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Abstract

Most of our knowledge about the physiology of ammonia-oxidizing bacteria is based on experiments with Nitrosomonas
europaea, which appears to be less ubiquitous than Nitrosospira. We have isolated Nitrosospiras from widely different
environments and compared their specific growth rate, substrate affinity, urease activity, temperature response, pH tolerance
and cell morphology. Two of the strains had a variable morphology: the spirals were less tightly coiled than the classical
Nitrosospira type and a fraction of the culture had a vibrioid appearance. These vibrioid strains were also peculiar in having a
much higher apparent activation energy for ammonia monooxygenase (AMO) (129 and 151 kJ mol31) than that of the more
classical Nitrosospiras (78 and 79 kJ mol31). The differences in morphology and activation energy were congruent with the
phylogeny of the genes for 16S rRNA (Uta®ker et al., System. Appl. Microbiol. 18) and AMO. The response to pH in the
medium was investigated for four strains. The oxidation rate at the onset of the pH exposure experiment was found to obey
classical steady state enzyme kinetics, assuming that NH3 (not NH�4 ) is the rate-limiting substrate. The calculated half
saturation constants (Ks) for AMO were 6^11 WM NH3. Growth had a narrower pH range than oxidation activity and
appeared to be restricted by pH-dependent factors other than NH3. All the isolated strains were urease positive, with a specific
urease activity ranging from 60 to 158% of their specific AMO activity. The urease activity was unaffected by acetylene
inhibition of the energy metabolism. The substrate affinity for one strain was found to be around 670 WM. ß 1999 Federation
of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The oxidation of ammonia to nitrate (nitri¢cation)
in soil is primarily attributed to autotrophic bacteria,
of which ammonia-oxidizing bacteria (AOB) carry

out the ¢rst step, i.e. the oxidation of ammonia to
nitrite. AOB is thus a crucial functional group and
their ecophysiology is a determinant factor for the
N-dynamics in soil. Compared to other functional
groups in soil, AOBs have a low diversity, slow
growth rate, sensitivity to acidity and a to whole
range of chemicals [1]. Autotrophic nitri¢ers are typ-
ically diminished through successions in terrestrial
ecosystems. Soils under the climax type of plant
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communities are typically harboring lower numbers
of autotrophic nitri¢ers than more juvenile stages [2^
4]. The early taxonomy of AOB was entirely based
on cell morphology and ¢ve di¡erent genera were
recognized, i.e. Nitrosococcus, Nitrosospira, Nitroso-
lobus, Nitrosovibrio and Nitrosomonas [5]. Based on
the 16S rRNA gene sequences [6^9], a reclassi¢cation
of AOB has been suggested, placing the three mor-
phological types Nitrosospira, Nitrosovibrio, and Ni-
trosolobus within one common genus (Nitrosospira)
and retaining Nitrosomonas and Nitrosococcus as
separate genera [8]. The relative importance of the
di¡erent AOBs in soil is di¤cult to judge, due to the
inherent bias of the culturing techniques. Based on
the relative frequency of isolation, MacDonald [10]
tentatively concludes that Nitrosolobus is the most
important genus. Judging from the frequency of iso-
lation of cells with a Nitrosospira morphology over
the last couple of decades [11^15], this genus seems
to be at least as ubiquitous as those with a Nitro-
solobus morphology. Despite the apparently minor
ecological role of Nitrosomonas europaea, practically
everything that is known about the physiology of
AOBs is based on experiments with this bacterium.
This warrants a comparative study of some basic
characteristics of the apparently more ubiquitous Ni-
trosospiras.

In the present study, Nitrosospiras previously iso-
lated from di¡erent environments by extinction dilu-
tion were compared with respect to speci¢c metabol-
ic activity (ammonium oxidation and urea
hydrolysis) and growth rate in response to the tem-
perature, substrate concentrations and acidity.

2. Materials and methods

2.1. Cultures

The cultures were isolated from widely di¡erent
environments. Strain AF: cultivated red sandy soil
(pH 4.0) from Kasama, Zambia [16]; strain L115:
ombrotrophic peat (pH 4.0) from the Lakkasuo
area in Finland [17]; strain B6: pebbles (pH 6.3)
from the nitrifying reactor in a sewage treatment
plant (VEAS, Oslo, Norway); strain 40Kl: cultivated
clay loam soil (pH 6.5) from Aas, Norway [18]; III2
and III7: acid forest soils (pH 3.9 and 4.1, respec-

tively) near the Agricultural University in Aas, Nor-
way.

The phylogenetic positions of the strains have
been determined by their 16S rDNA sequences
[8,9]. L115 and AF were placed in one cluster (Nitro-
sospira type I). The other Nitrosospiras (B6, 40Kl,
III2 and III7) were placed in another cluster (Nitro-
sospira type II). The phylogeny of ammonium mono-
oxygenase (AMO) genes of some strains (40K1,
L115, III2 and III7) was congruent with the phylog-
eny based on the 16S rDNA sequences (Uta®ker, un-
published).

2.2. Isolation and cultivation

The strains were isolated by extinction dilution as
described previously [8]. The basic medium was a
liquid mineral (LM) medium [19] supplemented
with a trace element solution [20]. The LM medium
contained (per l of MilliQ water) KH2PO4, 0.2 g;
CaCl2W2H2O, 0.02 g; MgSO4W7H2O, 0.04 g; Fe-
NaEDTA, 3.8 mg; phenol red, 0.1 mg;
NaMoO4W2H2O, 0.1 mg; MnCl2, 0.2 mg; CoCl2W
6H2O, 0.002 mg; ZnSO4W7H2O, 0.1 mg and CuSO4W
5H2O, 0.02 mg. When used for isolation, sodium
carbonate was added to regulate the pH and ensure
the supply of CO2. When used for culturing and
physiological experiments, the medium was supple-
mented with HEPES bu¡er (2-(4-2-hydroxyethyl-1-
piperazinyl)-ethanesulfonic acid sodium salt, Merck,
15231). Unless otherwise stated, the HEPES concen-
tration was 15 mM. When the cultures were secluded
from access to atmospheric CO2 (i.e. in sealed serum
bottles), 0.84 mM Na2CO3 was added to ensure suf-
¢cient CO2 for growth. When supplied with ammo-
nium as the energy substrate ((NH4)2SO4), the me-
dium is denoted LMA, when supplied with urea, the
medium is denoted LMU. Unless otherwise stated,
the concentrations of ammonium sulfate and urea
were 3.8 mM. Cultivation was always conducted in
the dark.

2.3. Electron microscopy examinations

Cells for electron microscopy observations were
grown in 500-ml Erlenmeyer £asks containing
150 ml of LMA medium, which were incubated on
a rotary shaker at 22³C. The pH was regulated fre-
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quently (to pH = 7^7.5) by adding a 6% solution of
Na2CO3. At the late exponential phase (cell density
around 107 cells ml31), the cells were harvested by
centrifugation (Sorvall RC-5B Refrigerated Super-
speed Centrifuge, Du Pont Instrument) at
10 000Ug for 15 min. The cells were ¢xed in glutaric
dialdehyde (2.5%, ¢nal concentration in LMA me-
dium), rinsed in 50 mM (pH = 7) cacodylate bu¡er
(3U15 min), post-¢xed (2 h) in 2% OsO4 (same bu¡-
er) and rinsed again (same bu¡er) before dehydra-
tion through an ethanol gradient (70^100%), propyl-
ene oxide and ¢nally embedded in Spurr epoxy resin
[21]. Ultra-thin transversal sections (80 nm) of the
epoxy-embedded cells were stained with uranyl ace-
tate [22] and lead citrate [23] and viewed in a JEOL
1200EX microscope (80 kV). For negative staining,
cells were adsorbed to a carbon-coated copper grid
(400 mesh), rinsed with water, stained with uranyl
acetate, rinsed again and viewed with the same mi-
croscope as the thin sections. For scanning electron
microscopy (SEM), cells were ¢rst adsorbed onto
cover glass surfaces pretreated with polylysine (mw
70^150 000, Sigma), dehydrated through an ethanol
gradient and critical point-dried using CO2 as the
transitional £uid. The cover glasses were then
mounted with colloidal silver on aluminum stubs
and coated with platina/palladium in a sputter coater
before examination in a JEOL 850 microscope (15
kV).

2.4. Physiological experiments

2.4.1. Inoculum preparation
Cells for physiological experiments were grown in

the LMA medium bu¡ered with 20 mM HEPES.
The initial pH of the medium was adjusted to pH
7.5. A volume of 300 ml was inoculated with 1 ml
culture stock solution and incubated at 22³C on a
shaker (100 rpm). To ensure a homogenous culture
with few dead cells, it was considered important to
use cells from an actively growing culture (before
depletion of the ammonium). This was checked by
measuring the nitrite level during culturing. The cells
were harvested when approximately 2/3 of the am-
monium was oxidized. Harvesting was done by ¢l-
tration on 25-mm Nuclepore polycarbonate ¢lters
with a 0.2-Wm pore size (Costar Europe, Badhoeve-
dorp, The Netherlands). To harvest cells from 300

ml culture, 3^4 ¢lters had to be used due to clogging
of ¢lters. The cells collected on the ¢lters were
washed o¡ by shaking in 20 ml LM medium. After
removing the ¢lters, cell dispersion was ensured by
pumping 15^20 times through a 0.5-mm hypodermic
needle on a 20-ml syringe. The suspension was then
kept at 22³C on a shaker and used as an inoculum
within 3 h after preparation. Cell density in the in-
oculum was determined by £uorescence microscopi-
cal counts of cells retained on polycarbonate mem-
branes after staining with acridine orange [24].

2.4.2. Speci¢c activity, growth rate and growth yield
The cultures were grown in 250-ml Erlenmeyer

£asks containing 60 ml LMA medium bu¡ered
with 50 mM HEPES, pH regulated to 7.8. The £asks
were inoculated with 0.6 ml cell suspension, resulting
in an initial cell density of 2^7U105 cells ml31. The
incubation was carried out at 22³C on a reciprocal
shaker (100 rpm). The incubation time was 120 h
and samples (2U1 ml) were taken at 6, 24, 48 and
120 h for nitrite determination and cell counts. Ini-
tial cell numbers were counted and the samples for
cell counts (£uorescence microscopy) were preserved
by adding glutaric dialdehyde to a ¢nal concentra-
tion of 2.5%. The experiment was duplicated.

2.4.3. E¡ect of temperature
A series of 100-ml Erlenmeyer £asks was ¢lled

with 25 ml LMA medium bu¡ered with 50 mM
HEPES, pH regulated to pH 7.5, and placed in ther-
mostated incubators at 3, 9, 15, 21, 26, 31, 36 and
41³C. The £asks were left in the incubators overnight
prior to inoculation, to ensure temperature equilibra-
tion. The £asks were then inoculated with 0.2 ml of
the prepared inoculum (¢nal cell density 2^7U105

cells ml31). Samples (1 ml) for nitrite determination
were taken after 6 and 12 h. The samples were snap-
frozen in an ethanol bath (318³C) and kept frozen
until analysis. The experiment was duplicated.

2.4.4. E¡ect of pH
A series of liquid LMA media with pH levels rang-

ing from 5 to 8.5 were prepared. The media con-
tained 50 mM HEPES and the pH in each batch
was adjusted by adding 1 N HCl or NaOH. Erlen-
meyer £asks (250 ml) were ¢lled with 60 ml medium
(two replicate £asks for each pH level). The £asks
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were then inoculated with 0.6 ml of the inoculum,
resulting in an initial cell density of 2^7U105 cells
ml31. The incubation was carried out at 22³C on a
reciprocal shaker (100 rpm). Sampling was done as
described for the temperature experiment.

2.4.5. Urease activity and growth on urea
Duplicate 250-ml Erlenmeyer £asks containing 60

ml LMU medium (1 mM urea) were inoculated to a
cell density of 105^106 cells ml31 and incubated at
22³C on a reciprocal shaker (100 rpm). Control
£asks were included which were `inoculated' with
cell-free suspensions prepared exactly the same way
as the inocula, in order to reveal any trace of urease
activity that could stem from other sources than the
cells. As a second control, £asks were inoculated
with a N. europaea known to be urease negative.
Samples (3 ml) were taken at intervals during the
240-h incubation, to determine nitrite and ammo-
nium (i.e. NH3+NH�4 ) and cell numbers. Each cul-
ture was run in duplicate.

One of the cultures, L115, was investigated further
with respect to the urease activity and its dependency
on substrates and the energy status of the cells. Cells
for inoculum were grown in LMA medium (1 mM
(NH4)2SO4). The cells were harvested and used to
inoculate 40-ml batches of LMU medium (0.3 mM
urea), contained in 120-ml serum bottles capped with
Te£on-faced silicone/PTFE septa (20-ST3, Chroma-
col, London, UK). The initial cell density was
1.5U106 cells ml31. Two bottles were supplied with
acetylene (C2H2) to a ¢nal concentration of 1% (v/v)
in the gas phase, to inhibit AMO. The bottles were
incubated at 22³C on a reciprocal shaker (100 rpm)
for 3 days. Samples (1 ml) for determination of am-
monium and nitrite were taken with a 0.5-mm needle
through the septa. In a follow up experiment, a near
complete depletion of urea was obtained by using a
higher cell density (approximately 107 ml31) in an
otherwise identical experiment, in order to use the
urea depletion curve in the acetylene-inhibited cul-
ture to assess the substrate a¤nity of the urease.

L115 was also used to check for the presence of
extracellular urease activity. The cells were grown in
100 ml LMU medium (1 mM urea) bu¡ered with
5 mM HEPES (pH = 7.8). When 1/2^2/3 of the sub-
strate was oxidized, the pH of the culture was ad-
justed to 7 and the cells were removed by centrifu-

gation (7000Ug for 40 min) in a HS34 swing out
rotor, using a Sorval RC5B centrifuge. Urease activ-
ity was then measured in the original culture and the
cell-free culture £uid by incubating in the presence of
urea (0.3 mM urea added) under a 1% (v/v) acetylene
atmosphere (in sealed serum £asks) to inhibit AMO.
At intervals during a 100-h incubation at 22³C, sam-
ples were taken with a syringe to determine ammo-
nium (NH3+NH�4 ) and urea.

2.4.6. Data analysis, estimation of kinetic parameters
The ammonia oxidation rate in the temperature

experiments was calculated using the data of nitrite
formation between 6 and 12 h of incubation. For the
other experiments, the data for nitrite accumulation
for longer periods of incubation were used to esti-
mate the kinetic parameters, using a function de-
scribed by Stenstrom et al. [25]. It is assumed that
the rate of product (NO3

2 ) formation (dp/dt) is pro-
portional to the number of cells, N, dp/dt = qN,
where q is the speci¢c production rate per cell unit.
Assuming exponential growth of N (N = N0*exp(Wt)),
the integrated product accumulation is

p � p0 � �q �N0=W ��exp�W � t�31� �1�
where p0 is the product concentration at t = 0, N0 is
the number of active cell units at t = 0, W is the spe-
ci¢c growth rate (h31) and t is the incubation time
(h). The values for W and the product qN0 were esti-
mated by non-linear regression of this function (Eq.
1) against measured nitrite accumulation, using the
Simplex routine in version 5.2 of the SYSTAT com-
puter program (SYSTAT, Evanston, IL, USA). The
value of p0 was zero in our case, due to removal of
nitrite by the ¢lter harvesting of cells for inoculation.
The estimated value for q*N0 is of particular interest
in the pH experiment, since it estimates metabolic
activity in response to pH at time zero, i.e. before
any growth or decline of the metabolic activity has
taken place.

The growth rate (W) and the initial number of ac-
tive cells (N0) were also estimated through non-linear
regression based on the microscopically determined
cell numbers, assuming a regular exponential growth
function:

N � N0 � exp�W � t� �2�
By combining the N0 estimate based on Eq. 2 and
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the estimates for W and the product qN0 based on
Eq. 1, we calculated the speci¢c metabolic activity
per cell, q, and the growth yield, Y (cells per mol
of substrate oxidized).

The square root model of Ratkowsky et al. [26]
was used to describe the temperature response over
the entire temperature range. The model describes
the reaction rate (or growth rate) as follows:
k1=2 = b(T3Tmin)(13exp(c*(T3Tmax))), where b and
c are `shape parameters' and Tmax and Tmin are the
maximal and minimal temperatures (not necessarily
equal to the absolute limits, though). The function
was ¢tted to the empirical data by non-linear regres-
sion (SYSTAT). This curve ¢tting exercise was per-
formed only to enhance the graphical presentation of
the data. The measured metabolic activities in the
lower temperature range (3^21³C) were used to de-
termine the apparent activation energy of the rate-
limiting reaction, by linear regression of ln (V)
against T31, where V = measured oxidation rate
and T = temperature (K).

The estimated activity at time zero in the pH ex-
periment (i.e. the product qN0, estimated by regres-
sion using Eq. 1 as outlined above) was expected
to be a Michaelis-Menten function of the concentra-
tion of NH3, which again is a function of the pH.
This was inspected by calculating the NH3 concen-
tration for each pH level and plotting the inverse
value of the qN0 against the inverse value of the
calculated NH3 concentration (Burk-Lineweaver
plot). Since fairly straight lines were obtained, the
half saturation constants (Ks) were estimated by lin-
ear regression.

2.4.7. Cell counts and chemical analyses
Cell numbers were determined by £uorescence mi-

croscopical counts [24]. To ensure complete disper-

sion of the cells prior to staining and ¢ltration, the
samples were dispersed by pumping through a sy-
ringe needle, stained with acridine orange and
mounted on polycarbonate ¢lters [24]. In experi-
ments where growth was estimated by cell counts,
two ¢lters for microscopy were prepared for each
culture £ask (at each sampling). Nitrite was deter-
mined by using Griess-IIosvay reagents I and II
with a £ow injection system (FIA star, Tecator AB,
Sweden). Ammonium was also determined with the
FIA system (Application Sub Note ASN 151-01/92,
Tecator AB, Sweden). Urea was analyzed by the
diacetyl monoxime method [27].

3. Results

3.1. Electron microscopy examination

All strains were Gram-negative spiralled cells (Fig.
1) with a variable number of coils per unit. Strain
AF had a much larger cell diameter (around 0.5 Wm)
than the ¢ve others (0.2 Wm). Strain B6 and 40Kl
(Fig. 1A) always remained tightly coiled, whereas
the two `vibrioid' types (AF and L115) demonstrated
a morphological variability ranging from vibrioid
rods (Fig. 2B) to more normally spiralled types
(Fig. 2A) although the coiling was less tight than
for B6 and 40Kl. Strain L115 was even more mor-
phologically variable than strain AF (Fig. 2C and
D). The morphology of the other strains (III2 and
III7) was very similar to 40K1.

3.2. Speci¢c activity and growth rate, e¡ects of pH

Table 1 summarizes the speci¢c activities per cell,
growth yields and generation times estimated from

Table 1
Speci¢c activities per cell, growth yields and generation times, based on the measured nitrite accumulation and cell counts (acridine orange
direct counts (AODC))

Strain Activity (q) (fmol NO3
2 cell31 h31) Yield (Y) (cells pmol31) Generation time (Td)a (hours)

NO3
2 AODC

B6 4.3 2.8 58 50
40Kl 6.0 1.8 63 58
L115 5.3 2.7 50 63
AF 7.1 0.7 139 138

aBased on non-linear regression of nitrite accumulation data (NO3
2 ) and cell counts by AODC.
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the ¢rst comparative growth experiment. The gener-
ation times calculated from product formation
agreed reasonably well with those calculated from
microscopical counts. The three strains B6, 40Kl
and L115 had similar generation times, contrasting
AF which had an extremely slow growth rate.

Fig. 3 shows the nitrite accumulation in the pH

experiment for strain 40Kl. Since oxidation of am-
monia to nitrite will acidify the medium, the pH was
measured in all the samples in order to check if the
activity signi¢cantly changed the pH of the medium.
No measurable changes occurred, however (data not
shown), attributable to the fact that the molar con-
centration of HEPES bu¡er (50 mM) was more than

Fig. 1. The spiralled morphology of the isolated ammonia-oxidizing bacteria, illustrated by a thin section through a tightly coiled cell of
strain 40Kl (A), a negatively stained cell coil of strain L115 (B) and shorter spirals of the strain AF (C). Bar = 0.2 Wm (A and B), 0.5 Wm
(C).
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50 times higher than the net H� production through
oxidation of ammonia to nitrite.

The rate of nitrite production (Fig. 3) increased
with time at optimal pH levels, re£ecting growth
under such conditions. In contrast, the rate of nitrite
formation was practically constant at pH 6. At pH
8.5, a substantial decline in the nitrite formation rate
can be seen, indicating a gradual inhibition or lethal
e¡ects of the high pH values. Thus, the nitrite for-

mation data contain information about two di¡erent
phenomena: the speci¢c activity per cell in response
to the pH ( = the initial rate of nitrite formation) and
the growth (or death) of the cells in response to pH.
To separate these phenomena, the nitrite formation
data were used to estimate the growth (or death) rate
and the activity at time zero (i.e. W and qN0, see
Section 2) by non-linear regression. The non-linear
regression was done for each single £ask (two repli-

Fig. 2. Morphological variability of the `vibrioid' Nitrosospira strains, illustrated by negatively stained cells of strain AF recently after iso-
lation (B), SEM picture of the strain after some transfers in the laboratory (A), thin sections of L115 (C) and a negatively stained cell of
strain L115 (D). Bar = 1 Wm (A and B), 0.2 Wm (C and D).
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cates for each pH level) and the results are presented
in Fig. 4, as relative values (% of maximal values for
each culture). Straight lines between average values
at each pH level are included to enhance the read-
ability of the ¢gure.

The result for 40Kl shows that metabolic activity
at time zero (qN0) occurs over a rather wide pH
range (5.5^8.5), whereas growth seems to be re-
stricted to a pH range from 6.5 to 8.0. Outside this
range, the rate of nitrite formation declined with
time (Fig. 3), resulting in negative estimates of W
(Fig. 4). Negative W values at pH 8.5 were also found
for AF and B6.

In general, the cultures were similar with respect to
their relative metabolic activity (qNo) in response to
the pH, although they had di¡erent lower limits for
detectable activity (the only culture with detectable
nitrite production at pH 5.0 was AF). In contrast,
the estimated growth rates (W, Fig. 4) revealed more
profound di¡erences between the cultures. Strain
40Kl had an exceptionally narrow pH range for
growth compared to that of the others. Strain L115
represents an extreme in being able to grow at pH
8.5.

The curves for the metabolic activity at time zero
(qN0) were expected to be a function of the NH3

concentration, since NH3 is the substrate for AMO
(rather than NH�4 ). This was inspected by calculating
the NH3 concentration for each pH value and plot-
ting the inverse value of qN0 against the inverse
value of the NH3 concentration (i.e. Burk-Line-
weaver). There was a remarkably good linear rela-
tionship between the inverse values, clearly demon-
strated by Fig. 5 and by the high correlation
coe¤cients (Table 2). The estimated half saturation
constants (Ks) based on the regressions of the inverse
values gave similar results for the di¡erent strains
(Table 2).

3.3. Speci¢c activity and growth rate, temperature
response

During the short (12 h) incubation time, less than
50 WM ammonium was oxidized to nitrite. Thus, the
oxygen consumed by the culture was an order of
magnitude lower than the initial oxygen concentra-
tion of the medium (which is around 1 mM for dis-
tilled water at 30³C when in equilibrium with the
atmosphere). Thus, oxygen limitation is unlikely to
have occurred. The temperature response and the
square root function ¢tted by non-linear regression
for each culture is shown in Fig. 6. The African
strain (AF) had a much higher activity than the
others at high temperatures (20^35³C) and lower val-
ues than the others at the lower temperature range.
The temperature response in the lower temperature
range was used to estimate the apparent activation

Fig. 3. Nitrite accumulation as a function of pH in the medium,
strain 40Kl.

Table 2
Half saturation substrate constants (Ks) and apparent activation
energies (Ea)

Strain Ks (WM NH3)a Ea (kJ mol31)b

Ks r2 Ea r2

40Kl 11 0.988 77 0.964
AF 6 0.977 149 0.989
B6 8 0.995 75 0.974
L115 9 0.970 129 0.933

aKs estimated by linear regression of inverse values of the activity
at time zero (qN0) and concentrations of ammonia, as illustrated
in Fig. 5.
bEa estimated by linear regression of the natural logarithm of ac-
tivity against the inverse of the absolute temperature (K), as il-
lustrated in Fig. 7.
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energy of the rate-limiting enzyme reaction. Plotting
of the exponential values of the oxidation rate (ln
(V)) against the inverse of the absolute temperature
(T31, K31) revealed a reasonably linear relationship,
but only for temperatures up to 21³C. This is illus-
trated in Fig. 7, where single £ask values of ln (V)
are plotted together with the linear regression func-
tions for each strain. The correlation coe¤cients and
the estimated apparent activation energy of the rate-
limiting enzyme reaction based on these data are
shown in Table 2. The correlation coe¤cient for
L115 was lower than the others, due to a deviation
from the linear relationship at 21³C (i.e. the points
on the left extreme of Fig. 7). If this point is ex-
cluded, the correlation coe¤cient is higher (0.949)

and the estimated activation energy, Ea, is 159 kJ
mol31.

3.4. Urease activity

All the tested Nitrosospira strains grew well on
urea, resulting in a transient accumulation of ammo-
nium in the medium. In the control £asks without
cells, a low and constant level (0.1 mM) of ammo-
nium was found, possibly due to an initial hydrolysis
of urea during autoclaving. In the £asks inoculated
with N. europaea, this low initial amount of ammo-
nium was gradually oxidized (recovered as nitrite),
but no further oxidation nor cell proliferation was
detected (data not shown).

Fig. 4. Relative values for the estimated growth rate constant (`growth rate') and ammonia oxidation rate at the onset of the incubation
(`activity') in response to the pH in the medium. Single £ask estimates are presented as % of maximum values for each strain, straight
lines are drawn between average values. Both variables are based on non-linear statistical analysis of the nitrite accumulation curves (see
text for further explanation). The scaling of the axis precluded a presentation of negative growth rates for 40Kl at pH 5.5 (3167 and
3200%).
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Approximate estimates of the urease and ammonia
oxidation activity per cell during the early phase of
the experiment (less than 50% of the urea hydro-
lyzed) were calculated as the net increase in the prod-
ucts (ammonium+nitrite) divided by the average cell
count for each time increment (mean value of cell
counts at the beginning and at the end of the time
increment). The result for 40Kl is shown in Fig. 8,
where the ratio between the two enzyme activities is
plotted as well. The activities per cell increased with
time, whereas the ratio between them was practically
constant. The other cultures showed similar patterns
in having increasing speci¢c enzyme activities per cell
prior to depletion of the substrates and a fairly con-
stant ratio between the two enzyme activities
through the same period of the experiment. The
average urease/AMO ratios were 0.6, 0.85, 0.96,
1.24, 1.31 and 1.58 (unit: mol urea h31 mol31 am-
monia h31) for L115, B6, III7, III2, AF and 40K1,
respectively.

Acetylene (1%) inhibited ammonium oxidation
and growth of L115, but urease activity was unaf-
fected and practically constant through a 3-days in-

cubation (result not shown). In the second experi-
ment with a higher cell density, the curvature of
the urea depletion in the presence of acetylene (Fig.
9) was used to estimate the substrate a¤nity of the
urease enzyme, by regression using the linearized
form of the integrated Henri-Michaelis-Menten
equation [28], which gave a Km of 670 WM. The
smooth curve illustrates the simulated (simple Euler)
urea concentration (S) assuming that dS/
dt = Vmax*S/(S+Km), with Vmax = 19 WM h31 and
Km = 670 WM (which were found by linear regres-
sion).

4. Discussion

4.1. Is the isolation frequency of Nitrosospiras
re£ecting their importance in soil?

The protocol for isolation, using the extinction
dilution as the ¢rst step, ensures that the isolates
obtained will be dominated by species that occur in

Fig. 5. Plot of inverse values of the ammonia oxidation rate by
strain B6 (V31) against inverse values of the NH3 concentration
(S31). The points are values for each separate £ask, used to esti-
mate the Ks by regression (Table 2).

Fig. 6. Rate of ammonia oxidation (6^12-h incubation increment)
as a function of the temperature, presented as single £ask values
and the ¢tted `square root model' [25].
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relatively high numbers among the culturable cells in
soil. Culturability is an operational criterion, how-
ever, de¢ned by the medium and growth conditions.
The tendency of Nitrosomona species to form cell
clusters which are di¤cult to disperse [29] is possibly
a bias against this group. The low rate of success
when purifying newly isolated strains of AOB is yet
another source of bias. What if some cultures are
more easy to purify than others? There are two ob-
vious reasons for such a selectivity in the puri¢cation
procedure. Firstly, surface properties which result in
strong adhesion to surfaces and heterotrophic organ-
isms will make puri¢cation extremely di¤cult, hence
the puri¢cation selects against such properties. Sec-
ondly, there will be a selection against large cells,
since such organisms will produce a lower number
of cells per mol of NH3 oxidized (i.e. they are more
likely to be outnumbered by the heterotrophic or-
ganisms, hence not successfully isolated).

On this background, the successful isolation of

Nitrosospiras in this study does not prove that this
type is dominating in the environments they were
isolated from, but it seems reasonable to conclude
that the numbers of Nitrosospiras in these environ-
ments are not negligible compared to other cultura-
ble ammonia-oxidizing species. On the other hand,
the predominance of Nitrosomonas in enrichment
cultures from soils, determined by selective PCR on
DNA extract from such enrichments [30], proves the
ubiquity of this group of ammonia oxidizers as well.
The predominance of Nitrosomonas in enrichment
cultures is probably attributable to their relatively
rapid growth compared to Nitrosospiras.

Nitrosospira has often been isolated from acid soils
[11^14,31] and for this reason, it has been suggested
that a low pH selects for Nitrosospira. Urease activ-
ity is one trait that could support growth of Nitro-
sospiras under acid conditions [14]. Extreme acid tol-
erance (pH = 4) of a speci¢c strain of Nitrosospira
[32] is another observation that supports the notion
that a low pH selects for Nitrosospiras. However,
Nitrosospiras are apparently not con¢ned to acid
conditions, as judged from their isolation from
more alkaline environments such as lake sediments
[33,34]. The ubiquity of Nitrosospiras in other envi-
ronments than acid soils has also been demonstrated
by analyzing total DNA extract from lake water

Fig. 7. Analysis of apparent activation energy for the rate-limit-
ing reaction. The natural logarithm of the ammonia oxidation
rate (ln (V)) plotted against the inverse of the temperature (T31,
K31), single £ask values and linear regression lines for each cul-
ture (dotted lines: L115 and AF). The correlation coe¤cients
and the estimated apparent activation energy (based on the slope
of the regression line) are shown in Table 2.

Fig. 8. Calculated speci¢c rates of urea hydrolysis (`urease') and
ammonia oxidation (`AMO') and the ratio between the two reac-
tion rates (`urease/AMO') during the early phase of growth of
40Kl on urea. Single £ask values for each of the ¢rst three time
increments (24^48 h, 48^96 h and 96^144 h) are shown, straight
lines are drawn between average values for each time increment.
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samples and sediments, using PCR with primers that
are speci¢c for the Nitrosospira and Nitrosomonas
group [35]. Our isolation of Nitrosospiras both
from acid (AF and L115) and neutral (40Kl and
B6) environments is yet another indication that this
genus is a very ubiquitous AOB.

4.2. Are the vibrioid cultures pure?

The peculiar variable/vibrioid morphology of L115
and AF is congruent with the clustering based on
16S rDNA sequencing [8,9], which placed these
strains in a group containing strains previously be-
longing to Nitrosovibrio. The change in morphology
which was observed in AF and L115 could be sus-
pected to be due to the presence of two genotypes.
However, this does not seem likely, since there was a
complete homology of the 16S rDNA sequences be-
fore and after the morphological change (Uta®ker,
unpublished). The purity has later been con¢rmed
by analyzing their RFLP patterns [36].

4.3. Activity as a function of pH: a function of the
NH3 concentration

The fact that nitri¢cation commonly occurs in soil
with pH values far below the limits for laboratory
grown pure cultures has inspired to search for `acid-
ophilic nitri¢ers' [13]. Urease positive Nitrosospiras

have been isolated from acid soils [37] and if urea
is present, this might contribute to their acid toler-
ance [38]. Further, a strain of Nitrosospira was
shown to be able to remain active even at pH levels
down to 4.0, if allowed to adapt gradually during
growth [32]. None of the cultures in the present
study proved to be particularly acid tolerant,
although AF was able to maintain a low activity
and growth at pH 5. The discrimination between
the speci¢c ammonia oxidation rate per cell (at the
onset of the pH exposure) and growth revealed that
the speci¢c oxidation rate responded similarly for all
the cultures and could largely be described by the
steady state enzyme kinetic response to substrate
concentrations (i.e. NH3). The calculated half satu-
ration constants (Ks = 6^11 WM NH3) were consider-
ably lower than the range of values (18^58 WM) cal-
culated by Suzuki et al. [39] for N. europaea.
Knowles et al. [40] measured Ks values for mixed
cultures of indigenous estuarine nitrifying bacteria
at di¡erent temperatures. They estimated the Ks to
be around 70 WM NH3 for experiments around room
temperature. Stehr et al. [41] based their calculated
substrate a¤nities for Nitrosomonas species on the
sum of NH�4 and NH3 in a medium of pH = 7.8
and found extremely high values for N. europaea
isolated from brackish water (420 WM). However, if
estimated for NH3 (which is only around 3.5% of the
total NH�4 +NH3 at pH = 7.8), the Ks is only 12 WM
NH3, which is comparable to the values for our Ni-
trosospiras.

4.4. Growth as a function of pH is a more complex
matter

In contrast to the oxidation rate at time zero, for
which there were only minor di¡erences between the
cultures, the calculated growth rate as a function of
pH revealed profound strain di¡erences. Strain 40Kl
was particularly sensitive to low pH values, whereas
AF represents the other extreme in tolerating pH
values down to 5. The acid tolerance re£ects the
pH value of the environment from which the strains
were isolated: 40Kl was isolated from neutral (limed)
clay loam soil, whereas AF and L115 were isolated
from acid soils. This suggests that acid soils exert a
selection pressure favoring acid tolerance among the
ammonia oxidizers. The evolved acid tolerance (in

Fig. 9. Depletion of urea in a heavily inoculated suspension of
L115 in the presence of acetylene (to inhibit growth and de novo
enzyme synthesis). The curve shows the predicted depletion
curve, assuming Michaelis-Menten kinetics and a Km value of
670 WM (estimated by regression).
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AF and L115) is not due to an improved ability to
capture substrate (NH3) at low pH values, however,
as judged from the similarity in half saturation con-
stants (Table 2). Similarly, the lack of acid tolerance
for 40Kl is hardly due to a poor ability to capture
substrate (NH3) at a low pH. The increased acid
tolerance of AF and L115 seems to involve an im-
proved tolerance to H� concentrations as such or to
the pH-dependent toxicity of nitrite, although the
nitrite concentrations were practically zero at the
start of the pH experiment due to the ¢lter harvest-
ing of the cells for inoculum.

The negative e¡ect of the moderately high pH val-
ues contrasts with N. europaea, which is able to grow
at pH values at least as high as 8.5^9.0 [39]. The
sensitivity to pH values of 8.5 has practical conse-
quences for the maintenance of cultures, if bu¡ered
by adding carbonate solutions during cultivation. A
slight over-shoot in pH easily occurs and if this ex-
ceeds 8.0^8.5, three of the four tested strains (40Kl,
AF and B6) would probably die. Loss of cultures has
been encountered from time to time in our lab (Aî got
Aakra, Janne Uta®ker, Lars Bakken, Qing Qiao
Jiang, personal confessions) and one possible reason
may be too high pH values in the medium.

4.5. Temperature models

The calculated activities per cell in the temperature
experiment (Fig. 6) were much lower than those cal-
culated in the growth experiment (Table 1). One rea-
son for this might be an overestimation of the num-
ber of active cells in the temperature experiment,
since the calculated activity per cell for this experi-
ment was based on a total microscopical count of the
inoculum. If the inoculum contains inactive cells, the
calculated speci¢c activity will be underestimated ac-
cordingly. Such errors are less important in the
growth experiment due to growth of active cells
(hence active cells will outnumber the inactive ones
after a few generations). Another factor might be
that the cultures were incubated stationary in the
temperature experiment, whereas the other experi-
ments were conducted with shaking.

The square root model by Ratkowsky et al. [26]
proved to give a fairly adequate representation of the
response over the entire temperature range for each
organism. The simplicity of the model and its ad-

equacy in describing the response over the entire
temperature range has been one rationale for using
this model [42^44]. The graphical presentation of the
data and the model (Fig. 6) give a strong impression
of a major di¡erence between the African strain
(AF) and the three others with respect to the optimal
temperature (31^33 versus 26^29³C, respectively) as
well as to the activity at low temperatures (AF lower
than the others). The di¡erence between the African
strain and the Nordic ones probably re£ects a selec-
tive pressure by the climate, favoring higher opti-
mum and maximum temperatures in tropical areas.
This has also been demonstrated by analyzing the
temperature response of whole nitrifying commun-
ities of soils from di¡erent climatic regions [45].
The optimum temperatures of the strains from the
Nordic soils (40Kl and L115) are similar to that for
another Nitrosospira strain isolated from Finish for-
est soil [15].

The disadvantage of the square root model is that
the parameters do not have any mechanistic meaning
(hence not reported here). A more analytical ap-
proach was to plot the exponential values of the
activities against the inverse of the absolute temper-
ature, which would yield a straight line provided that
the reaction rate (ammonia oxidation to nitrite) is
limited by a single enzyme reaction (and that the
conformation of this key enzyme is unaltered by
the temperature). Fairly linear relationships were ob-
tained for the temperature range 3^21³C, as shown
in Fig. 7 (and demonstrated more quantitatively by
the high correlation coe¤cients in Table 2). The cal-
culated apparent activation energies (Ea) are surpris-
ingly high and major di¡erences between the strains
were revealed. The two strains designated to the `vi-
brioid' group based on morphology (Figs. 1 and 2)
and the 16S rDNA sequences [8] had very high ap-
parent activation energies (Ea = 129 and 149 kJ
mol31) compared to the two other strains (Ea = 78
and 79 kJ mol31). There is evidently a di¡erence
between the two pairs of strains, which could either
be due to a di¡erence in a common rate-limiting
enzyme or due to the fact that di¡erent enzymes
are rate-limiting in AF and L115 versus 40Kl and
B6.

Our Ea values are high compared to those esti-
mated by the temperature response of growth of Ni-
trosomonas [46] and indigenous assemblages of es-
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tuarine nitri¢ers [40]. Knowles et al. [40] did not
calculate Ea values, but reported the response as ex-
ponential functions of temperature. Approximate
calculations based on their data yield Ea values
around 30 kJ mol31. Painter [46] reports several
highly variable experimental results with Nitrosomo-
nas which appear to be in some agreement with the
responses found by Knowles et al. [40]. One should
be aware, however, that the temperature response of
growth may be di¡erent from that of metabolic ac-
tivity per cell over short intervals as measured in our
temperature experiment, since growth and metabolic
activity may not be limited by the same reaction(s).

4.6. Congruence between phylogeny and
characteristics of the cells

There appears to be some agreement between the
morphological and physiological characteristics and
the phylogeny of the bacteria. A phylogenetic tree
based on the 16S rDNA sequences of the strains in
question [8] placed the vibrioid-like strains AF and
L115 in a monophyletic group (I) together with Ni-
trosovibrio species and Nitrosolobus multiformis and
the strains with a more stable spiralled morphology
(40Kl, B6, III2 and III7) were placed in another
group (II) containing only Nitrosospiras. We will
use the term Nitrosospira type I to denote the vi-
brioid strains (AF and L115) and Nitrosospira type
II to denote the strains with the more stable Nitro-
sospira morphology. Common characteristics for the
two type I strains (AF and L115) are their high ac-
tivation energy and their ability to grow at low pH.
The activation energy is presumably re£ecting prop-
erties of the AMO enzyme, since this is the rate-lim-
iting reaction (as demonstrated by the substrate re-
sponse in the pH experiment). Clustering based on
sequencing of a part (525 bp) of the AMO genes (85^
98% similarity) was congruent with that based on the
16S rDNA (Uta®ker, unpublished).

4.7. Urease investigations

The transient accumulation of ammonium during
growth on urea suggested that urease activity was
not directly coupled to oxidation of ammonia. The
calculated rates of urea hydrolysis and ammonia ox-
idation for each time increment (Fig. 8) demon-

strated that the ratio between the two process ratios
was remarkably constant through the initial part of
the growth period (when urea was present in ample
amounts). This ratio, which is an approximate esti-
mate of the relative amount of urease activity and
ammonia oxidation activity in the active cells,
showed clear di¡erences between strains. These dif-
ferences were not related to the origin of the isolates
(acid or neutral soil) or their phylogenetic position
(Nitrosospira type I versus type II), however.

The calculated rates of urea hydrolysis and ammo-
nia oxidation for the early growth phase of 40Kl
(Fig. 8) suggested an increasing activity of both en-
zymes per cell. This may be due to the presence of
inactive cells in the inoculum, but may also re£ect an
increasing cell size during the incubation. Nitrosospi-
ras have a variable number of coils per `single cell' as
counted microscopically and a gradual change from
1 to 2 coils per cell may easily be overlooked during
£uorescence counting as done in this experiment.

The subsequent experiment with L115 strongly
suggests that urease is constitutive and that the ac-
tivity is not dependent on the energy status nor the
integrity of the cells (thus no active transport is in-
volved). These conclusions are founded on the fol-
lowing observations: acetylene e¤ciently inhibited
the ammonia oxidation, hence prevented any de
novo synthesis of enzymes. This inhibition did not
a¡ect urease activity, however, which proceeded at a
fairly constant rate for 3 days. The lack of detectable
urease in the cell-free culture £uid suggests that ure-
ase is tightly bound to the cells and/or unable to
function outside the cell.

The fact that acetylene inhibited de novo enzyme
synthesis but not the activity of the urease was ex-
ploited to estimate the half saturation constant (Km)
for the urease enzyme in a second experiment. The
high inoculum density and the low initial urea con-
centration ensured a near depletion of the urea, al-
lowing for the half substrate saturation constant
(Km) to be estimated by a linearized form of the
Michaelis-Menten function. The estimated Km of
670 WM is in the lower range of Km values for ure-
ases in other bacteria (ranging from 0.1 to s 100
mM [47^54]), but it is tremendously high compared
to other substrate capturing enzymes in bacteria
(normally in the 0.1^1-WM range, [55]). It is also
very high compared to ambient bulk concentrations
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of urea in soil, which are in the 1^10-WM range
(Pedersen H, Ph.D. Thesis 1995, Aarhus University,
Denmark). If confronted with such low concentra-
tions, the urease of L115 is of little use, given its
Km of 670 WM. The bulk concentration of urea
may be misleading, however, since urea may hypo-
thetically accumulate transiently in hot spots created
by the soil fauna (faeces or dead organisms).
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