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Abstract The growth and product formation kinetics

of the bovine pathogen Mannheimia (Pasteurella)

haemolytica strain OVI-1 in continuous culture were

investigated. The leukotoxin (LKT) concentration and

yield on biomass could substantially be enhanced by

supplementation of a carbon-limited medium with an

amino acid mixture or a mixture of cysteine and gluta-

mine. Acetic acid was a major product, increasing to

1.66 g l-1 in carbon-limited chemostat culture at inter-

mediate dilution rates and accounting for more than 80%

of the glucose carbon, whereas in amino acid-limited

cultures high acetic acid concentrations were produced at

low dilution rates, suggesting a carbon-overflow metab-

olism. The maintenance coefficients of carbon-limited

and carbon-sufficient cultures were 0.07 and 0.88 mmol

glucose g-1 h-1, respectively. LKT production was

partially growth-associated and the LKT concentration

was maximised to 0.15 g l-1 and acetic acid production

minimised by using a carbon-limited medium and a low

dilution rate.

Keywords Mannheimia haemolytica � Leukotoxin �
Chemostat � Kinetics � Acetic acid

Introduction

Mannheimia haemolytica produces a leukotoxin (LKT) that

has a specific affinity for bovine alveolar macrophages and

leukocytes. LKT is considered the main virulence factor of

fibronecrotizing pneumonia of cattle and sheep, also known

as pneumonic pasteurellosis or shipping fever [3, 32]. A M.

haemolytica culture supernatant vaccine based on the LKT

toxoid is effective against the disease [4, 8, 27] because of

its strong immunogenicity and lack of serotype specificity

[17, 20, 28]. However, challenge trials in cattle revealed

that vaccination with recombinant LKT (rLKT) alone

failed to provide protection against the development of

clinical symptoms, which demonstrated the complexity of

protective immunity against this respiratory disease [5].

Thus, the culture supernatant vaccine, of which LKT is a

key component, proved more efficient than the use of pure

rLKT. One drawback in the preparation of a culture

supernatant vaccine is that the toxin is usually produced at

a very low concentration in vitro [26, 30].

The growth characteristics of M. haemolytica are

poorly quantified. Acidification of the culture broth due

to the growth of M. haemolytica has been reported, but

the acid produced was not identified [11, 34]. The

influence of nutrients on LKT production by this nutri-

tionally fastidious bacterium has been investigated [9, 11,

30]. The most widely used culture media are RPMI 1640

and brain heart infusion broth, often supplemented with

bovine foetal serum or albumin, but it has been reported

that such supplements had no significant effect on LKT

production [32].

This paper is the first detailed report on the growth and

product formation kinetics of M. haemolytica, using con-

tinuous cultures to facilitate specific nutrient limitations

during steady-state growth conditions. We report on the
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effects of various nutrients on the culture performance,

show that M. haemolytica produced copious amounts of

acetic acid in aerobic culture and that LKT production

could be substantially enhanced by the nutrient formulation

and selection of the dilution rate. These findings have

bearing on the production of LKT in submerged culture for

use in immunoprophylaxis.

Materials and methods

Bacterial strains

Mannheimia haemolytica strain OVI-1, a fresh, untyped

isolate from the lung of a calf that succumbed to shipping

fever pneumonia was provided by the Onderstepoort

Veterinary Institute, Gauteng Province, South Africa.

Cultivation procedure

Mannheimia haemolytica was routinely grown at 35 �C on

Biolab brain heart infusion (BHI) agar plates (Merck,

Darmstadt, Germany) at pH 7.4. Erlenmeyer flasks

(250 ml) containing 50 ml culture medium were inoculated

from 36 h BHI agar plates and incubated for 9 h at 37 �C

on a rotary shaker at 200 rpm. A 5 ml aliquot of the above

pre-inoculum was transferred to a 250 ml shake flask

containing 50 ml of the same medium and incubated for

3 h at 37 �C prior to being used to inoculate the bioreactor

vessel to 0.2 absorbance units at 690 nm. Medium feed was

started when the culture reached the late exponential

growth phase.

A 2-l Multigen F-2000 bioreactor (New Brunswick

Scientific, Edison, NJ, USA) controlled at 37� C and pH

7.3 (±0.2) with 3 M KOH and equipped with two

disk turbine impellers, an exhaust gas condensor, a pH

electrode (Mettler Toledo, Halstead, UK) and a polaro-

graphic oxygen probe (Ingold AG, Urdorf, Switzerland)

was used. Peristaltic pumps (Watson Marlow Ltd, Fal-

mouth, UK) fitted with silicone rubber tubing were used

to maintain the culture volume at 0.74 l. The dissolved

oxygen tension was maintained above 30% of saturation

by using an aeration rate of 0.6 l min-1 and manual

adjustment of the stirrer speed between 400 and 550 rpm.

A steady state was confirmed when the deviation in the

culture turbidity was less than 2% of the mean for at least

three consecutive residence times with no upward or

downward trend. At dilution rates (D) approaching the

maximum specific growth rate (lmax), up to ten residence

times were allowed to ensure steady-state conditions.

The lmax value was derived from the slope of the

wash-out curve obtained when the dilution rate was

incrementally increased to a value greater than wash-out

dilution rate.

Culture media

The basal medium used in continuous culture experi-

ments contained (per l) 0.5 g citric acid monohydrate,

3.0 g NaCl, 3.4 g KH2PO4, 0.3 g MgSO4�7H2O, 3.0 g

(NH4)2SO4, 0.02 g CaCl2�2H2O (all Saarchem; Merck,

Wadeville, South Africa), 0.0175 g inositol (BDH

Chemicals, Poole, England) and 1.0 ml of a 1,000-fold

stock solution of vitamins containing (per l) 0.2 g biotin,

1.0 g nicotinamide, 1.0 g pyridoxine HCl, 1.0 g thiamine

HCl, 1.0 g folic acid, 0.2 g riboflavin, 10 ml of a stock

solution of 0.5 g cyanocobalamin l-1 (all Sigma, St

Louis, MO, USA), 0.25 g Ca-pantothenate (Merck) and

1.0 g p-amino benzoic acid (Hopkin and Williams,

Essex, England), adjusted to pH 7.5. Whereas the carbon-

limited medium (designated SDM1) consisted of the

above basal medium supplemented with 10.0 g yeast

extract (Biolab) and 3.0 g glucose l-1 (Saarchem), the

amino acid-limited medium (designated SDM2) com-

prised the above basal medium supplemented with 4.0 g

yeast extract and 10.0 g glucose l-1. In some experi-

ments the culture medium was supplemented with 1.0 ml

of a 1,000-fold concentrated stock solution of trace

elements containing (per l) 14 g FeSO4�7H2O (Merck),

3.0 g MnSO4�H2O, 5.0 g ZnSO4�7H2O, 0.5 g CuSO4�
5H2O, 0.5 g CoCl2�6H2O, 0.5 g Na2MoO2�2H2O, 0.1 g

KI, 1.0 g H3BO3 and 1.0 g Al2(SO4)3�18 H2O (all Saar-

chem) dissolved in 0.05 M HCl. Solutions of glucose,

KH2PO4, MgSO4�7H2O, (NH4)2SO4 and CaCl2�2H2O

were autoclaved separately at 121 �C, whereas inositol

and vitamin solutions were filter-sterilised. The complete

medium had a final pH of 5.8. A 0.2 ml volume of a 1:1

mixture of Voranol P2000 Polyol and Durapol 3000

(Industrial Urethanes, Edenvale, South Africa) were

added as antifoaming agents.

In some experiments the medium was supplemented

with one of the following L-amino acid solutions, made up

as a 100-fold concentrated stock solution in 0.3 M NaOH,

with the exception of cysteine that was separately prepared

in 0.1 M HCl. Amino acid mixture A comprised (per l)

5.0 g alanine, 5.0 g arginine, 5.0 g asparagine, 2.0 g

aspartic acid, 5.0 g cysteine, 2.0 g glutamic acid, 5.0 g

glutamine, 1.0 g glycine, 1.5 g histidine, 5.0 g isoleucine,

5.0 g leucine, 4.0 g lysine, 1.5 g methionine, 1.5 g phen-

ylalanine, 2.0 g proline, 3.0 g serine, 2.0 g threonine, 0.5 g

tryptophan, 2.0 g tyrosine and 5.0 g valine. Amino acid

mixture B was a four-fold concentrate of mixture A. All

amino acids were from Sigma except phenylalanine (Fluka

Chemie, Buchs, Switzerland) and glycine (Merck).
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Analytical procedures

Culture turbidity was measured with a Photolab S6 pho-

tometer (WTW, Weilheim, Germany) at 690 nm. The dry

biomass concentration was gravimetrically determined by

washing and drying quadruplicate samples overnight at

105 �C to constant mass. Acetic acid was determined after

acidification of filtered culture supernatant with formic acid

(7.5% v/v, final concentration) with a Hewlett-Packard

5710A gas chromatograph fitted with a glass column

(1.5 m 9 3.175 mm ID) packed with 80–100 mesh Pora-

Pak Q (Waters Associates, Milford, MA, USA) at an oven

temperature of 165 �C, an inlet temperature of 200 �C, a

hydrogen flame ionization detector at 250 �C and nitrogen

carrier gas at 50 ml min-1. Citric acid was determined

using a Shimadzu LC-10 HPLC (Shimadzu Corp., Tokyo,

Japan) fitted with an SPD-10A detector set at 220 nm and a

Hydro-RP column (250 9 4.6 mm ID) with a particle size

of 80 Å (Phenomenex, Torrance, CA, USA) and using a

mobile phase of 0.05 M KH2PO4 (pH 2.7) at a flow rate of

0.8 ml min-1.

Glucose was determined with a glucose assay

kit (Sigma), but for concentrations below 1.0 g l-1 a

D-glucose enzymatic bioanalysis kit (Cat. No. 0716251,

R-Biopharm GmbH, Darmstadt, Germany) was used.

Culture samples of 10 ml were rapidly aspirated into

30 ml bottles containing 0.5 ml of ice-cold 5 M HCl to

inactivate biological activity. The bioreactor exhaust gas

composition was determined with a paramagnetic Mag-

nos 6G O2 analyser and an infrared Uras 10E CO2

analyser (Hartmann & Braun, Frankfurt, Germany). The

distribution of glucose carbon between biomass and

acetic acid was based on the volumetric rates of glucose

uptake and the production of acetic acid and CO2,

assuming 1 mole of CO2 produced per mole of acetic

acid [10]. The carbon content of the bacterial biomass

was estimated using the average biomass formula of

CH1.81O0.52N0.21 [22].

The LKT concentration in the culture supernatants

was determined by an indirect ELISA assay procedure

[33], using anti-LKT chicken polyclonal antibody for

detection of the LKT and rabbit anti-chicken IgG

conjugated to horseradish peroxidase with 3,30,5,50-tet-

ramethylbenzidine (Sigma) to provide the colour-forming

reaction. The absorbance of test samples was related to

protein concentration using the method of Karpinski

et al. [14].

Curve fitting was done by non-linear regression using

SigmaPlot (Jandel Scientific Software, San Rafael, CA,

USA). The steady-state values of the limiting substrate (s)

and dry biomass concentration (x) were modelled using

transformations of the Monod model incorporating the

maintenance coefficient (m) [23]:

s ¼ ksðDþ mYGÞ
lmax � mYG � D

ð1Þ

x ¼ DYGðsr � sÞ
Dþ mYG

ð2Þ

where ks is the Monod saturation constant, sr the lmiting

substrate (glucose) concentration in the feed reservoir and

YG the ‘‘true’’ biomass yield coeficient, determined as the

inverse of the slope of the specific rate of glucose uptake

(qs) vs D curve.

Results and discussion

Chemostat cultivation in a carbon-limited medium

In an aerobic chemostat culture of M. haemolytica OVI-1

using medium SDM1, the decrease in the steady-state

biomass concentrations and Yx/s values at dilution rates

below 0.21 h-1 might be attributed to the maintenance

energy requirement (Fig. 1a, b). A maintenance coefficient

(m) of 0.07 mmol glucose g-1 h-1 was determined by

linear regression analysis of the linear portion of the qs vs

D curve in the lower range of dilution rates (Fig. 1c) as the

qs value at a dilution rate of zero [2]. Maintenance coef-

ficients of other bacterial species in glucose-limited

cultures ranged from 0.39 to 1.05 mmol g-1 h-1 [6, 15, 23,

24]. Although the biphasic nature of the qs vs D curve

(Fig. 1c) may have resulted in an inaccurate estimation of

m, the use of the above m value in Eqs. (1) and (2) resulted

in a reasonable fit of the experimental data at low dilution

rates (Fig. 1a). Others also have reported the non-linearity

of similar plots [2, 6] and it has been postulated that m may

in fact be a simple function of the growth rate [21].

However, the onset of a non-carbon limitation with

increasing dilution rate was evident from the decrease in

the steady-state biomass concentration and increase in the

residual glucose concentration at dilution rates much lower

than predicted by the Monod model using a ks value of

4 mg l-1 (Fig. 1a). Whereas at low dilution rates a carbon

limitation was demonstrated by the increase in steady-state

biomass concentration with an increase in the glucose

content of the feed, at high dilution rates this had little

effect on the steady-state concentrations of biomass and

acetic acid but only resulted in a substantial increase in the

residual glucose concentration (not shown). When the

steady-state residual glucose concentrations were fitted to

Eq. (1), an improbably high ks value of 345 mg glucose l-1

was obtained, indicative of a non-carbon limitation.

The lmax value of M. haemolytica OVI-1 ranged from

1.35 to 1.39 h-1 and was significantly greater than the

values of 1.03–1.19 h-1 of other M. haemolytica strains

grown in brain heart infusion broth [29, 30]. The highest
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biomass yield coefficient (Yx/s) of 0.77 g (g glucose)-1 was

reached at a dilution rate of 0.21 h-1 (Fig. 1b) and the

sharp decrease in biomass concentration with increasing

dilution rate roughly coincided with an increase in acetic

acid production (Fig. 1a). From Fig. 2 it was determined

that 0.34 g biomass l-1 was produced from non-glucose

substrate, resulting in a corrected Yx/s value of 0.42 that

agreed with the mean value of 0.444 for microbial growth

on glucose [1]. Because the small amount of citric acid

included in the medium as chelating agent was not

assimilated, the high Yx/s value was probably due to the

utilisation of yeast extract in addition to glucose as carbon

source.

The highest steady-state LKT concentration of

0.15 g L-1 (Fig. 1f) and LKT yield in terms of biomass

(YLKT/x, Fig. 1g) were recorded at the lowest dilution rate

used (0.051 h-1), whereas the volumetric rate of LKT

production peaked at a dilution rate of 0.87 h-1 (Fig. 1g).

Extrapolation of the specific LKT production rates (qLKT)

intercepted the ordinate at a value of 0.0043 g g-1 h-1

(Fig. 1f), indicating that LKT production was only partially

growth-associated.

Whereas low concentrations of acetic were produced at

dilution rates below 0.4 h-1 (Fig. 1a), the steady-state

acetic acid concentration increased dramatically to a

maximum of 1.66 g l-1 with an increase in dilution rate,

with the acetic acid yield coefficient on glucose (YAc/s)

reaching values of 0.47–0.58 between dilution rates of 0.7

and 0.8 h-1 (Fig. 1b). Progressively more glucose carbon

was used for acetic acid production at dilution rates greater

than 0.4 h-1 (Fig. 1e), to the extent that at a dilution rate

approximately equivalent to 1/2 lmax up to 87% of the

carbon from glucose was chanelled to acetic acid.

In carbon-limited continuous cultures of Escherichia

coli, the aerobic production of acetic acid typically

occurred on an increase in dilution rate to above a certain

threshold level [12] or at low dilution rates when the feed

glucose concentration was increased [7]. Acetic acid pro-

duction by M. haemolytica followed a similar pattern in

that the steady-state acetic acid concentration increased

dramatically above a dilution rate of 0.4 h-1 (Fig. 1a).

A
ce

tic
 a

ci
d 

(g
 l-1

)

0

1

2

3

4

5

B
io

m
as

s 
(g

 l-1
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

R
es

id
ua

l g
lu

co
se

 (
g 

l-1
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

q C
O

2 (
m

m
o

l g
-1

 h
-1

)

0

5

10

15

20

25

q O
2 (

m
m

o
l g

-1
 h

-1
)

0

5

10

15

20

R
Q

0.0
0.5
1.0
1.5
2.0
2.5
3.0

q
s,

q
A

c (
g 

g-1
 h

-1
)

0.0
0.5
1.0
1.5
2.0
2.5
3.0

C
ar

bo
n 

di
st

rib
ut

io
n

be
tw

ee
n 

bi
om

as
s

an
d 

ac
et

ic
 a

ci
d 

(%
)

0

20

40

60

80

100

Y
x/

s,
 Y

A
c/

s

0.0

0.2

0.4

0.6

0.8

1.0

Le
uk

ot
ox

in
 (

g 
l-1

)

0.00
0.05
0.10
0.15
0.20
0.25
0.30

q L
K

T
 (

g 
g-1

 h
-1

)

0.00

0.05

0.10

0.15

Dilution rate (h-1)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Y
LK

T
/x

0.00

0.05

0.10

0.15

0.20

Q
LK

T
 (

g 
l-1

 h
-1

)

0.00

0.02

0.04

0.06

0.08

0.10

(A)

(B)

(C)

(D)

(E)

(F)

(G)

Dc

Fig. 1 Steady-state concentrations of a dry biomass (filled circle),

residual glucose (open diamond) and acetic acid (open square); b the

biomass and acetic acid yields on glucose (Yx/s, filled circle; YAc/s,

open square); c the specific rates of glucose uptake and acetic acid

production (qs, filled diamond; qAc, open circle) plotted as a function

of the dilution rate in a culture of M. haemolytica strain OVI-1 in

SDM1. The specific rates of oxygen uptake (qO2
, open triangle), CO2

evolution (qCO2
, open inverted triangle) and respiratory quotient (RQ,

filled square) are shown in d and the relative distribution of glucose

carbon to biomass (filled diamond) and acetic acid (open diamond) in

e. The steady-state LKT concentration (filled inverted triangle) and

the specific rate of LKT production (qLKT, open triangle) are shown in

f, whereas g shows the LKT yield on biomass (YLKT/x, filled triangle)

and the volumetric rate of LKT production (QLKT, open inverted
triangle). The broken lines indicate the biomass and residual glucose

concentrations predicted by the Monod model, using a ks value of

4 mg glucose l-1 as stated for Escherichia coli [23] and the following

experimentally derived values: feed glucose, 3.05 g l-1; lmax,

1.39 h-1; m, 0.073 mmol g-1 h-1; YG, 0.132 g mmol-1

c
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Furthermore, the production of high acetic acid concen-

trations at low dilution rates in glucose-sufficient

continuous culture (Fig. 3a) suggested a carbon overflow

metabolism, similar to E. coli where the excess carbon flux

though the central metabolic pathways was excreted as

acetate [13].

Chemostat cultivation in an amino acid-limited medium

A glucose concentration of 15.0 g L-1 was used in the

amino acid-limited medium SDM2 to ensure that glucose

remained in excess. The Yx/s values at low dilution rates

were more than three-fold lower than in SDM1 (Fig. 3b),

probably due to the high maintenance coefficient of

0.88 mmol glucose g-1 h-1 determined from the linear

part of the qs vs D curve (Fig. 3c). A high maintenance

coefficient under energy (carbon)-sufficient conditions is

thought to be due to defective regulation or an uncoupling

of the energy metabolism [31].

In contrast to the glucose-limited culture, the highest

acetic acid concentration of 4.16 g L-1 was produced at

the lowest dilution rate and decreased with an increase in

dilution rate (Fig. 3a). The RQ remained slightly above

unity, which can be expected during aerobic acetic acid

production as a result of CO2 liberation during the dehy-

drogenation of pyruvate to acetyl*CoA, followed by

acetate production via acetyl phosphate at the cost of car-

bon flow through the oxidative pathways [13, 19].

Calculation of the distribution of glucose carbon revealed

that below a dilution rate of 0.5 h-1 up to 66% of the

carbon from glucose was used for biomass production

(Fig. 3e), whereas at high dilution rates up to 80% of

glucose carbon went to acetic acid production. The highest

LKT concentration of 0.13 g l-1 and YLKT/x value were
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Fig. 3 Steady-state culture parameters of M. haemolytica grown in

medium SDM2 containing 15 g glucose l-1. Symbols as in Fig. 1
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Fig. 2 Steady-state concentrations of dry biomass plotted as a

function of the feed glucose concentration in a continuous culture

of M. haemolytica strain OVI-1 grown in medium SDM1 supple-

mented with 4.0 g yeast extract at a dilution rate of 0.35 h-1. The

intercept on the ordinate indicates the biomass concentration

produced from non-glucose carbon
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obtained at the lowest dilution rate and decreased at the

higher dilution rates (Fig. 3f, g).

Effect of nutrient supplements at high dilution rates

To determine the nature of the non-glucose limitation

evident when using SDM1 at high dilution rates, further

chemostat experiments at a dilution rate of 1.0 h-1 were

conducted. The apparent growth factor limitation could be

abolished by supplementation with yeast extract at 15 g l-1

(but without improving LKT production), whereas sup-

plementation with amino acid mixture B or a mixture of

cysteine and glutamine, with or without vitamins and trace

elements, not only substantially decreased the high residual

glucose concentration but also increased the LKT con-

centration and YLKT/x value up to three-fold compared to

cultures in SDM1 (Table 1). Doubling the concentrations

of KH2PO4, NaCl, CaCl2, (NH4)2SO4 and MgSO4�7H2O in

the medium feed had little effect on the culture parameters

(not shown), as did the addition of trace elements, amino

acid mixture A, a vitamin mixture or thiamine (Table 1),

even though the latter was a requirement of M. haemolytica

strain H44L [35].

When using a yeast extract concentration of 15.0 g l-1

(Fig. 4) a more realistic ks value of 53 mg glucose L-1 was

determined. This ks value was still high compared to recent

reports of ks values ranging from about 0.03–0.18 mg l-1 for

carbon-limited growth of E. coli on simple sugars such as

glucose, galactose, maltose, ribose and fructose [16, 18, 25].

The maintenance coefficient of 0.063 mmol g-1 h-1 was

similar to that recorded in SDM1 with 10 g yeast extract l-1.

However, at the higher dilution rates the experimental bio-

mass values were still markedly lower than predicted by the

Monod model (Fig. 4), probably as a consequence of substrate

carbon channelled to acetic acid production.

Similar biomass and LKT concentrations were obtained

when the cysteine component of the cysteine plus gluta-

mine mixture was replaced with sodium sulphide

(Table 1), indicating that cultures grown in SDM1 became

partly sulphur-limited at high dilution rates. It has been

Table 1 The influence of different nutrient supplements in the feed on the steady-state parameters of a chemostat culture of M. haemolytica
grown in medium SDM1 at a dilution rate of 1.0 (±0.02 h-1)

Nutrient xa

(g l-1)

sb

(g l-1)

Yx/s Acetic acid

(g l-1)

YAc/s YAc/x LKT

(g l-1)

YLKT/x

Controle 1.08 1.29 0.60 1.05 0.58 0.98 0.041 0.038

Yeast extract (15 g l-1) 2.0 0 0.62 1.67 0.52 0.84 0.049 0.024

Vitamin mixturec 1.12 1.29 0.63 0.91 0.51 0.81 0.034 0.031

Amino acid mixture A 1.09 1.33 0.52 1.04 0.50 0.95 0.052 0.048

Amino acid mixture B 1.16 0.43 0.45 1.28 0.50 1.10 0.13 0.110

Trace elements solution 0.89 1.21 0.46 0.78 0.40 0.88 0.049 0.055

Cys & Gln (0.4 g l-1)d 1.28 0.77 0.62 1.24 0.60 0.97 0.089 0.070

Gln (0.8 g l-1) + Na2S�8H2O (0.25 g l-1) 1.48 0.31 0.53 1.43 0.51 0.97 0.091 0.062

Cys & Gln (0.4 g l-1) + trace elements + vitamin mixturec 1.30 0.52 0.58 1.24 0.55 0.96 0.135 0.104

Thiaminee (0.001 g l-1) 1.03 1.37 0.54 0.90 0.47 0.87 0.033 0.032

Yx/s Biomass yield coefficient on glucose utilized, YAc/s Acetic acid yield coefficient on glucose utilized, YAc/x Acetic acid yield coefficient in

terms of biomass, YLKT/x Leukotoxin yield coefficient in terms of biomass
a Biomass concentration
b Residual glucose concentration
c Vitamin solution at double the concentration as described in Materials and methods
d

L-cysteine plus L-glutamine
e Thiamine monophosphate
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Fig. 4 Steady-state concentrations of dry biomass (filled circle),

residual glucose (open diamond) and acetic acid (open square) plotted

as a function of the dilution rate in a culture of M. haemolytica grown

in medium SDM1 supplemented with 15 g yeast extract l-1. The

broken lines indicate the biomass and residual glucose concentrations

predicted by the Monod model, using the following experimentally

derived values: feed glucose, 3.24 g l-1; lmax, 1.35 h-1, ks, 53 mg

glucose l-1; m, 0.063 mmol g-1 h-1; YG, 0.148 g mmol-1
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suggested that M. haemolytica did not readily reduce sul-

phate for incorporation into sulphur-containing amino

acids [11], which may explain the requirement for cysteine.

Conclusions

This study showed that the apparent growth factor limita-

tion in cultures of M. haemolytica strain OVI-1 grown at

high dilution rates in carbon-limited chemostat culture

could be abolished by supplementation with a high con-

centration of yeast extract, but this failed to improve LKT

production. The LKT concentration and yield on biomass

(YLKT/x) could substantially be enhanced by supplementa-

tion with amino acid mixture B or a mixture of cysteine

and glutamine, with or without vitamins and trace ele-

ments. LKT production was partially growth-associated. A

large proportion of glucose carbon was chanelled to acetic

acid production, especially under carbon-sufficient condi-

tions, to the detriment of biomass and LKT production at

high dilution rates. Acetic acid production could be mini-

mised and the LKT concentration and YLKT/x value

maximised by operating a chemostat under a carbon limi-

tation at a low dilution rate. This mode of continuous

cultivation would also be applicable to fed-batch cultures.

The use of low dilution rates would, however, suffer from

the drawback of a low volumetric LKT productivity, but

this could be remedied by using a high cell concentration.
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