °C for 10
min. Twenty-five pg of proteinase K in 10 ul of buffer was
added per 50 ul of LPS suspension. The mixtures were
incubated in a water bath at 60 °C for 1 h with occasional
vortexing. Proteinase-K-treated samples were applied to
gels.

Determination of extracellular LPS

LPS [13] from B. pertussis contains lipid A and an
oligosaccharide core containing 2-keto-3-deoxyoctonate
(KDO) [17], but not the long-chain polysaccharide character-
istic of the enterobacterial LPS [8]. LPS in culture supernatant
fluids was determined by means of KDO using the method
of Karkanis et al. [10]. KDO (Sigma, St Louis, MO, USA)
was employed as reference. Samples taken at each dilution
rate were centrifuged at 8000 X g for 15 min at 4 °C.
Under these conditions, cell-free supernatant fractions were
obtained as shown by microscopic examination.

Preparation of outer membrane

Envelope fractions (outer membrane plus peptidoglycan)
were prepared using the method of Schnaitman et al. [27],
with minor modifications as reported by Hozbor et al. [9].

Protein assay
Protein content was estimated by the Lowry method,
using bovine serum albumin as the standard [15].

SDS-PAGE of outer membrane proteins

Separating and stacking gels were 12.5% (w/v) and 4%
(w/v), respectively. Envelope proteins were solubilized by
heating at 100 °C for 5 min in 0.0625 M Tris/HCI buffer
pH 6.8 containing SDS (2% w/v), glycerol (10% w/v),
bromophenol blue (0.001% w/v) and mercaptoethanol (5%
w/v). Solubilized proteins were applied to the gels.

Electrophoresis

Electrophoresis was performed at room temperature and
constant voltage. Polypeptides in gels were stained overnight
in a solution of Coomassie Blue R250 (0.2% w/v) in 40%
(v/v) methanol and 10% (v/v) acetic acid. A Pharmacia
Calibration Kit (Pharmacia LKB, Biotechnology AB,
Uppsala, Sweden) was employed to estimate molecular
weights. The Hitchcock and Brown [7] silver stain technique
was used to spot LPS. :

Pertussis toxin assay

PT antigen in culture supernatant fluid was detected by
ELISA using fetuin as a solid phase as reported by Rodriguez
et al. [24].

Glutamic acid analysis

The concentration of glutamic acid in the supernatant
phases was determined with a glutamic acid test kit
(Boehringer Mannheim, Mannheim, Germany).

Statistical analysis

Data were subjected to analysis of variance with the
Fisher projected least-significant-difference procedure [30]
used for comparisons of treatment means.

RESULTS

Kinetics of growth and glutamate utilization
The kinetic behavior of B. pertussis was investigated in
continuous cultures at steady states over a range of dilution



rates from 0.03 to 0.06 h™'. Table 1 shows that the higher
yields obtained from glutamate, the main energy and carbon
source used by B. pertussis [18] for biomass, LPS and PT
production, were achieved at higher dilution rates. The
difference between the mean values was highly significant
(P < 0.01). The energetic parameters, namely [20] theoreti-
cal yield of cells on glutamate (Yy.) and maintenance
coefficient (m;) were obtained from data in Table 1 by
performing a regression via the use of the equation:

1Y, = 1YY + myD (1)

1/Y,s was found to be related to 1/D with a correlation
coefficient of 0.998. The value calculated for Yy, was 0.33 g
cell per g of glutamate and for m, 0.07 g glutamate per g
biomass per h. The value obtained for the maintenance
coefficient was greater than that reported by Licari et al.
[14] who mentioned a value of 0.01 on the same units. This
difference may be ascribed to the different strain and growth
condition employed.

The Monod [16] empirical equation was used to describe
the relationship between bacterial growth rate and the
concentration of a single growth rate-limiting nutrient. Our
data fit well with the Monod model of growth kinetics. The
determination of Monod substrate saturation constant (Ks)
is important in modelling microbial cultures, especially
continuous cultures where Ks largely determines the steady-
state concentration of the unused growth-limiting nutrient.
One of the best methods of analyzing u vs. S appears to be
the direct linear plot of Eisenthal and Cornish-Bowden [4].
In accordance with this, data from the different steady states
were plotted in Fig. 1. There was almost no experimental
error since there is a single intersection point for all the
lines. The coordinates of this point provided the values for
Ks and pm which were estimated to be 10 M and 0.066 h™!,
respectively.

PT and LPS release

The release of LPS was analyzed in every case by
determining KDO, which was found to be a ubiquitous
component of the endotoxins (LPS) of Gram-negative
bacteria.

Values for gpr and ggpo were calculated and plotted as
a function of growth rate (Figs 2 and 3). From our results,

TABLE 1

Influence of specific growth rate on Bordetella pertussis yields of
biomass, soluble PT and cell-free KDO?

D Yx/s YPT/s YKDO/s
(b1 (gg™ (mg g") (g g™
0.03 0.18 0.14 0.38
0.04 0.20 0.20 0.49
0.05 0.22 0.26 0.64
0.06 0.23 0.31 0.81

aThe results are the mean of four determinations.
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Fig. 1. Determination of B. pertussis Monod glutamate saturation
constant for growth (Ks) and maximum specific growth rate (um)
by Eisenthal and Cornish-Bowden direct linear plot method [4].
Each line represents one observation of S and u, plotted as intercept
—S on the Ks axis and intercept p on the um axis. The point of
intersection of the lines gives the coordinates for Ks and um.
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Fig. 2. Effect of the specific growth rate on the specific soluble
pertussis toxin production rate.

the formation kinetics of these products can be characterized
by:

qpr = 0.00 + 0.26 ot 17.02 [L2 (2)

In both cases, fitness of the regression line was highly
significant (P < 0.01). Regression removed 90-97% of the
data variance.

Both gpr and qgpo showed a similar behavior in relation
to the specific growth rate. Fig. 4 shows the correlation
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Fig. 3. Effect of the specific growth rate on the specific cell-free
KDO production rate.
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Fig. 4. Correlation between soluble PT and cell-free KDO specific
production rates: 0.998.

between these two parameters. A correlation coefficient of
0.998 indicates a direct association between qpr and gkpo.

Quter membrane polypeptides and cell-bound LPS

OMPs from cells grown at different dilution rates exhibited
similar patterns in polyacrylamide gels (Fig. 5). In the same
way, the dilution rate had no effect on LPS pattern, as can
be observed in Fig. 6. In all cases the profile of LPS
preparations extracted from B. pertussis consisted of two
bands (rough-type of LPS), namely an upper one, LPS,,
and a lower one, LPS,.

DISCUSSION

Spontaneous release of LPS during exponential and even
stationary growth phase in Gram-negative bacteria cultures
is well established. In previous studies we demonstrated that
during batch cultures of B. pertussis both PT and LPS levels
in the supernatant medium increase [9,24] but no conclusion

could be drawn from these results as to whether PT and
LPS production were dependent on specific growth rate or
on the nutrient composition.

In this study it was demonstrated that under glutamate
limitation the specific growth rate affects release of both PT
and LPS. Our results indicate that specific yields of soluble
PT and cell-free LPS were not constant but a function of
the specific growth rate (i.e. y,x = k p).

By employing the chemostat it was possible to define a
relationship between these products and the growth rate
(Egns 2 and 3). Both PT and LPS could be considered growth-
associated products. However, although PT production is
entirely growth-associated (the non-growth associated term
is zero) there was some LPS release without growth. This
finding is in agreement with that of Hozbor et al. (1993) [9]
who showed a release of LPS into the surrounding medium
during the stationary growth phase of B. pertussis in batch
culture.

The linear relationship between PT and LPS productivities
at different dilution rates (Fig. 4) is in agreement with
earlier reports which show that some enzymes and virulence
factors of pathogenic bacteria are released in association
with outer membrane material [1,5,22]. An association of
PT with small micellar forms of outer membrane components
was particularly suggested for B. pertussis [19].

The influence of the specific growth rate on the pathogen-
esis associated with OMPs and cell-bound LPS composition
for other Gram-negative bacteria is well documented [3,6,12].
In this respect, the SDS-PAGE pattern of OMP and cell-
bound LPS were analyzed. There was no difference between
OMP profiles of cells grown under different dilution rates.
In the same way, the specific growth rate had no effect on
LPS pattern. In all cases, the profile of LPS preparation
extracted was the same. These results indicate that the
increase in extracellular PT and LPS levels with the specific
growth rate would be basically concerned with adjustment
of the microorganisms’s metabolic regulation under the
different specific growth rates rather than with an outer
membrane alteration, an observation which deserves further
research.

The results obtained show (Table 1) that Y, depends
on the specific growth rate. Conversely, the maintenance
coefficient is independent of the dilution rate which is in
accordance with that expected for an energy-limited cuiture
[21]. Consequently, the higher the growth rate, the smaller
the relative amount of energy source needed for maintenance.
Taking into account these considerations and that PT
production is strongly growth-associated, continuous culture
at high dilution rate seems to be an effective means for
producing PT, as mentioned by Licari et al. [14] for other
strains and culture conditions, and confirmed in this study
for Tohama phase I grown under energy- and carbon-
limitation. However, during the selection of the best culture
condition for soluble PT production, it must be taken into
account that the release of LPS, an undesirable constituent
of an acellular vaccine, is also a growth-associated phenom-
enon. At present, we are investigating whether the extracellu-
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Fig. 5. SDS-PAGE (12.5%) of outer membrane proteins of B. pertussis grown under different dilution rates. Lanes: A, 0.03 h™!; B, 0.04
h='; C, 0.05 h~1; D, 0.06 h~'. Molecular mass markers (kDa) on the left.
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Fig. 6. Effect of dilution rate on the electrophoretic mobility of
B. pertussis lipopolysaccharide in SDS-PAGE (10%). Lanes: A,
0.03h~1; B, 0.04h™1; C, 0.05h7%; D, 0.06 h1.

lar LPS:PT ratio is influenced by other environmental
parameters.

Further chemostat studies will be of great value in
determining the effect of growth rate and environment on
the regulation of the other virulence factors as well as for
extending the limited knowledge available about the B.
pertussis physiology. Such information may be useful not
only to determine the vaccine production process best suited
but also to better understand the disease process, taking

into account that colonizing bacteria are likely to grow at
lower rates than those in vitro.
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