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Abstract Aiming at the industrial production of sero-
group C meningococcal vaccine, different experimental
protocols were tested to cultivate Neisseria meningitidis
C and to investigate the related organic acid release.
Correlations were established between specific rates of
acetic acid and lactic acid accumulation and specific
growth rate, during cultivations carried out on the
Frantz medium in a 13 l bioreactor at 35�C, 0.5 atm,
400 rpm and air flowrate of 2 l min�1. A first set of nine
batch runs was carried out: (1) with control of dissolved
oxygen (O2) at 10% of its saturation point, (2) with
control of pH at 6.5, and (3) without any control,
respectively. Additional fed-batch or partial fed-batch
cultivations were performed without dissolved O2 con-
trol, varying glucose concentration from 1.0 to 3.0 g l�1,
nine of which without pH control and other two with
pH control at 6.5. No significant organic acid level was
detected with dissolved O2 control, whereas acetic acid
formation appeared to depend on biomass growth either
in the absence of any pH and dissolved O2 control or
when the pH was kept at 6.5. Under these last condi-
tions, lactic acid was released as well, but it did not
seem to be associated to biomass growth. A survey of
possible metabolic causes of this behavior suggested
that N. meningitidis may employ different metabolic
pathways for the carbon source uptake depending on the
cultivation conditions.

Keywords Neisseria meningitidis Æ Organic acids Æ
Batch and fed-batch cultures Æ Growth and production
kinetics

Introduction

Meningococcal disease is the major cause of death and
morbidity worldwide. Neisseria meningitidis is responsi-
ble for one-third of all bacterial meningitis cases on the
planet, and, if this disease is not treated, mortality can
reach 100% [29]. However, only a few work has been
carried out in neisserial physiology [17–19, 21].

Gotschlich et al. [14] developed an effective method
that has been adopted for serogroup A and C polysac-
charide purification [1, 6]. To this purpose, the concen-
trated bacterial culture supernatant obtained from batch
cultivations was employed. Owing to their anionic
properties, these polysaccharides were precipitated by a
cationic detergent (hexadecyl trimethyl ammonium
bromide) and then submitted to various steps of organic
solvent extraction and ultracentrifugation. The com-
pound obtained by this protocol was stable and suitable
for purification, and the final product showed a good
immunological response.

Little information is available about the microor-
ganism behavior on the production scale, for which only
the batch process is presently applied. The fed-batch
process has recently been tested with success [4]. How-
ever, alteration of the process conditions simultaneously
influenced the consumption of substrate, the formation
of polysaccharide and the release of undesired byprod-
ucts such as organic acids. There is no systematic report
in the literature, to the best of our knowledge, on the
formation of organic acids during N. meningitidis sero-
group C cultures.

To select the optimum protocol for the industrial
production of serogroup C meningococcal vaccine,
we tested different modes of operation either in the
presence or in the absence of pH and/or dissolved
oxygen controls and investigated the effect of
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organic acids release on cultivations in a cylindrical
bioreactor.

Materials and methods

Inoculum preparation and medium composition

The inoculum of N. meningitidis IMC 2135 was prepared
according to Gotschlich et al. [14]. The content of one
ampoule containing 6.3·109 viable cells of the menin-
gococcal strain, maintained at �70�C in 0.5 ml of the
medium of Greaves [16], was streaked out onto two agar
slant tubes [25] and incubated at 35�C for 18–20 h in a
candle jar (5–10% CO2). The cells from each slant tube
were resuspended in the liquid medium of Frantz [11]
that contained (per liter) 1.60 g L-glutamic acid, 6.00 g
NaCl, 4.67 g Na2HPO4

. 7H2O, 1.25 g NH4Cl, 0.09 g KCl,
0.02 g L-cystein.HCl.H2O, 2.00 g dialyzed yeast extract,
1.23 g MgSO4

. 7H2O, 5.00 g glucose, and whose pH was
adjusted to 7.4 with 5 N NaOH solution. They were then
transferred to two 500 ml conical flasks, each containing
100 ml of the same medium and incubated at 35�C for
4 h on a rotary shaker at 120 rpm. In order to verify
possible contaminations, microscopic examinations were
carried out using the Gram technique. The contents of
both the conical flasks were used to inoculate a 13 l
bioreactor, model Bioflo 2000 (New Brunswick, Edison,
NJ, USA), containing 9 l of the above Frantz medium.

The medium used for both inoculum preparation and
fermentations in the bioreactor was sterilized by filtra-
tion through Millipore filters with 0.2 lm mean pore
diameter.

Fermentation conditions

The fermentation conditions were: temperature=35�C;
air flow rate=2 l min�1 (0.22 vvm); upper aeration,
kLa@14.4 h�1; rotational speed=400 rpm in the absence
of dissolved O2 control, and in the range 50–850 rpm
when dissolved O2 was controlled at 10% of its satura-
tion point (as described subsequently). The vessel head
pressure was maintained at 0.5 atm. During the test with
pH control, this parameter was kept at 6.5 by addition
of 3 N NaOH solution. Two Rushton six blade disc
turbines with 9 cm diameter were used for mixing, one
located at 10.0 cm from the vessel bottom and the other
at 11.5 cm from the first turbine. The pH was measured
by an on-line sterilizable electrode. Dissolved O2 con-
centration was monitored by an on-line polarographic
electrode, Ingold model 531 (Mettler-Toledo, Alpha-
ville, Brazil). The 100% point was calibrated 1 h before
the inoculation under the same cultivation conditions.
During fed-batch runs, glucose solutions were fed by
means of a peristaltic pump.

The experimental schedule is summarized in Table 1.
The feeding volumetric flow of glucose solution was
estimated in order to make a balance between the total

volumes of added glucose solution and taken samples
(every 2 h). In this way, the effect of dilution was min-
imized, and these values were taken into account for the
calculation of the kinetic parameters.

Analytical methods

Cell concentration was expressed as dry biomass weight
per liter (g l�1) after centrifugation of a known-volume
sample at 8,700g for 30 min, followed by pellet drying at
60�C for 48 h. Glucose concentration was measured
using the glucose oxidase colorimetric method [32].
Polysaccharide concentration was determined according
to Gotschlich et al. [14], after cell disruption and debris
precipitation by addition of Cetavlon (Merck Lab.,
Darmstadt, Germany). After preliminary centrifugation
of the sample (8,700g, 30 min), the supernatant was re-
moved, while the precipitate was resuspended in 1.0 M
CaCl2

. 2H2O solution and centrifuged again under the
same conditions. The supernatant was used for the
polysaccharide determination by the resorcinol–HCl
colorimetric method [14, 33], which is sensitive to poly-
saccharide monomers (sialic acids) formed by acid
hydrolysis.

For molar mass determinations, a column
(1.5·85 cm) previously filled up with Sepharose 4B-CL
(Pharmacia, Uppsala, Sweden) was frequently calibrated
using a saturated mixture of riboflavin and blue dextran
(to determine the void volume) and eluted with 1.0 M

Table 1 Experimental conditions for the experiments 1 to 20

Run
number

Culture
duration
(h)

pH
control
at 6.5

Dissolved
O2 control
at 10%

So

(g/l)a
S1

(g/l)b
S2

(g/l)c
Series

1 24 – Yes 4.9 – –
2 24 – Yes 5.0 – – A
3 24 – Yes 5.0 – –
4 20 Yesd – 4.8 – –
5 20 Yesd – 5.0 – – B
6 20 Yesd – 5.2 – –
7 20 – – 4.6 – –
8 20 – – 4.9 – – C
9 20 – – 5.3 – –
10 20 – – 1.7 55e 7.5e D
11 20 – – 1.8 55e 7.5e

12 20 – – 0.16 55e 7.5e E
13 20 – – 0.12 55e 7.5e

14 20 – – 0.10 55e 7.5e F
15 20 – – 0.20 55e 7.5e

16 20 – – 3.4 – 7.5e G
17 20 – – 4.0 – 7.5e

18 20 Yes – 0.27 105f 80f H
19 20 Yes – 4.6 – 80f I
20 30 – – 3.8 – 7.5f J

aSo = initial glucose concentration in the bioreactor
bS1 = feed glucose concentration from 0 to 10 h
cS2 = feed glucose concentration from 10 h to the end
dGlucose pulse (final concentration 5 g/l) at 10 h
eConstant feed volumetric flow of 1.0 ml/min
fFeed volumetric flow of 0.5 ml/min within 0–4 h and 1.0 ml/min
within 4–10 h
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ammonium acetate solution (pH=7.0) containing 0.1%
sodium dodecylsulfate [15, 28]. Standard dextrans with
known molar masses were eluted through the column for
calibration, and the corresponding elution volumes were
related to the logarithm of the molar masses. Dextran
concentrations were determined by the phenol–sulfuric
acid method [32]. Samples purified with ethanol were
then injected (0.2 ml), and the polysaccharide content of
the collected fractions (3 ml each) was determined by the
above resorcinol–HCl method.

Organic acids concentrations were determined by
HPLC, model 10AVP (Shimadzu, Kyoto, Japan) using a
HPX-87H column (Bio Rad, Hercules, CA, USA) after
dilution (1:5) of samples from cultivations with 5.0 mM
sulfuric acid solution and filtration through 0.2 lm-
pores. A standard mixture of organic acids, made up of
malic, acetic, succinic, oxalic, formic and lactic acids, was
injected in the column at different dilutions to prepare
their respective calibration curves. A 5.0 mM sulfuric
acid solution was used as a mobile phase at 0.6 ml min�1

flowrate and 35�C. Integration of the chromatographic
peaks and determination of organic acid concentrations
were done using the software Class VP-Version 6.2.

The yield of polysaccharide on biomass (YP/X) was
calculated as the mass ratio of polysaccharide to bio-
mass generated after a given cultivation time. The spe-
cific rates of organic acid formations (mi) were calculated
by polynomial fitting of their experimental concentra-
tions with the computer program Logiciel du Lissage
based on the Spline method [20]. To correlate product
formation with growth, we used the model of Luedeking
and Piret [22]:

mi ¼ a lþ b ð1Þ

where l is the specific growth rate (h�1), a a growth
associated coefficient (g gX

�1) and b a non-growth asso-
ciated coefficient (g gX

�1 h�1).

Results

Growth curves

Typical growth curves of runs 1 to 20, exhibiting similar
profiles, are shown in Fig. 1a, d, while Fig. 1b, e illus-
trate glucose consumption and Fig. 1c, f polysaccharide
formation, respectively. These behaviors suggest that
substrate consumption had little influence on cell growth
kinetics, whereas polysaccharide formation was
remarkably influenced. The absence of a lag growth
phase also points out that cells of the inoculum were well
adapted to the medium. In spite of a certain variability
in the initial biomass concentration, analysis of the
exponential growth phases (data not shown) and a sta-
tistical ‘‘F’’ test (Snedecor distribution) demonstrated
that there was no significant difference between the
slopes of the straight lines describing runs 1 to 20 (at 5%
significance level) and that glucose concentration had no
appreciable effect on the specific growth rate.

Polysaccharide formation and conversion factor

To make comparison easier, the results of final biomass
concentration (Xmax), final polysaccharide concentration
(Pf) and yield of polysaccharide on biomass (YP/X)
(Table 2), collected from repeated runs under the same
cultivation conditions, were grouped in homogeneous
series (from A to J), and a Student’s t statistical test
between the series was performed at 5% significance
level. A comparison of the results of series A, B and C
showed that batch tests performed with dissolved O2

control at 10% exhibited the lowest YP/X values; there-
fore, these operating conditions were not selected for
subsequent fed-batch operation.

Comparison of results of series B, H, I and J with the
respective confidence intervals of series C and G shows
that the highest values of Pf and YP/X, useful to make the
subsequent product purification easier and more effec-
tive, were obtained with no pH or dissolved O2 control
either in batch (series C) or fed-batch (series G) process.
Besides, the former parameter did not appreciably in-
crease when the cultivation time was prolonged from 20
to 30 h. It should also be noticed that the residual glu-
cose concentration in the medium at the end of run 20
(series J) was lower than in the other fed-batch tests
(Fig. 1e), but the final values of Pf and YP/X increased by
only a small quantity; therefore, the fed-batch process
did not ensure a significant improvement of these
parameters when compared to the batch one.

A previous study reported average polysaccharide
molar mass in the range 400–500 kDa, gel chromatog-
raphy partition coefficient (Kd) lower than 0.3 and
recovery rate (percentage of polysaccharide recovered
before reaching Kd=0.5) higher than 84% [4], which
means that the product satisfies all the criteria for an
antigen for vaccine preparation [12, 36, 37].

Organic acids formation

Typical organic acids curves of runs 1 to 20, exhibiting
similar profiles, are shown in Fig. 2, whereas the final
concentrations of acetic and lactic acids are listed in
Table 2. All comparisons were performed employing the
t test, and the statistical F test was used to compare
organic acids kinetics as groups of distinct correlations.
The release of oxalic, citric, malic, succinic, lactic, formic
and acetic acids was also monitored versus time
throughout all experiments. No oxalic and formic acids
were detected, whereas citric and malic acids formed
only at very low levels (<0.05 g l�1; data not shown).

During the batch runs with control of dissolved oxy-
gen at 10% (runs 1 to 3), neither pH fall nor acetic and
lactic acids formation took place up to 16 h (Fig. 1a).
After this time, the control of dissolved O2 was switched
off, but no enhancement of polysaccharide production
was observed, and the pH decreased from 7.0 to as low as
5.1, as a consequence of significant production of acid
acetic (Fig. 2a and Table 2). Meanwhile, succinic acid

871



concentration was appreciable even at the beginning of
the run (�0.20 g l�1), reached a maximum value after 8 h
(�0.5 g l�1), then decreased again to 0.20 g l�1, and kept
almost constant until the end of cultivation (Fig. 2a).

Batch and fed-batch cultivations performed without
pH or dissolved oxygen control (runs 7 to 17 and 20)
exhibited acetic acid formation partially associated to
growth, according to the model of Luedeking and Pi-
ret [22], and similar values of both correlation coeffi-
cients (a and b) (Table 3); therefore, considering these
runs as a whole, mean values of a=0.128 gAc gX

�1 and
b=0.039 gAc gX

�1 h�1 were estimated. On the contrary,
no significant lactic acid formation was detected (Tables 2,
3 and Fig. 2c, d, f), whereas profiles of succinic acid
were similar to those observed with dissolved O2 control.
In addition, acetic acid formation seemed to have no
statistically significant effect upon polysaccharide pro-
duction during these experiments.

zLikewise, considering batch and fed-batch cultiva-
tions with control of pH at 6.5 together (runs 4 to 6, 18
and 19), acetic acid formation turned out to be partially
growth-associated (Table 3), showing higher mean

values of both correlation coefficients (a=0.254 gAc gX
�1;

b=0.060 gAc gX
�1 h�1). On the other hand, lactic acid

formation was shown not to be associated to the growth
(Table 3) and exhibited only a constant value of the
latter parameter (b=0.146 gLac gX

�1 h�1). These runs
with pH control led to final concentrations of lactic acid
almost twice that of acetic acid (Table 2, Fig. 2b, e) and,
consequently, to a twofold to threefold increase in glu-
cose consumption (DS) with respect to the other condi-
tions (Table 2), while succinic acid production was very
low (<0.15 g l�1) and progressively decreased
throughout the runs.

Discussion

A kinetic correlation has been established, for the first
time, between cell growth and partially associated acetic
acid formation and/or non-associated lactic acid forma-
tion in cultivations of N. meningitidis serogroup C under
different conditions. Other aspects, such as polysaccha-
ride formation, either associated to growth or not,
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Fig. 1 Time behaviors of
biomass growth, glucose
consumption and
polysaccharide formation.
Batch experiments (a, b, c): run
2 (filled diamond) control of
dissolved O2 at 10%, run 5
(open circle) control of pH at
6.5, run 8 (open square) without
pH and dissolved O2 controls.
Fed-batch experiments (d, e, f):
runs 10 (open diamond), 12
(open circle), 14 (open square),
16 (cross mark) and 20 (positive
sign) without pH and dissolved
O2 controls, 18 (asterisk) and 19
(filled circle) pH control at 6.5
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nitrogen consumption and its assimilation by the cell,
glucose consumption kinetics, as well as the relationship
between polysaccharide and glucose concentration in
batch and fed-batch processes had earlier been investi-
gated by the authors [2–4, 27]. Most of the results of
polysaccharide production by N. meningitidis serogroup
C listed in Table 2 are better than those obtained batch-wise
by Carty et al., who reported a maximum polysaccharide
concentration of 0.16 g l�1 after 22 h of cultivation,
under constant aeration and agitation conditions, as a
consequence of oxygen-limited cell growth [6].

The organic acid formation detected in this study
could be associated to metabolic features of this
microorganism. Fu et al., who carried out cultivations of
serogroup B N. meningitidis in a synthetic medium
(MC6) with dissolved O2 control, stressed that the main
metabolic pathway for the carbon source (glucose)
assimilation would be that of Entner-Doudoroff (EDP),
which was responsible for about 80% of its consumption
[13]. Through this pathway, pyruvic acid was likely to be
stoichiometrically oxidized to acetic acid, being the TCA
cycle, according to the same authors, only partially
functional in pathogenic Neisseria species during glucose
metabolism. Because they did not observe any activity of
the Embden-Meyerhof-Parnas (EMP) pathway, the

pentose–phosphate shunt could have accounted for the
remaining 20% of glucose metabolization. In their
experiments, carried out with dissolved O2 control,
acetic acid was the main byproduct of glucose neisserial
metabolism. Fivefold acetic acid accumulation was ob-
served when the cultivation was performed in a medium
similar to the synthetic MC6 medium, but including
yeast extract, whereas no extracellular formic, pyruvic,
succinic and lactic acids were detected.

On the other hand, the use of yeast extract in our
cultivation medium did not lead, in batch runs with
dissolved O2 control, to appreciable organic acid for-
mation until 16 h. Under these conditions, the pH was
kept near 7 without any control. From 16 h to the end of
cultivation, dissolved O2 control was switched off, the
pH decreased to 5, and acetic acid formed at detectable
levels (Fig. 2a). All other batch and fed-batch runs, with
pH control at 6.5 or without pH and dissolved O2

controls, exhibited abundant formation of acetic acid
(Fig. 2b, f).

According to recent literature, N. meningitidis re-
quires restricted carbon sources, only glucose, pyruvic
and lactic acids being uptaken efficiently [21, 31]. Glu-
cose was metabolized at pH 7.2 and 8.0 primarily via the
Entner-Doudoroff pathway (about 80%), while the rest

Table 2 Results of N. meningitidis C cultivations performed under different conditions

Cultivation
conditions

Run Cultivation
time (h)

Sst
a, b

(g l�1)
Xmax
c

(g l�1)
Pf
d

(g l�1)
Pf
b, d

(g l�1)
YP/X
e. 103

(g gX
�1)

YP/X
b, e.103

(g gX
�1)

Acf

(g l�1)
Acb, f

(g l�1)
Lacg

(g l�1)
Lacb, g

(g l�1)
DSh

(g l�1)
DSb, h

(g l�1)
Group

Batch with
dissolved O2

control at 10%

1 24 – 3.0 0.17 62 – – 6.9
2 24 – 2.9 0.18 0.18 60 64 – – – – 6.4 6.5 A
3 24 – 2.8 0.19 69 – – 6.3

Pulse batch
with control
of pH at 6.5

4 20 – 2.0 0.17 90 2.7 4.5 9.4
5 20 – 2.1 0.18 0.18 84 91 2.2 2.3 3.9 4.0 10 9.9 B
6 20 – 2.0 0.19 98 2.1 3.5 10

Batch without
controls of pH
and dissolved O2

7 20 – 1.6 0.20 139 1.1 – 3.7
8 20 – 1.7 0.23 0.22 136 139 1.0 1.0 – – 4.1 4.1 C
9 20 – 1.7 0.23 141 0.91 – 4.6

Fed-batch 10 20 3.0 1.5 0.072 0.078 48 52 1.2 1.2 – – 3.0 2.8 D
11 20 3.4 1.5 0.083 57 1.2 – 2.5

Fed-batch 12 20 1.5 1.5 0.17 0.17 118 113 0.91 0.94 – – 3.4 3.3 E
13 20 1.3 1.5 0.16 107 0.97 – 3.3

Fed-batch 14 20 0.65 1.6 0.20 0.21 126 131 1.0 1.1 – – 4.0 4.0 F
15 20 0.68 1.6 0.22 136 1.1 – 4.0

Partial fed-batchi 16 20 0.68 1.8 0.25 0.25 145 143 0.88 0.95 – – 3.3 3.5 G
17 20 0.85 1.7 0.24 140 1.0 – 3.8

Partial fed-batch
with pH control
at 6.5i

18 20 0.75 2.0 0.21 0.21 119 119 1.9 1.9 3.2 3.2 13 13 H

Fed-batch with
pH control
at 6.5

19 20 0.95 2.0 0.21 0.21 128 128 2.2 2.2 3.8 3.8 9.5 9.5 I

Partial fed-batchj 20 30 0.46 1.6 0.26 0.26 157 157 1.0 1.0 – – 4.1 4.1 J

aSst = glucose concentration at steady state. See Fig. 1e
bAverage values estimated for each group of runs
cXmax = maximum biomass concentration obtained at the beginning of the stationary phase (14 h for runs 1–3 and 10 h for the others)
dPf = final polysaccharide concentration
eYP/X = yield of polysaccharide on biomass calculated between the beginning and the end of cultivations
fAc = acetic acid concentration
gLac = lactic acid concentration
hDS = quantity of glucose consumed during cultivations per unit reactor volume
iFed-batch between 10 and 20 h
jFed-batch between 10 and 30 h
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by the pentose–phosphate pathway (PPP). At pH above
7, most of the pyruvic acid and acetyl-CoA generated
from glucose accumulated as acetic acid, only small
quantities being oxidized by the tricarboxylic acid
(TCA) cycle. However, at pH 6, the contribution of the
PPP increased up to about 50% and additional acetyl-
CoA was metabolized via the TCA cycle [24, 31]. In
addition, a recent NMR and enzymatic study on the
carbon metabolism in N. meningitidis has shown that
growth on glucose, lactic acid and, especially, pyruvic
acid, results in the excretion of significant quantities of
acetic acid, via the phosphotransacetylase (PTA)-acetate
kinase (ACK) pathway [21].

The small quantities of citric and malic acids de-
tected in the present study can be associated to the
release of these metabolites owing to the low or partial
activity of the TCA cycle as well, whereas the appre-
ciable levels of succinic acid detected since the begin-
ning of cultivations performed without pH control
could be due to its residual presence in the yeast ex-
tract-containing medium, as the result of metabolic
activity during inoculum preparation and cultivation.
On the contrary, only small quantities of succinic acid
were detected with pH control (Fig. 2b, d). According
to Pagliarulo et al., meningoccal gdhA, encoding the

NADP-specific L-glutamate dehydrogenase (NADP-
GDH), has two promoters: gdhA P1 and gdhA P2 [26].
Trans-activation of gdhA P2 was maximal in complex
medium during the late log phase and was stimulated
by glucose and inhibited by lactic acid, when the car-
bon source was present together with glutamic acid.
Considering succinic acid a byproduct of aminoacid
catabolism in the TCA cycle, this or a similar genomic
system regulation could explain the increased produc-
tion of this compound until the late exponential growth
phase in cultivations performed without pH control
and the small quantities of succinic acid detected in
tests with pH control at 6.5.

Lactic acid release by N. meningitidis is not so well
documented as that of acetic acid. Only one medical
investigation was found that concerned the possibility
of in vitro lactic acid formation [35], most of the
remaining literature dealing with the consumption of
lactic acid.

As far as the lactic acid consumption is concerned,
there are three lactate-dehydrogenases (LDHs) respon-
sible for the exclusive uptake of such a carbon source.
Pyruvic acid produced by lactic acid oxidation is then
used for gluconeogenesis, which is stimulated by lactic
acid and inhibited by glucose [31].
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Fig. 2 Time behavior of
organic acids. Acetic acid (filled
circle), lactic acid (open square),
succinic acid (open triangle).
Batch experiments: a control of
dissolved O2 at 10% (run 1); b
pH control at 6.5 (run 4); c
without pH and dissolved O2

controls (run 9); Fed-batch
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However, to the best of our knowledge, there is no
clear evidence in the literature either of the existence of
the glycolytic pathway or of lactic acid formation by
it. Based on genomic data on Neisseria gonorrhoeae and
N. meningitidis A and B, Smith et al. [31] stressed that
these bacteria have all the enzymes for complete TCA
cycle as well as for complete glycolysis/gluconeogenesis.

Tettlelin et al. [34] have recently suggested that a
crucial factor in the commensal and pathogenic behavior
of N. meningitidis B (MC58) could be its capacity to
obtain and synthesize nutrients essential for its survival.
These authors, who presented the genome of this strain
and its functions, proposed that degradation of glucose,
serine, proline, glycine, acetic, gluconic, glutamic, lactic,
malic, oxaloacetic and pyruvic acids would be accom-
plished by an intact TCA cycle as well as by PPP and
EDP. This bacterium would then be able to adapt glu-
cose channeling through the three glycolytic routes
depending on pH variations in the medium. Moreover,
investigation on the metabolism of N. gonorrhoeae
demonstrated that cells grown at pH 6.0 assimilated
twice glucose than cells grown at pH 8.0 [23, 24].

Assuming for N. meningitidis a facilitated transport
mechanism mediated by a glucose transporter located on
the membrane and acting in the direction of the proton
concentration gradient [7], the pH control at 6.5 in some
of the runs performed in this work could have also fa-
vored the transport of glucose to the cell with respect to

fermentations at higher pH, and the consequent carbon
overflow upon the TCA cycle could have additionally
stimulated the formation of organic acids.

Batch and fed-batch runs performed in this study
with pH control showed, besides acetic acid, abundant
formation of lactic acid as well (Fig. 2b, e). According to
the model of Luedeking and Piret [22], the formation of
lactic acid is non-growth associated, whereas the acetic
acid formation is partially growth associated (Eq. 1). In
case these metabolic features would depend on each
other or be sequential, we could expect that equations
describing them would have been linearly dependent,
but they were not. Concluding, the present results sug-
gest that acetic and lactic acid formations could have
been the result of different pathways.

Analyzing the earlier information, it seems there be a
contradiction: if lactic acid is one of the main carbon
sources for N. meningitidis, why would this bacterium
produce lactic acid as well?

Many of the studies dealing with the consumption of
lactic acid by N. meningitidis are also worried about its
relationship with virulence determinants. Interest is
increasing in how bacteria behave and produce virulence
determinants within the infected host. There are three
main aspects related to this process: observations on the
bacteria themselves, recognition of host factors that af-
fect them and investigation of metabolic interactions
between these. The first aspect is relatively easy to

Table 3 Values of a and b parameters of the model of Luedeking and Piret [22] relating the formation of acetic and lactic acids to cell
growth

Cultivation conditions Run Cultivation
time (h)

Points
number

aa,b Ac
(gAc gX

�1)
b a,b Ac
(gAc gX

�1 h�1)
r2 Points

number
bc Lac
(gLac
gX
�1 h�1)

Group

Batch with dissolved
O2 control at 10%

1 24 – – – – – –
2 24 – – – – – – A
3 24 – – – – – –

Pulse batch with
control of pH at 6.5

4 20 4 0.277 0.059 0.973 9 0.158
5 20 4 0.289 0.044 0.960 9 0.133 B
6 20 4 0.238 0.065 0.967 7 0.144

Batch without
controls of pH
and dissolved O2

7 20 6 0.105 0.042 0.920 – –
8 20 5 0.127 0.052 0.982 – – C
9 20 5 0.109 0.036 0.976 – –

Fed-batch 10 20 4 0.130 0.056 0.987 – – D
11 20 5 0.172 0.049 0.979 – –

Fed-batch 12 20 5 0.140 0.026 0.969 – – E
13 20 6 0.119 0.037 0.991 – –

Fed-batch 14 20 5 0.132 0.024 0.991 – – F
15 20 4 0.139 0.038 0.976 – –

Partial fed-batchd 16 20 5 0.112 0.025 0.985 – – G
17 20 4 0.112 0.047 0.951 – –

Partial fed-batch
with pH control
at 6.5d

18 20 6 0.219 0.062 0.964 7 0.133 H

Fed-batch with pH
control at 6.5

19 20 5 0.274 0.079 0.983 9 0.159 I

Partial fed-batche 20 30 4 0.133 0.034 0.972 – – J

aRuns 7–17, 20: mAc=0.128l + 0.039, r2=0.824; Fcal=2.12 <Ftab=2.14.
bRuns 4–6, 18, 19: mAc=0.254l + 0.060; r2=0.880; Fcal=3.02 <Ftab=3.18
cRuns 4–6, 18, 19: mLac=0.146; tcal=0.074 <ttab=2.353
dFed-batch between 10 and 20 h
eFed-batch between 10 and 30 h
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investigate and attracts much interest. The second and
third are difficult to handle and hence understudied [30].
In the case of lactic acid consumption by N. meningitidis,
the three LDHs are also involved in bacteria virulence.
In addition, lactic acid stimulates sialylation of lipo-
polysaccharide (LPS) by host-derived cytidine 5¢-
monophospho-N-acetyl neuraminic acid [31].

In N. meningitidis B, a major mediator of comple-
ment resistance is the polysaccharide capsule. This is
composed by sialic acid, which is predicted to be syn-
thesized from N-acetyl mannosamine and phosphoenol
pyruvate (PEP), a reaction catalyzed by the enzyme
SiaC, encoded on the horizontally acquired capsule
biosyntesis locus. The PEP can be formed from glucose
by a circuitous route via the EDP or directly from lactic
acid after conversion to pyruvic acid, thus providing a
potential connection between lactic acid availability and
resistance against complement-mediated lysis. In addi-
tion, during meningococcal infection, acquisition of
lactic acid may enhance meningococcal growth. In the
cerebral-spinal fluid, where there are a few complement
components, lactic acid contributes to bacterial growth,
whereas available lactic acid contributes to resistance
against complement during bacterial infection [10].
Investigating a N. meningitidis B mutant defective for
the uptake of lactic acid, it was also demonstrated that
the lactic acid is an important energy source for the
bacterium during colonization and is necessary for its
growth in nasopharyngeal tissue [10]. Besides, it was
proposed, as the likeliest cause for the increased adhe-
sion, the more extensive sialylation of the wild-type LPS
with respect to that of the mutant, which may inhibit
bacterial association with epithelial cells [9]. Moreover,
meningococcal infection and disease show a pronounced
seasonal variation, with the highest rates being observed
during winter. There is also an association between
influenza and invasive meningococcal infection. This
could be explained with viral infection increasing the
presence of activated phagocytic cells at the epithelial
surface, thereby increasing local lactic acid concentra-
tions. Lactic acid could then be used as a substrate for
meningococcal growth and promote resistance to com-
plement-mediated lysis, favoring survival of the bacte-
rium in the blood-stream and increasing the likelihood
that infection will lead to disease [9].

Despite the present work was performed with a dif-
ferent strain, the collected results and the related literature
suggest that the production of lactic acid byN.meningitidis
would constitute a strategy for colonization and resistance
to complement-mediated lysis. Looking at a faraway
hypothesis, lactic acid production by part of bacterial
population could be acting as a kind of signal for the rest
initiating the invasion and infection.

With regard to the polysaccharide production, be-
cause a pH decrease notoriously affects the dissociation
equilibrium of weak acids, our cultivations performed
without pH or dissolved O2 controls (runs 7–9, 14–17,
20) exhibited the lowest formation of acetic acid. As a
consequence, most values of Pf and YP/X were higher

than those obtained with pH control (runs 4–6, 18, 19),
contrary to the generalized opinion that neutralization
of inhibiting organic acids should anyhow enhance the
formation of fermentation products. Contrary to the
above interpretation, these results, although statistically
insufficient, suggest the occurrence of some inhibiting or
competitive effect exerted by acetic or lactic acid on
polysaccharide formation, with particular concern to the
abundant formation of lactic acid in experiments with
pH control at 6.5.

Finally, even the formation of polysaccharide may be
related to the way of glucose consumption and metab-
olization. Blacklow and Warren, investigating N. men-
ingitis serogroup C, were able to concentrate up to 125
times, with respect to the original extract, an enzyme
catalyzing the condensation of N-acetyl-mannosamine
with PEP, leading to N-acetylneuraminic acid (polysac-
charide monomer) and inorganic phosphorus [5],
whereas the metabolic synthesis of N-acetyl-mannos-
amine from glucose was successively explained by
Champe and Harvey [8]. According to these findings, a
logarithmic relationship between glucose and polysac-
charide concentrations along the cultivation time has
recently been proposed [4], which is consistent with the
abundant release of acetic and lactic acids as well as with
the significant fraction of consumed glucose observed at
pH 6.5; therefore, we can conclude that pH control is
not recommended for the industrial set-up of the pro-
cess.

Conclusions

The present work relates for the first time, to the best of
our knowledge, the kinetics of organic acids formation
to cell growth during cultivations of N. meningitidis se-
rogroup C under different conditions. The coefficients a
and b for the formation of acetic and lactic acids were
estimated according to the Luedeking and Piret model.
Acetic acid formation was partially growth-associated
except when dissolved O2 level was controlled at 10%,
although its largest formation occurred when pH was
controlled at 6.5. This last condition was the only one,
among those investigated, that exhibited non-growth
associated lactic acid formation. These results suggest
that N. meningitidis could preferably employ distinct
metabolic pathways according to pH. In addition, no
improvements of final polysaccharide concentration and
yield of polysaccharide on cell mass were observed with
the fed-batch process when compared with the batch
one, and the highest polysaccharide productions were
obtained without any pH or dissolved oxygen controls.
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Leal MBB, Gonçalves PC, Raw I (1996) Batch cultivation
kinetics of Neisseria meningitidis (serogroup C) in Frantz
medium I. Growth and polysaccharide production. Arch Biol
Technol 39:215–220

3. Baruque-Ramos J, Hiss H, Vicentin MA, Paz MF, Peixoto A,
Leal MBB, Sato RA, Vassoler U, Raw I (2001) Nitrogen
consumption during batch cultivation of Neisseria meningitidis
(serogroup C) in Frantz medium. Braz J Microbiol 32:305–310

4. Baruque-Ramos J, Hiss H, Arauz LJ, Mota RL, Ricci-Silva
ME, Paz MF, Tanizaki MM, Raw I (2005) Polysaccharide
production of Neisseria meningitidis (Serogroup C) in batch
and fed-batch cultivations. Biochem Eng J 23:231–240

5. Blacklow RS, Warren L (1962) Biosynthesis of sialic acids by
Neisseria meningitidis. J Biol Chem 237:3520–3526

6. Carty CE, Rodrigues E, Ittensohn OL, Hagopian A, Dunn N,
McAleer WJ, Hurni W, Kniskern PJ, Maigetter RZ (1984)
Fermentation studies of Neisseria meningitidis serogroups A, C,
W135 and Y. Dev Ind Microbiol 25:695–700

7. Champe PC, Harvey RA (1994) Glycolysis. In: Winters R,
Schott J, Caputo GR (eds) Lippincott’s illustrated reviews:
biochemistry, 2nd edn. Lippincott-Raven, Philadelphia, pp 88

8. Champe PC, Harvey RA (1994) Glycosaminoglycans. In:
Winters R, Schott J, Caputo GR (eds) Lippincott’s illustrated
reviews: biochemistry, 2nd edn. Lippincott-Raven, Philadel-
phia, pp 150–152

9. Exley RM, Goodwin L, Mowe E, Shaw J, Smith H, Read RC,
Tang CM (2005) Neisseria meningitidis lactate permease is re-
quired for nasopharyngeal colonization. Infect Immun
73:5762–5766

10. Exley RM, Shaw J, Mowe E, Sun YH, West NP, Williamson
M, Botto M, Smith H, Tang CM (2005) Available carbon
source influences the resistance of Neisseria meningitidis against
complement. J Exp Med 201:1637–1645

11. Frantz ID Jr (1942) Growth requirements of the meningococ-
cus. J Bacteriol 43:757–761

12. Frasch CE (1990) Production and control of Neisseria menin-
gitidis vaccines. In: Mizrahi A (ed) Advances in biotechnolog-
ical processes: bacterial vaccines, vol 13. Wiley, New York, pp
123–145

13. Fu J, Baley J, King JJ, Parker CB, Robinett RSR, Kolodin
DG, George HA, Herber WK (1995) Recent advances in the
large scale fermentation of Neisseria meningitidis group B for
the production of an outer membrane protein complex. Bio-
technology 13:170–174

14. Gotschlich EC, Liu TY, Artenstein MD (1969) Human
immunity to the meningococcus—III. Preparation and immu-
nochemical properties of the group A, group B and group C
meningococcal polysaccharides. J Exp Med 129:1349–1365

15. Gotschlich EC, Fraser BA, Nishimura O, Robbins JB, Liu TY
(1981) Lipid on capsular polysaccharides of gram-negative
bacteria. J Biol Chem 256:8915–8921

16. Greaves RIN (1960) Preservation of living cells by freeze-dry-
ing. Ann N Y Acad Sci 85:723

17. Holten E (1974) Glucokinase and glucose 6-phosphate dehy-
drogenase in Neisseria. Acta Pathol Microbiol Scand Sect B
82:201–206

18. Holten E (1974) 6-Phosphogluconate dehydrogenase and en-
zymes of the Entner-Doudoroff pathway in Neisseria. Acta
Pathol Microbiol Scand Sect B 82:207–213

19. Jyssum K (1960) Intermediate reactions of the tricarboxylic
acid cycle in meningococci. Acta Pathol Microbiol Scand Sect
B 48:121–132

20. Kahaner D, Moler C, Nash S (1989) Numerical methods and
software: computer methods for mathematical computations.
Prentice Hall, Englewood Cliffs

21. Leighton MP, Kelly DJ, Williamson MP, Shaw JG (2001) An
NMR and enzyme study of the carbon metabolism of Neisseria
meningitidis. Microbiology 147:1473–1482

22. Luedeking R, Piret EL (1959) A kinetic study of the lactic acid
fermentation. Batch process at controlled pH. J Biochem
Microbiol Technol Eng 1:393–412

23. Morse SA, Stein S, Hines J (1974) Glucose metabolism in
Neisseria gonorrhoeae. J Bacteriol 120:702–714

24. Morse SA, Hebeler BH (1978) Effect of pH on the growth and
glucose metabolism of Neisseria gonorrhoeae. Infect Immun
21:87–95

25. Müller H, Hinton JA (1941) A protein-free medium for pri-
mary isolation of the gonococcus and meningococcus. Proc Soc
Exp Biol Med 48:330

26. Pagliarulo C, Salvatore P, De Vitis LR, Colicchio R, Monaco
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