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Regulation of nitrilotriacetate (NTA) degradation and expression of NTA monooxygenase (NTA-MO) in the
NTA-degrading strain Chelatobacter heintzii ATCC 29600 in continuous culture at a dilution rate of 0.06 h™!
under transient growth conditions when the feed was switched between media containing NTA, glucose, or
different mixtures thereof as the sole carbon and energy sources was investigated. A transition from NTA to
glucose was accompanied by a rapid loss of NTA-MO. A transition from glucose to NTA resulted in a lag phase
of some 25 h until NTA-MO expression started, and approximately 100 h was needed before a steady state for
NTA-MO specific activity was reached. This transient lag phase was markedly shortened when mixtures of NTA
plus glucose were supplied instead of NTA only; for example, when a mixture of 90% glucose and 10% NTA was
used, induction of NTA-MO was detected after 30 min. This suggests a strong positive influence of alternative
carbon substrates on the expression of other enzymes under natural environmental conditions. Regulation of
NTA-MO expression and the fate of NTA-MO were also studied during starvation of both glucose-grown and
NTA-grown cultures. Starvation of NTA-grown cells led to a loss of NTA-MO protein. No synthesis of NTA-MO

(derepression) was observed when glucose-grown cells were starved.

The synthetic organic complexing agent nitrilotriacetic acid
(NTA) is used in large quantities for a number of different
applications, for example as a substitute for polyphosphates in
washing powders or as a metal-trapping compound in the gal-
vanizing industry and in environmental or nuclear metal de-
contamination processes (11, 31, 32, 34, 35, 47). Because NTA
is potentially able to remobilize heavy metals deposited in river
sediments or soils (1, 31, 48), the degradation of this agent has
attracted considerable interest. Several obligately aerobic and
denitrifying NTA-degrading strains have been isolated and
characterized (10, 13-16, 26, 49, 54), and the biochemistry of
an oxygen-dependent degradation pathway as well as an oxy-
gen-independent degradation pathway has been elucidated
(25, 27, 50, 51). Although the metabolic pathway for NTA
degradation is known, there is little information concerning the
regulation of NTA-degrading enzymes. Studies of the depen-
dence of enzyme expression on the substrate mixture and
growth rate have been restricted to steady-state conditions (3).
However, in wastewater treatment plants as well as in natural
aquatic systems microorganisms are confronted with a con-
stantly changing environment and rarely experience steady-
state conditions. Because of shock loading, diurnal and weekly
cycles, heavy rainfalls, etc., they encounter periods in which
substrates are plentiful followed by times in which they are
scarce. It is well known that changing environmental condi-
tions strongly influence the physiological behavior of microbial
cells and that adaptation to different environmental conditions
can result in lag phases. Such adaptation processes can severely
affect the efficiency of biodegradation over long periods in both
engineered and natural systems (6). Especially when degrada-
tion efficiency in wastewater treatment plants is considered, it
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is of interest to know the time scale of such adaptation pro-
cesses; however, also with respect to natural environments it is
useful to know how fast microbes are able to adapt to the
sudden appearance of a chemical compound that can be used
as a new substrate.

In order to obtain information concerning the dynamic be-
havior of microbial NTA degradation under transient condi-
tions, Chelatobacter heintzii ATCC 29600 was cultivated in car-
bon-limited continuous culture and the influence of changes in
the composition of the inflowing medium and the time re-
quired for the induction of NTA metabolism were studied. The
results suggest that the use of mixtures of carbon substrates has
a strong influence on the dynamics of expression of degrada-
tive enzymes, and they contribute to a better understanding of
the principles of microbial metabolic regulation under complex
environmental growth conditions.

MATERIALS AND METHODS

Microbial strain and cultivation. C. heintzii ATCC 29600 (2) was used in all
experiments. The organism was precultured in synthetic medium as described
previously (13) with 2 g of NTA (CqHgNOgNas - H,0) liter ! as the only source
of carbon and nitrogen. For continuous cultivation this medium was modified in
the following way: 1.9 ml of Hy;PO, liter ' (85% [wt/wt]) was used instead of Na
phosphate-K phosphate buffer; vitamins were omitted; the concentrations of
MgSO, - 7H,0 and CaCl, - 2H,O were lowered to 0.3 and 0.02 g liter !, respec-
tively; and 10 mg of silicone anti-foam (Fluka, Buchs, Switzerland) liter ' was
added. The concentrations of carbon and nitrogen sources used varied between
0 and 2.75 g of NTA liter !, 0 and 2 g of glucose monohydrate liter !, and 0 and
1.38 g of NH,Cl liter~'. The compositions of the media employed in the different
transient experiments are given below. While the feed was shifted from one
medium type to another, special care was taken to avoid mixing of the two media
in the tubing by separating them with an air gap. In transient experiments the
dilution rate was kept at 0.06 h™!. For starvation experiments the feed was
stopped. The bioreactor (2-liter working volume; MBR, Wetzikon, Switzerland)
was aerated at a rate of 0.2 volume of air per volume of culture liquid per min,
and the pH was maintained at 6.8 with H;PO, (1 M) and KOH-NaOH (0.5M,
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each). The temperature was maintained at 30°C. Steady-state conditions were
defined as constancy in both biomass concentration and NTA monooxygenase
(NTA-MO) specific activity. Steady-state datum points represent the averages
for three independent samples.

Immunoquantification of components A and B of NTA-MO. Samples (2 ml) of
culture suspension of a known biomass concentration were collected from the
bioreactor, and cells were immediately harvested by centrifugation at 20,000 X g
for 5 min. The pellet was resuspended in 0.2 ml of sample buffer (30), boiled for
3 min, immediately frozen, and stored at —80°C. For quantification, lysed cells in
sample buffer were thawed and mildly sonified for 30 s and 10.0-pl portions of
this suspension were loaded onto five different sodium dodecyl sulfate-polyacryl-
amide gels (29). For calibration, four standard concentrations of both purified
component A (cA) and component B (cB) of NTA-MO were loaded onto each
gel. For detection of NTA-MO components A and B the procedure described by
Uetz et al. (51) was used. Gels were blotted onto a nitrocellulose sheet. The
nitrocellulose sheet was incubated in 20 ml of phosphate-buffered saline (PBS)
containing 4% polyvinylpyrrolidone for 2 h. Subsequently, it was incubated in 20
ml of PBS containing 2% polyvinylpyrrolidone, 10 ul of antiserum against cA,
and 10 pl of antiserum against ¢B for 1 h. This was followed by extensive washing
with PBS containing 2% polyvinylpyrrolidone and incubation in the same buffer
including 1 p.Ci of '*I-labelled protein A for 45 min. After the sheet was washed
with PBS and dried, it was exposed for 60 h to Fuji RX medical X-ray film. For
quantification of cA and ¢B the developed film was scanned with a computing
densitometer model 300A gel scanner (Molecular Dynamics, Sunnyvale, Calif.).
The detection limits for cA and c¢B were in the range of 0.3 and 0.2 ng of protein,
respectively.

Determination of NTA-stimulated oxygen uptake rate of cells. A portion (4
ml) of culture liquid was taken directly from the bioreactor, and cells were
collected by centrifugation, washed once with Tris-HCI buffer (50 mM; pH 7.5),
and resuspended in the same volume of buffer. The NTA-stimulated oxygen
uptake rate was recorded at 25°C in a Clark-type oxygen cell (Rank Brothers).
The total volume of the assay was 3.0 ml, consisting of 2.88 ml of cell suspension
with a known optical density plus 120 ul of NTA-MgCl, (0.1 M each). Sampling
and assay times were standardized.

Analytical methods. The biomass concentration in the culture was measured
by filtration through a 0.2-um-pore-size polycarbonate membrane filter (Nucle-
pore, Cambridge, Mass.). Cells collected on filters were washed once with dis-
tilled water, and filters were dried at 100°C to constant weight. Optical density
was determined in a 1-cm cuvette at 546 nm with a Uvikon 860 spectrophotom-
eter (Kontron, Ziirich, Switzerland). Biomass measurements were carried out in
triplicate.

The concentration of NTA was measured by high-pressure ion-exclusion chro-
matog]raphy as described by Schneider et al. (45). The detection limit was 1 mg
liter ™.

Concentrations of protein in standard NTA-MO solutions used for quantifi-
cation of components A and B were determined by the test of Bradford (8).
Bovine serum albumin (Fluka) was used as a standard.

RESULTS

Transition from NTA as a single substrate to glucose as a
single substrate. In natural environments microorganisms
rarely encounter stable growth conditions; rather, they have to
adapt to fluctuating substrate availability. Also, they encounter
mixtures of substrates for growth rather than single substrates
(12, 23). In order to investigate how long cells of C. heintzii
ATCC 29600 retain their NTA-degrading activity when NTA is
suddenly replaced by another carbon and energy source, cells
were initially cultivated in carbon-limited chemostat culture at
a constant dilution rate of 0.06 h~* with NTA supplied in the
feed. After establishment of steady-state conditions, the feed
was switched to a medium containing glucose. During the shift,
biomass concentration was monitored and the presence of
NTA-degrading enzymes was assessed by monitoring of the
NTA-stimulated oxygen uptake rate as well as by immuno-
quantification of NTA-MO components (Fig. 1).

The dry weight of the culture increased substantially after
the substrate shift, although a lag of 2 to 3 h was observed
before growth accelerated (Fig. 1A). This increase reflects the
higher yield coefficient of C. heintzii with glucose [Yy giucose =
0.38 g of dry biomass (g of glucose) '] compared with that for
NTA [Yynta = 0.21 g of dry biomass (g of NTA-H;) ']
during growth at the dilution rate of 0.06 h™' (3). From the
biomass curve it can be calculated that the specific growth rate
increased transiently during the first 10 h to approximately 0.08
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FIG. 1. Transient behavior of C. heintzii grown in carbon-limited continuous
culture after switching of the feed from a medium containing NTA as the only
carbon and energy source (S, = 1.87 g of NTA - H; liter ') to one containing
only glucose (S, = 2 g of glucose - H,O liter'). The total carbon concentration
in the feed (S,) before and after the switch was always 60.6 mM. Throughout the
experiment the dilution rate was kept constant at D = 0.06 h~'. (A) Dry weight
concentration (conc.) (e ); (B) maximum NTA-stimulated specific oxygen con-
sumption rate (m) after the medium shift and theoretical time course of this rate,
including both hydraulic dilution and a transient maximum growth rate of the
culture (calculated in total as washout at a rate of 0.08 h™!) (dotted line); (C)
immunological quantification of NTA-MO components cA (A) and ¢B (O) and
theoretical time courses for washout of cA and cB (dotted lines). DW, dry
weight.

h™! and then slowly approached the dilution rate again. The
NTA-stimulated specific oxygen uptake rate of the cells started
to decrease exponentially after about 1 h until it became un-
detectable after about 40 h (Fig. 1B).

The decrease of the specific oxygen uptake rate proceeded
faster than the theoretical washout curve (the dotted line in
Fig. 1B represents the total of both washout at the hydraulic
dilution rate and dilution of activity among newly formed cells,
assuming for the calculation washout at a rate of 0.08 h™).
This suggests that synthesis of enzymes responsible for NTA
degradation ceased and that NTA-MO present not only was
diluted among newly formed cells but was in addition subjected
to degradation. Assuming washout at a rate of 0.08 h™", the
time needed to reach an NTA-stimulated specific oxygen up-
take rate of 1 ug of O, [g (dry weight)] ™! min~* would be 42
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h, whereas the data in Fig. 1B demonstrate that this oxygen
uptake rate was already reached after 26 h. Figure 1C shows
the immunoquantification of monooxygenase components A
and B after the medium was switched from NTA to glucose.
Taking into account the limited accuracy of NTA-MO quanti-
fication, the pattern closely resembled that obtained for the
NTA-stimulated specific oxygen uptake rate. A decrease of the
concentration of enzyme from 9 mg of protein [g (dry
weight)] ™! to the background level of approximately 0.03 mg
of protein [g (dry weight)]™' for each component (3) was
observed within 40 h. The rate at which these components were
lost also suggests that intracellular degradation of NTA-MO
protein took place.

Transition from glucose to NTA. To investigate the time
required for induction of NTA-metabolizing enzymes, C. heint-
zii was first cultured in continuous culture on glucose as the
only carbon and energy source and after steady state was
reached the inlet medium was switched to one containing NTA
only. Throughout this experiment the NTA-stimulated specific
oxygen uptake rate, the levels of monooxygenase components
A and B, the biomass concentration, and the NTA concentra-
tion in the culture were monitored as a function of time (Fig.
2). During steady-state growth with glucose, the cells exhibited
no NTA-stimulated oxygen uptake and the levels of NTA-MO
components A and B were always close to the detection limit.
The changes in dry weight and NTA concentration in the
culture following the shift are plotted in Fig. 2A. Not unex-
pectedly, dry weight initially decreased after the substrate shift
because glucose-grown cells were unable to metabolize the
newly introduced substrate NTA. Dry weight started to in-
crease again as soon as the level of induction allowed growth
rates higher than the dilution rate. After approximately 80 h a
steady-state biomass concentration which corresponded to that
expected from the yield during growth of C. heintzii with NTA
was reached. Correspondingly, the concentration of NTA in
the culture increased after the shift from glucose to NTA
(substrate concentration in the feed [Sy] = 1.91 g of NTA - H,
liter '), an initial rate corresponding to the theoretical wash-in
curve, and it subsequently increased to about 1.2 g of NTA - H;
liter*. After some 10 to 15 h the concentration of NTA in the
culture started to deviate from the wash-in curve, indicating
that induction of NTA-metabolizing enzymes in C. heintzii had
started. After this, growth resumed and NTA was completely
consumed.

After the shift the NTA-stimulated specific oxygen uptake
rate of the cells remained close to zero until after some 20 h a
continuous increase was observed, indicating the start of in-
duction of NTA-metabolizing enzymes. The maximum level of
the NTA-stimulated specific oxygen uptake rate was reached
some 100 h after replacement of glucose in the feed by NTA.
The induction pattern for monooxygenase components A and
B was slightly different (Fig. 2C). The enzyme content started
to increase approximately 20 h after the shift, but the maxi-
mum level of induction was reached within approximately 50 h.
The slightly higher background content of component B com-
pared with component A before induction started cannot be
considered significant.

Transitions from glucose to different mixtures of NTA plus
glucose. Both under carbon-sufficient growth conditions in
batch culture and in carbon-limited chemostat culture C. heint-
zii and other NTA-utilizing bacterial strains were shown to
utilize NTA together with other suitable carbon sources (3,
13). Since in wastewater treatment plants and surface waters
NTA-degrading microorganisms would utilize NTA in con-
junction with a range of other available carbon sources, the
influence of the availability of a second easily degradable sub-

GROWTH OF C. HEINTZII UNDER TRANSIENT CONDITIONS 135

Mo 0.8 1.2 g
- 2.
10 &
2 06 %
g — 0.8 ;
S 04 5106 3
& 04 &
L - . *
; 0.2 o
& 0.2 o
0.0 0.0

£ 2
E
S's
E_;EZO
55 15
g A
g B0
g)oNlO
> O
é"‘JS
é-.é,
= 0
" c
5 ®
2 80 °
g o 6
° =
O 5 A
=5 4
<'Q-
on
| -
z E 2 &
oAt 1 1 1 1

0 20 40 60 80 100 120 140
Time after shift of carbon source [h]

FIG. 2. Transient behavior of C. heintzii grown in carbon-limited continuous
culture after switching of the feed from a medium containing glucose as the only
carbon and energy source (S, = 2 g of glucose - H,O liter ') to one containing
only NTA (S, = 1.87 g of NTA - H, liter!). The total carbon concentration in
the feed (S,) before and after the switch was always 60.6 mM. Throughout the
experiment the dilution rate was kept constant at D = 0.06 h™'. (A) Dry weight
concentration (conc.) (@) and residual NTA concentration (OJ) in the culture
vessel; (B) maximum NTA-stimulated specific oxygen consumption rate; (C)
immunological quantification of NTA-MO components cA (A) and ¢B (O). DW,
dry weight.

strate, such as glucose, on the process of adaptation to NTA of
C. heintzii was investigated in continuous culture by subjecting
the cells to a shift from glucose to different mixtures of NTA
and glucose. Each transient experiment was started with a
culture at steady state on a medium containing glucose as the
only carbon and energy source, and the culture was then
shifted to medium which contained 10, 50, 90 or 99% NTA
carbon (NTA-C). The results obtained for shifts to mixtures
containing 50 and 10% NTA are shown in Fig. 3. The start of
induction was arbitrarily defined as the point at which the
specific NTA-stimulated oxygen uptake rate reached 0.4 ng of
O, [g (dry weight)] ! min~". This value was some two to three
times higher than the average background oxygen uptake rates
of cells grown on glucose as the only carbon substrate when
exposed to NTA. In the different experiments the time needed
for C. heintzii culture until induction started was graphically
determined by linear extrapolation of the maximum slope of
the curve back to 0.4 pg of O, [g (dry weight)]™! min~'. The
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FIG. 3. Transient behavior of C. heintzii grown in carbon-limited continuous
culture after switching of the feed from a medium containing glucose as the only
carbon and energy source to one containing a mixture of glucose and NTA with
a fraction of NTA-C of 10 or 50%. The total carbon concentration in the feed
() before and after the switch was always 60.6 mM, and the dilution rate was
kept constant at D = 0.06 h™'. (A) Maximum NTA-stimulated specific oxygen
consumption rate as a function of time. m, 50% of NTA-C; A, 10% NTA-C. DW,
dry weight. (B and C) Immunological quantification of NTA-MO components cA
(2) and ¢B (O) as a function of time when mixtures containing 50% (B) and 10%
(C) NTA-C were supplied.

time required before induction started in the different exper-
iments is plotted versus the fraction of NTA-C in the medium
feed (Fig. 4).

The data clearly indicate that induction of NTA-degrading
enzymes proceeded faster when the culture was supplied with
mixtures of glucose and NTA rather than with NTA alone.
When mixtures containing up to 80% NTA-C were supplied,
the time needed before detectable induction of NTA metabo-
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FIG. 4. Time needed to initiate induction of NTA-degrading metabolism in
C. heintzii grown in carbon-limited continuous culture when the substrate in the
feed was switched from glucose as the only carbon and energy source to glucose-
NTA mixtures containing different proportions of NTA-C. The total carbon
concentration in the feed (S,) was always 60.6 mM. The dilution rate was kept
constant at D = 0.06 h™".
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lism started was linearly related to the proportion of NTA in
the substrate mixture. Addition of only 1% glucose carbon
(glucose-C) to the inflowing medium reduced this period from
24 h to 9 h. A substrate mixture with 90% glucose-C and 10%
NTA-C reduced the time until the NTA-stimulated oxygen
uptake rate reached 0.4 wg of O, [g (dry weight)] ! min~' to
30 min. Furthermore, maximum slopes of the curves for the
increase in the NTA-stimulated oxygen uptake rate (Fig. 2A
and 3A) were markedly steeper when the feed was shifted to
media with a low proportion of NTA-C, i.e., {1.2 and 0.9 pg of
O, [g (dry weight)] ' min~'} h™' for 10 and 50% NTA-C,
respectively, than when it was shifted to media with a propor-
tion of NTA-C equal to or higher than 90%, i.e., {approxi-
mately 0.4 g of O, [g (dry weight)] ! min~'} h™'.

Additionally, it should be mentioned that the maximum spe-
cific NTA-stimulated oxygen uptake rates as well as the levels
of NTA-MO components A and B that were reached after
establishment of steady-state conditions were proportional (al-
though not linearly) to the fractions of NTA-C in the different
media used (compare Fig. 1A and B; Fig. 2A and B; and Fig.
3A, B, and C). The final levels of expression of NTA-degrading
enzymes corresponded to the steady-state levels previously re-
ported by Bally et al. (3).

Loss of NTA-degrading capacity during starvation. Under
environmental conditions microorganisms frequently experi-
ence extended periods of very slow growth or even starvation.
We therefore determined whether cells of C. heintzii induced
for NTA degradation lose or retain NTA-MO under such
conditions and, vice versa, whether starvation of uninduced
cells previously grown on an easily degradable substrate such
as glucose will lead to derepression of NTA-MO. For this
investigation, cells were grown in steady-state chemostat cul-
ture with either NTA or glucose as the only substrate and
starvation conditions were initiated by switching off the me-
dium feed. The cellular NTA-MO protein content and the
specific maximum NTA-stimulated oxygen uptake rate were
monitored as a function of time. Within 200 h of starvation
glucose-grown cells did not show any detectable specific NTA-
stimulated oxygen uptake. Consistent with this, no increased
expression of NTA-MO above the background level for glu-
cose-grown cells was observed (data not shown).

When grown under conditions of NTA limitation and sub-
sequently exposed to starvation, cells of C. heintzii exhibited a
rapid decrease of their NTA-stimulated specific oxygen uptake
rate. The decrease started within 30 min after the feed was
interrupted; a rate equal to half the initial rate was reached
after about 18 h, and after 190 h of starvation cells had com-
pletely lost their ability to oxidize NTA (Fig. 5A). In contrast
to the specific NTA-stimulated oxygen uptake rate a rapid
initial decrease of the cellular content of NTA-MO compo-
nents cA and cB was observed. Half of the maximum amount
of NTA-MO protein had already disappeared within the first 5
h after the feed was stopped, and the concentrations of the
NTA-MO components cA and cB had decreased to back-
ground levels of about 0.03 to 0.05 mg of protein [g (dry
weight)] ™! after 100 h of starvation. NTA-MO component B
was always present in lower concentrations than component A
(Fig. 5B).

DISCUSSION

Microbial growth rarely takes place in a state of balanced
growth—as defined by Campbell (9)—and especially in nature
cells have to continuously adapt their metabolic apparatus to
constantly changing environmental conditions, such as the
spectrum of nutrients and nutrient concentrations, tempera-
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FIG. 5. NTA utilization capacity of C. heintzii grown in carbon-limited con-
tinuous culture on NTA as the only carbon and energy source when cells were
subjected to starvation by switching off of the feed pump. (A) Maximum (Max.)
NTA-stimulated specific oxygen consumption rate [®]; (B) immunological quan-
tification of NTA-MO components cA (A) and ¢B (O). DW, dry weight.

ture, redox potential, etc. Hence, adequate metabolic flexibility
is important for successful competition of a genospecies within
a mixed population (21). Such transient environmental condi-
tions also affect expression of enzymes involved in biodegra-
dation. The efficacy of the degradation of organic pollutants—
especially those which are only transiently available and are
degraded via inducible enzyme systems—is therefore highly
dependent on the periods within which expression of specific
enzymes can be achieved.

Several studies concerning transient responses have been
published for Saccharomyces cerevisiae (7, 52) and bacteria (17,
22, 28, 39, 41, 46). Nevertheless, Barford et al. (6) concluded
that insufficient experimental data are available to establish a
mechanistic model for mathematical description of transient
growth conditions, and today this still applies because of the
fact that only a few additional studies have since been pub-
lished (21, 42). Hence, principally empirical models (4, 5)
which can be used for the description of transient behavior
during growth of cultures with both single and mixed substrates
have been developed. The work presented here gives informa-
tion in particular with respect to the times involved in the
regulation of expression of the specific enzyme NTA-MO when
a continuous culture of C. heintzii was subjected to nutrient
shifts. The findings could be useful for the development of
models as tools for predicting the behavior of environmental
systems affected by changes in substrate spectrum and avail-
ability.

Regulation of enzyme synthesis by induction or by repres-
sion and derepression? When cultures are growing with dif-
ferent substrates, the question arises as to whether expression
of enzymes is regulated by induction or by repression and
derepression, or even by a combination of the two. There are
a number of observations that suggest that repression of the
synthesis of NTA-utilizing enzymes by glucose is not very
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likely. For example, in batch culture all NTA-utilizing bacterial
strains tested so far, including C. heintzii ATCC 29600, have
been able to utilize NTA in combination with glucose or other
suitable carbon sources (13). This demonstrates that the syn-
thesis of NTA-utilizing enzymes is not affected by the presence
of high extracellular glucose concentrations or that such an
effect is easily overruled by NTA.

The data shown in Fig. 1 and those given in a previous study
(3) do not allow final elucidation of the dominating factor in
the regulation of NTA-MO during growth in continuous cul-
ture. The reduction of NTA degradation-associated metabolic
activities after a switch of the feed from NTA to 100% glu-
cose-C (Fig. 1) might be due not only to the absence of NTA
and its inducing effect but also to the presence of glucose
exerting repression. Any possible repression by glucose can be
excluded in the experiment in which the feed to a chemostat
culture growing on NTA was interrupted. Here also a slow
decrease of the concentration of NTA-MO was observed (Fig.
5). This indicates that the lack of expression of this en-
zyme—or at least the reduction of expression to a certain low
constitutive level—was probably due to the absence of NTA
and the absence of its inducing effect rather than to repression
by glucose. Furthermore, the observation that no expression
above the low constitutive level of NTA-MO occurred when
the feed to a chemostat culture growing on glucose was
switched off indicates that repression by glucose cannot be the
reason for reduced expression of NTA-MO. The same behav-
ior was observed with cells grown on complex media (data not
shown).

Rate of NTA-MO turnover. Under conditions of carbon star-
vation and during transient growth, turnover of many proteins
in living organisms is increased. This allows rearrangement of
the cellular protein composition and adaptation of the set of
enzymes to the new conditions (4042, 53). Assuming that the
rate of synthesis of NTA-MO in C. heintzii in the experiment
described in the legend to Fig. 5 was insignificant after the feed
of NTA was interrupted and that NTA-MO was intracellularly
degraded, the turnover rates of both components of the
NTA-MO can be estimated from the initial degradation rates
given by the slope of the curve at time zero in Fig. 5B. For
NTA-MO components A and B degradation rates of 28 and
94% per hour, respectively, can be calculated for the initial
phase (note that on the basis of the maximum NTA-stimulated
oxygen consumption rate shown in Fig. SA this degradation
does not appear to be so extensive; the reason for this discrep-
ancy is presently not known). These NTA-MO degradation
rates estimated from Fig. 5B are rather high compared with the
turnover rates of 4 to 7% for total cellular protein or ribosomal
protein typically observed for bacteria such as Escherichia coli
or Bacillus species either experiencing starvation or during lag
phases (20, 32, 33, 43). In spite of the fact that estimation of the
NTA-MO component turnover rate is based on the degrada-
tion to a nonimmunogenic state only and not necessarily to
single amino acids, the two NTA-MO components seem to be
proteins exhibiting a very rapid rate of degradation under
starvation conditions. This contrasts with the behavior ob-
served when cells were exposed to a shift from NTA to glucose
as the only substrate for growth (Fig. 1). If the initial degra-
dation rate during the first 4 h, during which the biomass
concentration remained approximately constant, is estimated
from Fig. 1C, a degradation rate of approximately 5% per hour
can be calculated for both components. A similar rate can be
estimated from Fig. 1B for the NTA-stimulated maximum spe-
cific oxygen uptake, which was always approximately propor-
tional to the NTA-MO content of cells. This suggests that in C.
heintzii the (virtually) immediate availability of glucose as a
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carbon and energy source after the substrate shift reduces the
degradation rate of NTA-MO protein during the adaptation
phase.

Segregation of the population versus adaptation of cellular
composition. It is generally accepted that large enough micro-
bial monocultures can be considered homogeneous rather than
segregated (23, 24). Nevertheless, one may argue that during
the simultaneous utilization of mixtures of substrates varia-
tions in enzyme activities in a culture can be explained either
by different levels of expression or by segregation of the culture
into metabolically or even genetically different subpopulations
(e.g., by heterogeneous distribution of plasmids).

A strong argument against segregation of the culture is the
discontinuous increase of steady-state NTA-MO content in a
culture of C. heintzii observed during growth at a constant
dilution rate in the chemostat with NTA-glucose mixtures with
increasing fractions of NTA-C (3). Regulation of the NTA-
MO content in C. heintzii at the level of subpopulations, i.e.,
one subpopulation degrading only NTA and a second one
growing exclusively on glucose, should result in a linear in-
crease of the measured NTA-MO specific activity with increas-
ing proportions of NTA in the substrate mixture. Furthermore,
the high degradation rate estimated above for NTA-MO dur-
ing starvation strongly suggests that the decrease in the cellular
NTA-MO content was mainly due to degradation of the two
subunits of the enzyme and that, therefore, the culture was
adjusting the enzyme content within single cells.

Influence of inducible and constitutive enzyme systems on
transient growth behavior. In the few reports concerning the
transient behavior of microbial cultures that have been pub-
lished (22, 28, 38, 46, 55), information is usually restricted to
the concentrations of biomass and substrates in the culture. In
most of these studies a change in dilution rate rather than in
nutrient composition has been investigated. In a study similar
to the one presented here, Standing et al. (46) examined the
effect produced when the medium fed was switched from glu-
cose to xylose (which is metabolized by inducible enzymes).
The reported response pattern with respect to biomass and
substrate concentration was analogous to that observed in this
study. Unfortunately, specific activities of enzymes involved in
xylose metabolism were not monitored by these authors. The
results of Standing et al. (46) have subsequently been discussed
by Harrison and Topiwala (24) and Baloo and Ramkrishna (4,
5). The latter simulated the substrate transition with the help
of a structured cybernetic model. They incorporated the con-
stitutive level of an inducible metabolic system used for utili-
zation of a new substrate into their model and found a very
strong dependence on the level of constitutivity. The lower this
level was, the longer was the time needed to reach the next
steady state. Both Standing et al.’s and our experimental re-
sults support this dependence. In our case the high constitutive
level of glucose-metabolizing enzymes in C. heintzii led to a
smooth and fast transition when the medium was switched
from NTA to glucose, whereas in the opposite direction—
starting out from a very low constitutive level—a long lag
period was observed before the content of NTA-MO in-
creased. Therefore, we can assume that in the experiment for
which the results are shown in Fig. 2A, initially after the me-
dium shift, biomass and NTA concentration were only dilution
rate dependent and cells unable to metabolize NTA were
washed out and NTA was washed in. Further, it seems that
duration of the mid-phase of the curve was influenced by the
time needed for induction of NTA-metabolizing enzymes and
that the subsequent recovery phase was determined mainly by
the difference of the maximum specific growth rate with the
new substrate and the dilution rate used in our experiment.
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Effect of an additional C source on the time needed for
induction of NTA-MO. The data obtained here clearly suggest
that the availability of an additional carbon and energy source
has a strong influence on the ability of a bacterial cell to react
when it is suddenly confronted with a new substrate which
requires induction of enzymes involved in its transport and
catabolism. A glucose proportion of 1% of the total amount of
carbon in the medium supplied was sufficient to exhibit a
marked accelerating effect. In fact, glucose did not inhibit
induction, but rather it supported induction of NTA-MO ex-
pression. When mixtures containing less than 90% NTA-C
were supplied, the time needed before synthesis of NTA-MO
started, and to a lesser extent also the subsequent rate of
enzyme synthesis, was directly proportional to the fraction of
glucose-C in the feed. This suggests that the greater the frac-
tion of glucose that remained for the culture to use to maintain
the metabolic activity established before the nutrient switch,
the more energy was available for the rearrangement of cellu-
lar metabolism and particularly for synthesis of the NTA-de-
grading enzymes. The overproportionally large accelerating
effect of as little as 1% glucose-C, reducing the time needed for
induction from 23 h to 10 h, suggests a triggering level for a
utilizable carbon source in the range of 1%. This fraction of
carbon may be the substrate needed to deliver the energy and
carbon for maintenance of the cell without forcing the organ-
ism to sacrifice its own constituents as an energy source. One
percent of the specific glucose consumption rate of C. heintzii
cultivated at D = 0.06 h™! corresponds to a value of about
0.004 g of glucose [g (dry weight)]* h™'. Interestingly, this
consumption rate is approximately 10 times lower than the
values for maintenance coefficients given by Pirt (44).

It may be argued that the extracellular NTA concentration
itself is the important factor influencing the time needed to
start induction of NTA-MO. Although the data presented in
this study cannot give a definite answer, this seems rather
unlikely. Considering that the resulting concentrations of NTA
must have been almost identical for the two experiments in
which cells were shifted either from glucose to NTA alone or
from glucose to a mixture of 9% NTA and 1% glucose, it
seems unlikely that the small differences in NTA concentra-
tions in the initial phase right after the shift can lead to a
change in the time needed to induce NTA-MO expression
after the shift as large as the one observed.

In a similar study Gottschal et al. (22) investigated the re-
sponse of Thiobacillus strain A2 during a transition from het-
erotrophic growth with acetate to autotrophic growth with
thiosulfate and CO,. They observed that addition of a second
substrate as an energy source (acetate or formate) reduced the
time needed to start induction of enzymes involved in the use
of thiosulfate and CO,. The fact that the “autotrophic” carbon
and energy source formate also reduced the induction time
indicates that the role of such compounds as an energy source,
rather than as a carbon source, is crucial during such transient
conditions. Whereas for C. heintzii and NTA-glucose expres-
sion of NTA-degrading enzymes was not affected by glucose,
the autotrophic metabolism of Thiobacillus strain A2, i.e., its
use of thiosulfate and CO,, was repressed by acetate. These
differences might be due to the fact that the two systems are
metabolically quite different.

Ecological and practical implications of time required for
induction. Because glucose contributes a significant fraction to
the pool of utilizable carbon substrates in both treatment
plants and the natural environment (36, 37), C. heintzii and
most likely also other microorganisms with constitutive capac-
ities to use glucose should be able to respond quite quickly to
changes in the substrate spectrum in their environment: This
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suggests that extended induction times as observed in the ex-
periment involving the transition from pure glucose to NTA as
a single carbon substrate are not to be expected in nature
(except when other environmental factors do not allow induc-
tion). With respect to NTA this seems to be the case, consid-
ering its relatively fast disappearance upon pulse addition in
various environments (e.g., 8 h in an activated sludge tank and
3 h during infiltration in a river bank [18, 19]). This suggests
that time courses of induction as reported for experiments
using the single-substrate strategy are probably of little rele-
vance for the situation in nature.

The acceleration of induction observed when the medium
was shifted from glucose to mixtures thereof with NTA com-
pared with shifts to pure NTA might have an implication of
general practical importance: for example, for industrial waste-
water treatment plants which are frequently exposed to shock
loading of quite persistent pollutants degraded via inducible
metabolic pathways the addition of a certain amount of an
easily degradable substrate to the wastewater stream during an
appropriate period might provide a method to ensure rapid
induction and improve removal efficiency.
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