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Abstract The inhibitory effect of ammonia on the
growth of the polychlorinated xenobiotic-degrading
bacterium Mycobacterium chlorophenolicum was exam-
ined. The strain is inhibited by both the ionized and
nonionized forms of ammonia. At pH 6.9 50% reduc-
tion of the growth rate was observed at 6.8 g l~1 total
ammonium. For 23 experiments performed in shake-
flask culture at different pH values and ammonium
concentrations a growth model based on the extended
Monod kinetic fits the data with a deviation of 5.3%.
To overcome growth inhibition in bioreactors a pH-
controlled feeding strategy was developed for effective
cultivation of M. chlorophenolicum at an ammonium
level below 0.3 g l~1. The ammonium addition was
controlled on-line by the stoichiometric interdepen-
dence of ammonium consumption and pH decline.
With this on-line control strategy a biomass concentra-
tion as high as 26.2 g l~1 can be achieved within less
than 1 week of cultivation, compared to a biomass
concentration of 15.5 g l~1 in normal batch culture
after 2 weeks of cultivation. The yield is also increased
from 0.32 g to 0.43 g biomass (g glucose)~1. The strat-
egy developed provides an effective method for the
production of biomass of M. chlorophenolicum serving
as the inoculum in remediation technologies.

Introduction

Interest in the physiology of Mycobacterium chloro-
phenolicum, formerly Rhodococcus chlorophenolicus
(Häggblom et al. 1994), has been stimulated by the
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increasing research on well-performing biodegraders
for bioremediation of contaminated soils. M. chloro-
phenolicum is known to degrade a variety of poly-
chlorinated aromatic compounds (Apajalahti et al.
1986). Owing to its excellent performance in natural
soils M. chlorophenolicum has received increasing inter-
est as an inoculant for treating large quantities of
contaminated soil (Briglia et al. 1990). Mycobacteria
belong to the nocardioform actinomycetes that possess
a widespread degradation potential towards xeno-
biotics. Several members of the genus have been found
to degrade a variety of toxic substances, which lead to
different applications in environmental biotechnology
(Häggblom 1992; Hartmans and de Bont 1992; No-
hynek et al. 1993). However, the majority of indigenous
soil bacteria, including members from the ac-
tinomycetes group, are difficult to cultivate under la-
boratory conditions (van Elsas and van Overbeek
1993). In general, Mycobacteria have a much longer
generation time than many other bacteria, which is
claimed to be one of the major problems in their culti-
vation and application (Ratledge 1982). M. chloro-
phenolicum shows a generation time of about 13 h and
30 h when cultivated on sorbitol and glucose respec-
tively (Wittmann et al. 1994, 1995). Ammonium can be
used as a source of nitrogen by most species of My-
cobacterium and was reported to be detrimental to
growth (Ratledge 1982). However, no quantitative in-
formation is available.

This article reports on the influence of am-
monium/ammonia on the growth of the pentachloro-
phenol degrader M. chlorophenolicum and introduces
a fed-batch strategy for the cultivation of this strain.
The aim of the study was the development of cultiva-
tion strategies to supply sufficient biomass for con-
taminated soil remediation. The efficiency of inoculum
production (e.g. high biomass yield and concentration)
plays an important role in the field of bioremediation,
since inoculum size and remediation effect are closely
related (Ramadan et al. 1990).



Material and methods

Strain and medium

Mycobacterium chlorophenolicum, formerly Rhodococcus chloro-
phenolicus (Häggblom et al. 1994), was obtained as the type strain
Mycobacterium chlorophenolicum PCP-1T (DSM 43826) from the
German Collection of Microorganisms and Cell Cultures (Braun-
schweig, Germany). Cells were grown on a mineral medium de-
scribed previously (Wittmann et al. 1994), which has been modified
and optimized for high biomass production (unpublished results).
The concentration of glucose that was chosen as sole carbon
and energy source was 10 g l~1 in shake-flask cultures. In batch
and fed-batch cultivations the initial glucose concentration was
adjusted in the range 50—75 g l~1. The medium contained (g glu-
cose~1) 60 mg Na

2
HPO

4
, 30 mg KH

2
PO

4
, 50 mg yeast extract

(Bacto yeast extract, Difco Laboratories), 10 mg MgSO
4
· 7H

2
O,

700 lg CaCl
2
· 2H

2
O, 500 lg FeSO

4
· 7H

2
O, 1 ml trace element solu-

tion according to Widdel and Pfennig (1977), 10 mg citrate mono-
hydrate and 20 lg thiamine hydrochloride. For the preparation of
the agar plate culture, complex DSM-65 medium (Claus et al. 1983)
was used.

Shake-flask culture

Shake-flask cultures were used for the ammonium studies and for
preculture of the bioreactor. The pH of the shake-flask culture was
established by a 65 mM phosphate buffer. The cultures were incu-
bated at 30°C on a rotary shaker (120 rpm). For the study of the
effects of ammonium, cells were grown in 250-ml shake flasks con-
taining 50 ml medium with 10% inoculum. During cultivation the
pH and ammonium concentrations were monitored and maintained
at the desired value by off-line control. Precultures for bioreactor
cultivations were grown from single colonies, cultivated on agar
plates, in 1000-ml flasks with 300 ml culture volume; 300 mg
(NH

4
)
2
SO

4
g glucose~1 was added to the precultures for nitrogen

supply.

Batch and fed-batch cultures

A 3.5-l stirred-tank reactor (Set 4, Setric Genie Industriel, Toulouse,
France) with a working volume of 3.0 l was used, which was in-
strumented with a central control unit (MOD 7F, Setric Genie
Industriel, Toulouse, France). pH was automatically controlled at
7.00$0.05 by a pH probe (Ingold, Steinbach, Germany), and the
addition of 0.33 M H

3
PO

4
and 1 MNaOH in batch cultivation

and 0.33 M H
3
PO

4
and 1 M and 2 M NH

4
OH in fed-batch

cultivation. Desmophen 3600 (Bayer, Leverkusen, Germany) was
used as an antifoam agent at a concentration of 0.1% (v/v). The
cultivation temperature was 30.0°C. Dissolved oxygen was meas-
ured by an oxygen probe and maintained above 30% by variation of
the stirrer speed in the range 500—750 rpm. O

2
consumption and

CO
2

production were measured by a paramagnetic oxygen analyzer
(Oxygor 6N, Maihak, Hamburg, Germany) and an infrared CO

2
analyzer (Defor, Maihak, Hamburg, Germany) respectively. The gas
flow rate was controlled at 600 ml min~1 for cultivations up to
50 g l~1 glucose and at 1200 mlmin~1 for cultivations with initial
glucose concentrations higher than 50 g l~1, using a thermal gas
flow meter (5850 TR, Brooks Instrument, Veenendaal, Netherlands)
and a control unit (5876A-2, Brooks Instument, Veenendaal,
Netherlands) to achieve sufficient oxygen supply. The bioreactor
was inoculated with 300 ml cells (10% of the volume) in the ex-
ponential growth phase.

Analytical methods

Glucose and ammonium concentrations were measured with an
enzymatic glucose analyser (Yellow Springs Instruments, Ohio,
USA) and an ammonia probe (Orion, Cambridge, USA) respect-
ively. For the determination of sugars, organic alcohols and acids an
HPLC system, based on ion-exclusion chromatography, was used
(HPLC Autosampler 360, Pump system 322, ORH-801 ion-exclu-
sion column, IonGuard GC 801 guard column; Kontron Instru-
ments, Neufarn, Germany). The analysis conditions were 35°C,
5 mM sulfuric acid as eluent at a flow rate of 0.50 mlmin~1 and
refractive index detection (detector ERC-7512, ERMA, Tokyo, Ja-
pan). The samples were filtered through a 0.45-lm membrane before
injection. Growth was measured by absorbance with a photometer
(Ultrospec IIE, Pharmacia, Freiburg, Germany) at 650 nm. Cell dry
mass was determined by drying up to constant weight at 40 °C under
vacuum. Cells were collected after 30 min centrifugation (Megafuge
1.0R, Heraeus Sepatech, Hanau, Germany) at 5500 rpm twice before
drying. After the first centrifugation the pellet was washed with
deionized water. The elementary composition (C, H, N) of the cell
dry mass was measured with a thermoanalytical analyzer (PE2400
series II CHNS/O analyzer, Perkin Elmer, Norwalk, USA). The
average values determined were 0.4760 g C (g biomass)~1,
0.0678 g H (g biomass)~1 and 0.0729 g N (g biomass)~1.

Calculations

The following calculations were used for the evaluation of experi-
mental data. With the ammonia probe the total ammonium, includ-
ing both ionized and nonionized forms, is determined. The
corresponding concentrations of NH`

4
and NH

3
were calculated by

Eqs. 1 and 2. For this purpose the actual pH value and the corres-
ponding dissociation constant in water at 30°C (k

B
"1.820]

10~5mol l~1) according to Weast et al. (1990) were used. M
NH3

and
M

NH
`

Ë
are the relative molecular masses of ammonia and ammonium

respectively.

c
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`

Ë
"

k
B
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The oxygen uptake rate (QO
2
) and carbon dioxide evolution rate

(QCO
2
) are calculated from effluent gas analysis. Calculation of the

respiratory quotient was based on QO
2

and QCO
2
. For mass bal-

ances the dilution of culture volume by pH control and its decrease
by sampling were considered. The carbon mass balance was based
on the consumption of the substrate (glucose) for the formation of
biomass and CO

2
. The nitrogen balance was calculated to confirm

the effectivity of the ammonium feeding. It includes the addition of
NH

4
OH during pH control.

Results

Inhibition of M. chlorophenolicum
by ammonium/ammonia

In shake-flask studies growth was followed in the pres-
ence of different initial ammonium concentrations in
the range 0.25—7.80 g l~1 at pH"6.9. Both (NH

4
)
2
SO

4and NH
4
Cl were used to test whether ammonium is the

only inhibiting substance. Samples were taken period-
ically to measure biomass as absorbance and hence to
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calculate the growth rate. The results are shown in
Fig. 1. The growth rate linearly decreased with increas-
ing amount of total ammonium present in the culture,
irrespective of the ammonium salt applied, indicating
that growth inhibition is due to ammonium/ammonia
alone. At pH 6.9 the growth rate reduced to 0.012 h~1
(50% k

.!9
), if the total ammonium concentration was

about 6.8 g l~1.
In order to verify further that the inhibition is merely

due to NH`
4

or NH
3
or both of them, experiments were

carried out at different pH values. To this end, shake-
flask cultures with four different initial concentrations
of (NH

4
)
2
SO

4
at pH values 6.0, 6.9 and 7.4 were

studied. The resulting growth rates at different cultiva-
tion conditions are shown in Fig. 2. Neutral pH
appears to be optimal for growth. However, with
increasing ammonium concentration the growth rate
decreased for all pH values. At pH 6.0 M. chloro-
phenolicum grows better than at alkaline pH 7.4. These
results agree well with our previous work with this
strain that showed a pH optimum at 7.0 and especially
a good tolerance of lower pH values for growth on

Fig. 1 Influence of total ammonium concentration on growth of M.
chlorophenolicum at pH 6.9 in shake-flask culture. k specific growth
rate

Fig. 2 Influence of pH on ammonium inhibition of M. chloro-
phenolicum

sorbitol (Wittmann et al. 1995). The acid-fast character-
istic has been shown to be a typical feature of the genus
Mycobacterium (Wayne and Kubica 1986). The de-
crease of specific growth rate (k) with increasing con-
centration of total ammonium seems to be more
profound at pH 7.4 than at other pH values.

Modelling of ammonium/ammonia inhibition

In the literature the dependence of the growth rate on
inhibitory substrates (c

S
"c

I
) is often described by the

following extended Monod kinetics (Aiba and Shoda
1969):

k
k
.!9

"A
c
S

K
S
#c

SBA
K

I
K

I
#c

IB (3)

where c
S
is the substrate concentration, c

I
the inhibitor

concentration, K
S

the saturation constant and K
I
an

empirical constant having the value of the inhibitor
concentration at 50% inhibition. k/k

.!9
is the relative

specific growth rate with k/k
.!9

"1 under conditions
of K

S
;c

S
;K

I
(for c

S
"c

I
). k

.!9
is a function of the pH,

which was determined by extrapolating k to zero am-
monium concentration. For microbial assimilation of
ammonium the K

S
value is about 0.1 mmol l~1 (Riesen-

berg 1988). In all experiments performed the total am-
monium concentration was higher than 20 mmol l~1.
Hence, the Monod term c

S
/(K

S
#c

S
) can be neglected.

This leads to the following inhibition models for am-
monium (Eq. 4) and ammonia (Eq. 5):

k
k
.!9

"

K
NH`

4

K
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4
#c
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4

(4)

k
k
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"

K
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K
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#c
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Assuming that growth inhibitions of ammonium and
ammonia are noncompetitive, a growth model that
considers both NH`

4
and NH

3
as inhibitors can be

written as follows (Eq. 6):

k
k
.!9

"A
K

NH`
4

K
NH`

4
#c

NH`
4
B A

K
NH3

K
NH3

#c
NH3
B (6)

To evaluate the inhibition effects of ammonium and
ammonia, experimental data at different pH values and
concentrations of both ammonium and ammonia were
used. A Nelder-Mead optimization algorithm included
in the software Microsoft Excel 4.0 was applied to
estimate the parameters of Eqs. 4—6. The results are
given in Table 1. For the description of all data the
consideration of only a single component as the inhibit-
ory substance shows deviations of 7.4% and 10.8%,
respectively. Figure 3 shows a comparison between the
calculated and experimental values for k/k

.!9
accord-

ing to Eq. 6. The dual-inhibition growth model fits the
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Table 1 Inhibition kinetics of M. chlorophenolicum by ammonium
and ammonia using different models

Inhibition K
NH`4

K
NH3

Deviation
model (g l~1) (g l~1) (%)

Eq. 4 6.67 — 7.4
Eq. 5 — 0.03 10.8
Eq. 6 10.00 0.15 5.3

Fig. 3 Comparison of experimental and calculated relative growth
rates k/k

.!9
for M. chlorophenolicum at different pH values and

concentrations of ammonium/ammonia

experimental data better, with an average deviation of
5.3%. At low pH values with c

NH3
;K

NH3
the ammonia

term can be neglected, which simplifies the inhibition
kinetics to Eq. 4. At high pH values ammonia inhibition
becomes more significant and needs to be considered.

Cultivation of M. chlorophenolicum in bioreactor

Conventional batch cultivation

Batch cultivations were carried out in a 3-l stirred
bioreactor to obtain further information about the in-
fluence of ammonium/ammonia on growth of M.
chlorophenolicum. (NH

4
)
2
SO

4
was used as ammonium

source and the ammonium/glucose ratio was
0.13 g g~1. Figure 4 shows the results of a batch culture
with an initial glucose concentration of 50.8 g l~1, an
initial concentration of total ammonium of 6.75 g l~1
and a pH of 7.0. Cells grow with a constant growth rate
of 0.012 h~1 until the substrate is completely con-
sumed. Significant growth inhibition is observed, which
leads to a 50% reduction of the growth rate during the
whole process, as compared to the value of 0.024 h~1
determined for low ammonia concentrations at the
same pH. The observed inhibition agrees well with
shake-flask experiments in which 50% growth rate
reduction was found at about 6.8 g l~1 ammonium.
After 280 h of cultivation, an absorbance of 37.5 (cor-
responding to 15.5 g l~1 cell dry mass) was reached.

Fig. 4 Growth and substrate consumption of a conventional batch
cultivation of M. chlorophenolicum with initial concentrations of
50 g l~1 glucose and 6.75 g l~1 ammonium

During the batch cultivation an alkaline solution
was added to maintain the pH at 7.0. In general, the
decrease of pH during microbial growth may be caused
by the production of acid metabolites, the consumption
of basic nutrients or the production of CO

2
. The pH

will also fall mainly as a result of the utilization of
ammonium (Pirt 1975). Concerning the cultivation of
M. chlorophenolicum the analysis of the culture broth
by HPLC shows no organic products. This is also
confirmed by the nearly complete carbon mass balance
(more than 95%). The addition of hydroxyl ions by the
pH control system (169 mmol OH~) and the consump-
tion of ammonium calculated from the measured cell
dry mass and the determined nitrogen content
(182 mmol NH`

4
) also shows reasonable correlation in

view of the possible data scattering.

Batch cultivation with pH-controlled feeding
of ammonium

Obviously the uptake of ammonium/ammonia into the
cells is directly linked to the pH decline of the system.
This fact was used as a basis for the development of
a feeding strategy that supplies sufficient nitrogen for
cell growth and at the same time keeps the ammonium
concentration at a low level to avoid inhibition. In
principle, every proton released during the ammonium
uptake acts as an on-line signal for the pH control to
add an alkaline solution. By using NH

4
OH as the

alkaline solution, two functions can be fulfilled simulta-
neously: the addition of one hydroxyl ion to neutralize
the released proton for pH control and the addition of
one molecule ammonium to replace the consumed one.
The ammonium feeding can be automatically control-
led by the pH probe.

The feeding strategy was demonstrated in batch cul-
tivations with relatively high initial glucose concentra-
tions. Results of a culture with 74.5 g l~1 glucose are
presented in Figs. 5 and 6. In this culture, the initial
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Fig. 5A–C Physiological characteristics of a batch cultivation of M.
chlorophenolicum with on-line controlled ammonium feeding. A Am-
monium concentration in culture; B acid and alkaline consumption
rates; C Specific consumption rate of O

2
and specific production rate

of CO
2

Fig. 6 Growth and substrate consumption of a batch cultivation of
M. chlorophenolicum with on-line controlled ammonium feeding and
initial concentrations of 75 g l~1 glucose and 0.26 g l~1 ammonium

ammonium concentration was about 0.26 g l~1, which
resulted from non-consumed ammonium of the precul-
ture. The whole cultivation can be divided into three
phases (see Fig. 5). At the beginning the added yeast
extract is consumed, which is underlined by an increase
in ammonium concentration due to deamination of
amino acids contained in the yeast extract. In this

Table 2 Experimental results of conventional and ammonium-fed
batch cultivation of M. chlorophenolicum. ½

x@G-#
biomass yield on

glucose, X amount of biomass, k specific growth rate

Cultivation Conventional Ammonium-fed
batch batch

ci
G-#

(g l~1) 50.8 50.3
ci
NH4̀

(g l~1) 6.80 0.30
C

3%#07%3:
(%) 95.1 95.6

N
3%#07%3:

(%) — 101.0
k (h~1) 0.012 0.024
½

9@G-#
(g g~1) 0.32 0.43

NH`
4

X (%) — 94.4
X (g l~1) 15.51 18.38
Productivity (g l~1h~1) 0.054 0.129

phase acid is consumed to buffer the ammonium in-
crease (phase one). The specific respiration activity of
the cells, expressed as qCO

2
and qO

2
is high, because

the existing building blocks allow fast biomass forma-
tion. The ammonium concentration reaches a tempor-
ary maximum value of 0.28 g l~1 after about 40 h of
cultivation, indicating that the yeast extract is con-
sumed. The consumption of acid stops and the meta-
bolism changes to using only NH`

4
as N source. At this

point the release of H` triggers the ammonium feeding
(phase two). A slight increase of ammonium up to
a final concentration of 0.30 g l~1 was observed. It
should be mentioned that the net increase of am-
monium was only 0.04 g l~1. In other experiments with
low starting values of ammonium an ammonium level
as low as 0.1 g l~1 was obtained.

The specific respiration rates qCO
2

and qO
2

remain
relatively constant untill the total glucose is consumed
at 140 h of cultivation time (Fig. 5). The calculated
average respiratory quotient in the exponential growth
phase, 1.06 molmol~1, agrees well with the theoretical
value of 1.07—1.08 molmol~1 for the purely oxidative
metabolization of glucose in yeasts (Sonnleitner and
Käppeli 1986). After the substrate is completely con-
sumed, cells change to endogenous metabolism and
start to lyse (phase three). Respiration activity sharply
decreases, while the respiration quotient changes to 0.8,
which is expected for the degradation of proteins. This
degradation is linked to the release of ammonium and
acid consumption. Cells grew with a specific growth
rate between 0.024—0.027h~1 over the whole process
indicating no significant inhibition by ammonium.
After 140 h of cultivation, an absorbance of 58.0 (cor-
responding to 26.2 g l~1 cell dry mass) was reached
(Fig. 6).

Comparison of conventional and ammonium-fed batch
cultures

Table 2 shows stoichiometric data of a conventional
batch and a batch culture with ammonium feeding with
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M. chlorophenolicum at an initial glucose concentration
of about 50 g l~1. The C and N recoveries have values
between 95.1% and 101.0% thus confirming the con-
sistency of the experimental data. In conventional
batch mode, bacteria grew only with 50% of the growth
rate achieved with on-line feeding of ammonium.
Owing to this growth inhibition the biomass yield on
glucose was also reduced in the presence of a high
ammonium concentration, the observed value of
0.32 g g~1 being only 75% of that achieved with am-
monium feeding. Cells have to spend energy to over-
come the toxic conditions. In the culture with
ammonium feeding 94.4% of the added ammonium
was consumed for biomass formation. The remaining
5.6% of the added ammonium resulted partly from
acidification caused by the increase of carbon dioxide
concentration in the gas phase during cultivation.
Quantitative estimation of this effect can be made by
considering the absorption and subsequent dissocia-
tion of CO

2
to carbonate and bicarbonate (Zeng 1995).

In this way about 65% of the observed increase in
ammonium concentration can be accounted for. With
the developed feeding strategy the productivity of the
process could be increased by 240% compared to the
batch mode, giving higher cell dry mass in half the time.
This increase of productivity will be more significant at
a higher initial glucose concentration. The final bio-
mass concentration will, of course, increase further as
well. For example, in the cultivation with an initial
glucose concentration of 74.5 g l~1, including am-
monium feeding, a productivity of 0.184 g l~1h~1 was
achieved (Fig. 6).

Discussion

The growth of M. chlorophenolicum was shown to be
strongly inhibited by ammonium. At high pH the inhi-
bition of ammonia was also significant. These inhibi-
tion effects can be described by an extended Monod
kinetics. The calculated values of K

NH3
"0.15 g l~1 and

K
NH`

Ë
"10.0 g l~1 indicate that ammonia is more toxic

than ammonium, which is known for a number of
microorganisms (Bajpai and Ianotti 1988). Growth in-
hibition by ammonium/ammonia has been reported for
a number of microorganisms and mammalian cells
(Ratledge 1982; Bajpai and Ianotti 1988; Newland et al.
1994). Several mechanisms for ammonium inhibition
have been proposed such as the change of intracellular
pH value, the increase of maintenance energy require-
ment, or the inhibition of specific enzymatic reactions.
For example, Prasada-Reddy and Venkitasub-
ramanian (1975) observed an inhibitory effect of am-
monium on the activity of enzymes of the citric acid
cycle in several Mycobacteria strains. It remains to be
answered which mechanism is mainly responsible for
the observed growth inhibition of M. chlorophenolicum.
Whatever the mechanism is, for the development of an

effective cultivation strategy it appears to be essential
to keep the ammonium level low. From the viewpoint
of bioremediation this ammonium sensitivity should
also be considered when using ammonium-containing
fertilizers for the enhancement of degradation activity.
To overcome the problem of ammonium inhibition
during cultivation of microorganisms several strategies
are possible such as the use of alternative nitrogen
sources and feeding cultivations. M. chlorophenolicum
is able to assimilate ammonium and nitrate as nitrogen
sources. In the literature, media for the cultivation of
this strain are described that are based on these com-
pounds (Sundman 1964; Wittmann et al. 1994). Am-
monium is directly integrated into the biomass without
any preceding modifications. In comparison, the as-
similation of nitrate is linked to the consumption of
reduction power, which leads to lower biomass yield
compared to ammonium (Babel 1988). Growth of M.
chlorophenolicum in the presence of urea as the sole
source of nitrogen is linked to an increase in am-
monium concentration and in pH as a result of the
enzymatic cleavage of urea during its microbial con-
sumption. In this work a strategy of pH-controlled
feeding of ammonium was developed, which is based
on the stoichiometry of ammonium consumption and
release of protons in the culture. Using this strategy the
ammonium level can be kept in the range of
0.1—0.3 g l~1. This results in significantly higher growth
rate, higher biomass yield and higher biomass concen-
tration up to 30 g l~1, compared to conventional batch
cultivation. The strategy developed provides an effec-
tive method for the production of large amounts of
biomass of M. chlorophenolicum for soil remediation. It
should be possible to perform continuous cultivation of
the strain with ammonium feeding in the form of an
auxostat maintaining a constant ammonium level.
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