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Abstract
In this study it is shown that addition of crude protein extract containing either membrane bound nitrate reductase
(Nar) or periplasmic nitrate reductase (Nap) shortens the diauxic lag of denitrifying bacteria switched from aerobic to
anoxic conditions. The specific growth rate under anoxic conditions, following resumption of exponential growth, was
found to be linearly related to the extract dose.
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of Paracoccus pantotrophus that had been genetically modified to
prevent expression of Nap [7]. Nar-containing extract was prepared
from the test bacteria harvested while growing exponentially under
anoxic conditions. Nap-containing extract was prepared from the wild
type of Paracoccus pantotrophus growing exponentially under aerobic
conditions.

Introduction

Materials and Methods

Discharge of fixed nitrogen forms (NH4+, NO3-, Organic N) to
the aquatic environment causes detrimental effects that include
methemoglobinemia (if the water is used for drinking), ammonia
toxicity, and eutrophication. Removal of nitrogen from wastewater
is therefore an important means of improving water quality [1,2].
Removal of ammonia and nitrate can be achieved in a biological
wastewater treatment plant by exposing a mixed culture of bacteria to
alternating aerobic (dissolved oxygen present) and anoxic (dissolved
oxygen absent, nitrate present) conditions. When the conditions are
aerobic, nitrifying bacteria oxidize ammonia to nitrate. When oxygen
is absent, denitrifying bacteria reduce nitrate to nitrite and ultimately
to nitrogen gas. This combined, balanced process can decrease
nitrogen to concentrations that are sufficiently low for discharge to the
environment.

Bacteria

Paracoccus pantotrophus

Many denitrifying bacteria experience periods without growth
during the transition from aerobic to anoxic conditions. These periods,
which are termed diauxic lag, negatively affect the kinetics of nitrogen
removal because without growth, nitrate is not metabolized. Diauxic
lag occurs because the membrane-bound nitrate reductase (Nar) of
these bacteria is synthesized only under anoxic conditions. During
aerobic periods, Nar is diluted due to growth [3,4]. If the aerobic
period is long, the level of Nar can drop sufficiently to reduce the rate
of denitrification at the beginning of the subsequent anoxic period to
nearly zero. Nar is responsible for transport of nitrate into the cell and,
in turn, intracellular nitrate stimulates the biosynthesis of Nar. Thus,
the biosynthesis of Nar is autocatalytic with respect to the intracellular
Nar level [5]. A method that jump starts production of Nar, such as
addition of nitrate reductase or its fragments to the culture medium,
could jump start the process of Nar synthesis and thus shorten diauxic
lag. Some denitrifying bacteria express a second reductase, periplasmic
nitrate reductase (Nap), under aerobic conditions [6]. Nap has been
shown to eliminate or reduce the diauxic lag [7].
This work investigates whether crude extracts from denitrifying
bacteria containing Nap or Nar can shorten diauxic lag if added
to cultures of denitrifying bacteria immediately following a switch
from aerobic to anoxic conditions. The test bacterium was a mutant
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The two bacterial species used in this research were Paracoccus
pantotrophus (strain ATCC #35512), which is a Nap expressing
bacterium, and a Nap-deficient mutant of P. pantotrophus (KD102;
napEDABC::Km, from the University of Florida). Henceforth, the wild
strain will be referred to as PP and the mutant as KD.

Growth of bacteria
Bacteria were grown for four purposes: 1. To obtain a crude extract
containing only Nap or its fragments. 2. To obtain a crude extract
containing only Nar and its fragments. 2. To obtain a crude extract
containing neither Nap nor Nar. 4. To investigate effects of crude
extract addition on diauxic lag and exponential anoxic specific growth
rate.
PP or KD were incubated overnight at 37°C in minimal media [7]
with sodium acetate trihydrate as the carbon source and ammonium
chloride as the nitrogen source. The bacteria were grown aerobically
in either a 1 L or a 250 mL Erlenmeyer flask containing 500 mL or 125
mL minimal medium, respectively, at 170 rpm in an incubator-shaker.
Following aerobic growth, the bacteria were grown anaerobically in
sealed 15 mL Falcon culture tubes or in sealed 4 mL rectangular plastic
cuvettes, both with no head space, in an incubator with shaking at 170
rpm.
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PP was incubated aerobically and then harvested when its biomass
reached approximately 1.28 mg/mL. The bacteria at this stage would
contain negligible Nar because Nar is not biosynthesized under
aerobic conditions, but would contain abundant Nap because Nap is
biosynthesized under aerobic conditions. KD was grown aerobically
until exponential growth was confirmed and then switched to anoxic
conditions. Bacteria were harvested immediately after the anoxic
switch, at which point the cells would contain negligible levels of Nar
(again, because of no Nar biosynthesis under aerobic conditions) and
no Nap (because it is the Nap-deficient mutant) at approximately 0.47
mg/mL. KD was also harvested after the resumption of exponential
growth when the biomass reached 0.68 ~ 0.88 mg/mL, when Nar levels
were high, sufficient to support exponential growth.
The crude protein extract was obtained by modifying the procedure
of Berks [8]. The harvested bacterial suspension was centrifuged
at 11,380 rcf and 4°C for 20 min. The supernatant was carefully
poured off and then the bacterial pellet was suspended in 10 mL of
extraction buffer (100 mM Tris/HCl, 3 mM Na2 EDTA, 0.5 M sucrose)
and then 0.25 g lysozyme (as a powder) was added and the mixture
was vortexed until the lysozyme was dissolved and the pellet was
thoroughly disrupted. The suspension was then incubated at 30°C for
20 min, followed by centrifugation at 11,380 rcf and 4°C for 4 min. The
supernatant was collected and mixed with 3.7 g of ammonium sulfate
(powder). The mixture was vortexed until the powder was dissolved
and the solution became cloudy (i.e., protein was precipitated),
followed by centrifugation at 11,380 rcf and 4°C for 4 min. After
pouring off the supernatant, the pellet was dissolved in 10 mL of 20
mM Tris-HCl (pH=7). The extract was used immediately or stored
at 4°C for a maximum of 3 days. Extract prepared with PP biomass
harvested under aerobic conditions (with negligible Nar and abundant
Nap) is referred to as Nap-extract. Extract prepared with KD harvested
immediately after the anoxic switch is referred to as Nap-and-Nar-free
extract. Extract prepared with KD harvested during anoxic exponential
phase is referred to as Nar-extract.

Experiments with addition of crude extract to KD cultures
KD was taken out from a -80°C deep freezer and incubated in
Luria Broth (BD science, New Jersey, NJ, USA) at 37°C at 170 rpm in
a shaking incubator overnight and then transferred to minimal media
and grown for 24 hrs, followed by another transfer to minimal media
until the initial absorbance (1 cm path length; 550 nm) of the culture
became approximately 0.1 (0.27 mg/mL). After the second transfer,
the culture was grown until the absorbance approximately doubled.
The culture was sparged for 4 min with nitrogen gas to strip out the
dissolved oxygen. It was at this point that a specific volume (1.0, 0.5
or 0.25 mL) of crude extract was added to 100 mL of culture volume.
Following addition of extract, the culture was mixed on a magnetic
mixer for 1 min and then poured into 15 ml Falcon culture tubes
or 4 mL plastic cuvettes, leaving no head space, and then vortexed.
The culture was then incubated in a shaking incubator. The Falcon
tubes were sacrificed at regular intervals for measurement of culture
absorbance, whereas repeated measurements of culture absorbance
were made from the cuvettes.
Experiments were conducted by adding to the culture Nap-extract,
Nar-extract, or, for control, Nap-and-Nar-free extract. As a further
control, in some experiments a culture of KD was passed through
an anoxic switch followed by addition of extraction buffer or by no
addition whatsoever. Another control was the addition, to media
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containing no bacteria, of 1 mL of Nap-extract or Nap-and-Nar-free
extract per 100 mL.

Results and Discussion
Nap-extract positively affected the growth of KD after
switching from aerobic to anoxic growth
Typical growth patterns of PP and the Nap-deficient mutant of
PP (KD) when switched from aerobic to anoxic conditions are shown
in Figure 1. As expected, PP kept growing upon removal of oxygen.
In contrast, KD stopped growing upon the removal of oxygen. Figure
2 shows that, following the anoxic switch, KD resumes growth only
after a very long lag (approximately 40 hours). The substantially longer
length of this lag, in comparison to that reported by Durvasula [7], is
attributed to the use of minimal media in the present study, as opposed
to the use of rich media by Durvasula et al. [7].
If crude extract of PP (Nap-extract) is added to the KD culture at
the same time that oxygen is removed, the bacteria continues growing,
as seen in Figure 3A. Without such extract addition (i.e., no addition or
addition of extraction buffer alone) growth stopped, as before. A repeat
of the experiment, as shown in Figure 3B, generated nearly equivalent
results. An additional control was included in this experiment to
check whether the extract itself, rather than bacterial growth, gave
the appearance of increasing culture absorbance. This possibility was
disproven by the fact that addition of Nap-extract to growth media
without bacteria causes no change in absorbance.
Figure 3C shows that adding Nap-and-Nar-free extract (i.e., extract
prepared with KD harvested immediately after the anoxic switch) did
not prevent diauxic lag after the switch to anoxic conditions. The aerobic
control shows that KD remained viable throughout the experiment.

Nar-extract elevated the growth of KD after switching from
aerobic to anoxic growth
In contrast to the results shown in Figures 3C and 4A shows that
addition of Nar-extract (i.e., extract prepared from KD haversted during
the exponential portion of the anoxic phase) eliminates the anoxic lag
of KD. Similar improvement on KD growth was also observed with
Nap-extract (i.e., extract obtained from PP harvested while growing
exponentially under aerobic conditions). In contrast, the bacteria
without extract addition showed practically no growth until the end of
the diauxic lag phase, about 25 hours later.
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Figure 1: Growth curves of PP and KD. The switch from aerobic to anoxic
conditions is indicated by a vertical line cutting through the plot for each
bacterium.
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The anoxic period data displayed in Figure 4A are re-plotted in
Figure 4B in terms of the natural logarithm of absorbance versus time.
It is apparent that, during the anoxic conditions, a single exponential
phase (fitting with a single straight line) would not provide good fits
to the data from cultures in which enzyme extract was added (top two
curves). Instead, these data could be better characterized by dividing
the growth into two exponential phases, the first with a lower specific
growth rate (0.005 hr-1 for Nar-extract and 0.0042 hr-1 for Nap-extract)
and the second with a higher specific growth rate (0.0238 hr-1 for Narextract and 0.038 hr-1 for Nap-extract). Without extract addition, the
specific growth rate of KD is practically zero for 25 hours, after which
exponential growth started with specific growth rate of 0.0097 hr-1.
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Figure 2: Complete growth curve of KD before and after the anoxic switch. The
switch is indicated by the vertical line.

To investigate the dose-response effect, the KD culture was dosed
with various concentrations of Nar-extract. The response in terms
of specific growth rate of KD following the anoxic switch was clearly
dependent on Nar-extract dose, as shown in Figure 5B. The response
in terms of diauxic lag of KD following the anoxic switch was also
dependent on the dosage.
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Figure 3: Effect of Nap-extract on growth of KD after anoxic switch. Each
switch is shown by a vertical line. (A) and (B) compare the effect of Nap-extract
addition to various controls; (C) Additional controls.
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Figure 4: Effect of Nar-extract and effect of Nap-extract on growth of KD after
anoxic switch. Data in (A) are replotted on a semilog scale in (B) and the results
of linear regression analyses are shown.
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Only the full dosage data exhibited the double exponential phase
pattern that was shown in Figure 5B. Half dose and quarter doses
of extract led to resumption of exponential growth after a lag of
approximately 10 hours (Without extract addition, the anoxic lag is
at least 20 hours). The full dosage specific growth rates (0.0041 hr-1
and 0.0178 hr-1) were lower than the corresponding rates in Figure 4B.
This may be due to the use of extract that had been stored for 3 days,
whereas the extract for the experimental data shown in Figures 4A and
4B was prepared immediately before the experiement.

A

Biomass (mg/mL)

0.65

The correlation of specific growth rates of the final exponential
phase with extract dose is shown in Figure 6. As indicated, there is a
linear relationship between the dose and the response.
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Figure 5: Effect of Nar-extract dosages on the anoxic specific growth rate of
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regression analyses are shown.
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Our study showed that addition of either Nap-extract or Narextract can positively affect the growth of KD after switching from
aerobic to anoxic growth. The diauxic lag observed with extract addition
was reduced or, in some cases, eliminated. Furthermore, the specific
growth rate varied linearly with the amount of crude extract added. The
beneficial effects of crude extract addition might be applicable to a wide
range of bacterial cultures.
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KD exhibited a slower anoxic exponential phase specific growth
rate with addition of 3 day old extract in comparison to culture dosed
with fresh extract, as shown by comparing Figure 5B-4B. This could
suggest that degradation of certain components of the extract made it
less effective for eliminating the diauxic lag.

Conclusions
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Nap and Nar free extract added to KD culture at the beginning of
the anoxic switch did not eliminate or even shorten diauxic lag of the
culture. On the other hand, the diauxic lag of KD was eliminated by
addition of extract from either PP or KD growing exponentially under
anoxic conditions. It is notable that, whereas there is no diauxic lag in
KD culture supplemented with a sufficient amount of Nar-containing
extract, the anoxic phase was characterized by two different specific
growth rates: The first, and lower, specific growth continued for a
period slightly shorter than the lag of the control, followed by a second
period of higher specific growth rate.

The most likely explanation of the observed effect is that Nar or
Nap subunits did not penetrate the cell wall [12] and membrane but
smaller molecules (possibly created by degrading the enzymes [13,14]
penetrated and served as precursors or inducers [15,16] to speed up
the production of Nar, which in turn resulted in the observed positive
growth effects.
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Figure 5B also shows that the end of the first exponential phase
with full dosage approximately coincides with the end of the lag phase
with lower dosages. So perhaps the lower growth initial exponential
phase should be considered as low-growth lag phase. Even if the lower
growth phase is considered as lag, it is considerably shorter than the
lags of 40 hours and 25 hours shown in Figures 2 and 4B, respectively.

Finally, the strongly linear relationship between the specific growth
rate of the second anoxic exponential phase and dosage of Nap-extract
clearly indicates that the extract not only eliminates diauxic lag, but
the effect is also directly proportional to dose. We hypothesize that
increasing the extract dose resulted in faster transport of nitrate into the
cell, thus hastening the onset of Nar biosynthesis [9]. Furthermore, the
higher specific growth observed with higher dosage of extract suggests
that more energy is available for growth, and the origin of energy
resource is due to enhanced electron transport rate that is linked to the
intrecellular Nar concentration [10,11].
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