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Abstract 

The competition for limiting amounts of ammonium between the chemolithotrophic ammonium-oxidizing species 
Nitrosomonas europaea, the heterotrophic species Arthrobacter globiformis and roots of Plantago lanceolata 
(Ribwort plantain) was studied in a series of model systems of increasing complexity, i.e. energy-limited continuous 
cultures, non-water-saturated continuously percolated soil columns and pots with "7-sterilized soil planted with 
axenic P. lanceolata seedlings. The effects of bacterial grazing by the flagellate species Adriamonas peritocrescens 
on the competition for ammonium were also investigated in the three model systems. 

It was found that N. europaea was a weaker competitor for ammonium than either A. globiformis or plant roots of 
P. lanceolata. It is assumed that the heterotrophic bacteria have a higher affinity for ammonium than the nitrifying 
bacteria, whereas growing plant roots have a greater capacity to exploit the soil for ammonium than the immobile 
nitrifying bacteria. It is not very likely that allelochemicals were involved in suppressing the nitrification process. 
Four reasons are given for this assumption. 

Presence of the flagellates strongly stimulated the potential nitrification rate in all model systems. It is assumed 
that there is a more even distribution over the soil of either nitrifying bacteria or their substrate ammonium in 
the presence of flagellates. In addition to the distribution effect, there is a stimulation of the potential ammonium 
oxidation rate. The results are discussed in the light of the function of nitrate as nitrogen sink in the biogeochemical 
nitrogen cycle. 

Introduction 

In the rhizosphere, plant roots and nitrifying 
and heterotrophic bacteria compete for ammoni- 
um that becomes available in the N-mineralization- 
immobilization turnover process or from fertilizer. 
This competition has been studied previously by oth- 
ers, but their results were not conclusive (Jansson, 
1958; Riha et al., 1986; Rosswall, 1982; Zak et al., 
1990). Jansson (1958) considered plant roots as the 
weakest competitors for ammonium and placed their 
ability compared with other organisms in soil in the 
following order: heterotrophic microflora > nitrify- 
ing bacteria > higher plants. He based his findings 

on planted pot experiments, in which heterotrophic 
bacteria with an excess of added organic carbon com- 
pletely immobilized the mineral nitrogen. An argument 
opposing Janssons view is that plant roots are known 
to interfere with the N-mineralization-immobilization 
turnover in the soil by the exudation of carbon. Ross- 
wall (1982) measured Kin-values of 14, 20 to 271 and 
571 to 1286/zM for ammonium uptake by heterotroph- 
ic bacteria, roots and nitrifying bacteria, respective- 
ly. He concluded that the nitrifying bacteria were the 
weakest competitors for ammonium. Also in other 
studies, heterotrophic bacteria were found to be bet- 
ter competitors for the available ammonium than the 
nitrifying bacteria (Riha et al., 1986). In line with the 
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results of Rosswall (1982) and Riha et al. (1986) are 
the observations of many authors that in unfertilized 
soils under a permanent cover of plants (e.g. grasslands 
and forests), the soil generally does not contain nitrate, 
numbers of nitrifying bacteria are low and plants do not 
contain nitrate or the inducible enzyme nitrate reduc- 
tase (e.g. Moore and Waid, 1971; Purchase, 1974; 
Rice, 1982; Richardson, 1938; Theron, 1951, 1963; 
Woldendorp, 1963). However, it can be questioned 
whether the Kin-values measured in homogeneously 
mixed culture solutions by Rosswall, apply to the soil 
where diffusion and mass flow (in the case of roots) are 
the operating forces. Differences in critical concentra- 
tions, below which no substrate can be taken up, are 
possibly more important. 

The exudation of toxic compounds by plants was 
proposed as an alternative theory to explain the sup- 
pression of the nitrification process in the vicinity of 
roots (Basaraba, 1964; Moore and Waid, 1971; Munro, 
1966; Rice and Pancholy, 1972; Theron, 1951). These 
so-called allelochemicals like (poly-)phenols and ter- 
penes would be produced particularly by plant species 
from climax vegetations. It has been shown in labo- 
ratory studies that these compounds indeed may exert 
a toxic effect on the nitrification process. However, 
under field conditions, the accumulation of allelopath- 
ic compounds to levels toxic to nitrifying organisms 
has not been conclusively demonstrated. Moreover, 
ammonium oxidation by chemolithotrophic bacteria 
was not significantly retarded by the addition of phe- 
nols in concentrations that exceeded their concentra- 
tion in soil (McCarty et al., 1991). 

To obtain more insight in the competition for 
ammonium between plant roots and heterotrophic and 
nitrifying bacteria, a series of model experiments of 
increasing complexity was carried out involving rep- 
resentative species of each functional group. Proto- 
zoa were also included in the experiments, as these 
organisms have a stimulating effect on the nitrification 
process, e.g. by increased mineralization of organic 
nitrogen (Clarholm, 1985; Elliot et al., 1979; Kuik- 
man and van Veen, 1989) or by excretion of growth 
factors (Griffiths, 1989). Of the species used, Nitro- 
somonas europaea and Nitrobacter winogradskyi are 
commonly observed nitrifying bacteria in the rhi- 
zosphere of Plantago lanceolata, whereas the het- 
erotrophic species Arthrobacter globiformis and the 
novel flagellate species Adriamonas peritocrescens 
(Verhagen et al., 1994b) were isolated from the root 
zone of this plant species (Verhagen and Laanbroek, 
1992). The experiments were carried out in continu- 

ous cultures, non-water-saturated soil columns and in 
pots with plants. 

Materials and methods 

Continuous culture experiments 

Actively nitrifying cells of N. europaea were grown 
chemolithotrophically in chemostats in combination 
with N. winogradskyi at two dilution rates (0.004 
and 0.01 h - t )  with controlled pH and oxygen lev- 
els (for experimental details, see Verhagen and Laan- 
broek, 1991). N. winogradskyi was added to remove 
nitrite produced by N. europaea, by oxidizing it to 
nitrate. The chemostat was started batchwise with 2 
mM ammonium in the inlet medium. Then the medi- 
um pumps were started and a steady state was await- 
ed. The composition of the medium was (per liter): 
(NH4)2SO4, 0.132 g; K2HPO4, 0.104 g; KH2PO4, 19 
rag; MgSOa.7H20, 40 mg; CaC12, 20 mg, NaC1, 0.5 g; 
and trace element solution, 1 mL. The composition of 
the trace element solution was (per liter): FeC 12.4H20, 
2.0 g; Na2-EDTA (Titriplex III), 4.3 g; MnC12.4H20, 
0.1 g; COC12.6H20, 24 mg; NiC12.6H20, 24 mg; 
CuC12.2H20, 17 mg; ZnC12, 68 mg; Na2WO4.2H20, 
33 mg; Na2MoO4, 24 mg; and HaBO3, 62 mg. After a 
steady state situation was reached, a pure culture of A. 
globiformis was added and the inlet medium was sup- 
plemented with 1 mM glucose, whereas the ammonium 
concentration remained 2 mM during the experiment. 
After a new steady was reached, new medium with 2 
mM glucose was introduced and subsequently the glu- 
cose concentration in the inlet medium was increased 
stepwise to 5 mM glucose. Steady state situations in 
the chemostats were detected chemically and micro- 
biologically. Steady state situations in the chemostats 
were assumed in case of A. constant concentrations 
of NH +, NO/ ,  NO/  and glucose over a time period 
of more than two weeks; and B. constant numbers of 
nitrifying bacteria, heterotrophic bacteria and flagel- 
lates over a time period of more than two weeks. In the 
present chemostat experiments, steady state situations 
were reached after 7.5 and 3 weeks for the dilution 
rates of 0.004 and 0.01 h - l ,  respectively. The whole 
experiments in chemostats, taking 14 and 6 months 
each for D = 0.004 and 0.01 h -1, respectively, were 
performed once. However, all determinations and bac- 
terial counts on steady state situations were performed 
in triplicate. 



In a second experiment, the flagellate species 
monoxenically growing on A. globiformis, was added 
to the cultures after a steady state situation with 1 
mM glucose was reached (Verhagen and Laanbroek, 
1992). Glucose concentrations were again increased 
stepwise. At every steady state, samples were taken 
to determine amrnonium, nitrite, nitrate, glucose, total 
and dissolved organic carbon concentrations and pH. 
The numbers of nitrifying and heterotrophic bacteria 
were determined by Fluorescent Antibody (FA) counts 
and numbers of flagellates by Most Probable Number 
(MPN) and direct counts using a counting chamber. 
Medium reservoirs were sampled for determination 
of ammonium, glucose and pH. Enumerations of het- 
erotrophic bacteria by Plate Counting on a rich agar 
medium were also used as tests for purity of the mixed 
cultures. For experimental details, see Verhagen and 
Laanbroek (1991, 1992). 

Fluorescent antibody enumerations 
Nitrifying and heterotrophic bacteria were stained 
on black polycarbonate membrane filters (pore size 
0.2 /lm) (Nuclepore Corp., Pleasanton, California, 
U.S.A.), using antiserum prepared from blood from an 
immunized New Zealand rabbit and goat-anti-rabbit 
antiserum, which was labeled with the green fluores- 
cent label FITC (fluorescein isothiocyanate) (Sigma 
Chemie, Axel, The Netherlands). 

Most probable number enumerations 
For the enumerations of flagellates, A. globiformis 
was used as the food bacterium. Samples taken from 
the culture vessels were diluted fourfold in microtiter 
plates (tissue culture cluster, 24 wells)(Costar, Cam- 
bridge, UK) containing 0.75 mL of a dense pure cul- 
ture of A. globiformis. Twelve replicates were made 
per dilution. After incubation for 12 days at 20°C, 
wells were tested for flagellate growth using an invert- 
ed microscope. Numbers of flagellates were obtained 
from statistical tables that were generated by a com- 
puter program. 

Soil column experiments 

In a second series of experiments, nutrient media 
were added continuously to a series of "/-sterilized 
soil columns, which were inoculated with the same 
pure cultures as in the continuous culture experiments. 
Soil was collected in a grassland near Brummen, The 
Netherlands (0-30 cm). The sieved (2 mm), mixed soil 
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contained 21% coarse sand, 70 % fine sand, 4 % silt, 
and 5 % clay. The pHs of H20- and KCl-extracts were 
7.8 and 7.4, respectively. The CaCO3 content was 4.2 
%. 

The soil columns were percolated with medium 
containing (per liter): (NH4)2SO4, 0.33 g; KH2PO4, 
0.1 g; MgSO4.7H20, 40 mg; CaC12, 20 mg; NaC1, 
0.5 g; trace element solution, 1 mL (composition see 
above); and glucose.H20, 0.40, 0.79, 1.19, 1.59, 1.98, 
or 2.38 g. The final pH after sterilization was 7.5. The 
dilution rate was 0.007 h-1 based on liquid volumes 
of the soil. A water column of 1 m maintained a soil 
moisture content of 24 %, which was 60 % of the water 
holding capacity of this soil. 

Samples of the percolates of the soil columns were 
taken three times per week to determine ammonium, 
nitrite, nitrate, glucose and pH. After 10-13 weeks of 
percolation, the soil columns were harvested. At har- 
vesting, dissolved oxygen concentrations were mea- 
sured in the uppermost 4 cm and at a depth of 7 cm 
of one soil column, which was percolated with medi- 
um containing 5 mM ammonium and 10 mM glucose. 
At harvesting, each column was divided into three 
parts: layer A, 0-3 cm; layer B, 3-6 cm; layer R, 6-15 
cm. In each layer, numbers of nitrifying bacteria were 
determined by FA counts (see above). In addition, the 
potential ammonium- and nitrite-oxidizing activities 
were determined. Numbers of heterotrophic bacteria 
were determined by FA counts (see above) and those 
of flagellates by MPN counts (see above). Soil mineral 
nitrogen concentrations and pH were determined in 1 M 
KC1- (1:5) and in water-extracts (1:2.5), respectively. 
Soil organic matter contents were also determined (see 
below). Samples of the medium reservoirs were taken 
to determine pH and concentrations of ammonium and 
glucose. For experimental details, see Verhagen et al. 
(1992, 1993). The whole soil column experiments, tak- 
ing 10 months each, were conducted once. However, 
all determinations and bacterial counts were performed 
in triplicate. 

Potential nitrifying activity 
Potential nitrifying activities were determined in dupli- 
cate. Samples (10.0 g) of well-mixed soil were mixed 
with 50 mg of CaCO3 and 25 mL medium contain- 
ing (per liter): (NH4)2SO4, 0.33 g; K2HPO4, 139 mg; 
and KH2PO4, 27 mg. The pH of the medium was 7.5. 
No inhibitors were applied. The mixtures were incu- 
bated at 25°C and stirred at 150 rpm. The formation 
of nitrite and nitrate was followed for 6 hours. Sam- 
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pies (1 mL) were taken every hour to determine the 
nitrite and nitrate concentrations. After centrifugation 
of a sample at 15,000 × g in a Biofuge A table cen- 
trifuge for 5 rain., 0.50 mL of the clear supernatant was 
mixed with 0.50 mL of a 2 M KC1 solution. Samples 
were stored at 4°C and analyzed within 1 day. Potential 
ammonium-oxidizing activities were calculated from 
the sum of the amounts of nitrite and nitrate formed. 
The rates of nitrite and nitrate formation were calcu- 
lated by linear regression. Potential nitrite-oxidizing 
activities could be calculated from the formation of 
nitrate only when accumulation of nitrite appeared. 

Soil organic matter content 
The organic matter contents of the soil were determined 
by the analysis of weight losses after heating samples of 
5.00 g of dry soil at 550°C for 4 hours. Determinations 
were done in duplicate. 

Pot experiments with plants 

The interactions between the various groups of organ- 
isms were studied in pots with "y-sterilized soil with or 
without axenic P. lanceolata plants that were fertilized 
or not. The soil used in this experiment was identical 
to the soil used in the soil column experiments. 

To obtain sterile seedlings, 1 year-old seeds of P. 
lanceolata (hayfield type) were scoured with 96 % 
(v/v) ethanol for 1 minute and thereupon they were 
treated with 1 %  (w/v) sodium hypochlorite solution 
for 10 minutes. The seeds were thoroughly rinsed 
with sterile water and to check for bacterial infections, 
they were placed on an agar medium containing (per 
liter): "Lab-Lemco" broth (Oxoid Ltd., Basingstoke, 
England), 1.0 g; yeast extract (Difco Laboratories, 
Detroit, U.S.A.), 2.0 g; tryptose (Oxoid), 5.0 g and 
glucose.H20, 1.0 g. The final pH of the agar medium 
was 7.5. Seeds were examined and turned after 2 days 
and after another 2 days, they were transferred to a 
malt agar medium to check for fungal infections. The 
malt agar medium contained (per liter): malt extract 
(Oxoid), 8.0 g and mycological peptone (Oxoid), 3.0 g. 
Seeds were examined and turned after 2 days and non- 
infected seeds were transferred after another 2 days to 
water agar medium in order to germinate. Test agar 
plates for bacterial and fungal infections were incubat- 
ed for another 2 weeks at 20°C to confirm sterility. 

Half the planted and unplanted pots both with and 
without flagellates were fertilized weekly. In the first 
week, fertilization was (mg per pot): (NHa)H2PO4, 
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Fig. 1. Steady state concentrations of nitrate in continuous cultures 
containing N. europaea, N. winogradskyi and A. globiformis, in the 
presence (drawn lines) and absence (broken lines) of the flagellate 
Adriamonas peritocrescens, with increasing glucose concentrations 
in the inlet medium at dilution rates of 0.004 (A) and 0.01 (B) h -  1. 

2.66; (NH4)2SO4, 5.35; KC1, 5.18 and MgSO4.7H20, 
2.85. Amounts of nutrients were increased weekly by 
a factor of 1.37. In total 320 mg N was given to each 
fertilized pot. A trace element solution (composition 
see above) was added to the nutrient solution every 2 
weeks. 

Pots with or without plants were harvested after 
14 weeks. When a plant was harvested, the soil was 
removed from the roots and fresh and dry weights of 
roots and shoots were determined. In addition, total and 
mineral nitrogen concentrations in the dried ground 
plant material were measured. Soil from each pot 
was mixed well. Numbers of ammonium- and nitrite- 
oxidizing bacteria and of flagellates were determined 
by FA and MPN counts, respectively. In addition, 
the potential ammonium- and nitrite-oxidizing activ- 
ities were determined by incubation of soil suspen- 
sions under optimal conditions (see above). Numbers 
of heterotrophic bacteria were established using spe- 
cific antibody fluorescence microscopy. Soil mineral 
nitrogen concentrations and pH were determined in 1 
M KCl-extracts (1:5) and in water-suspensions (1:2.5), 
respectively. Soil organic matter contents were deter- 
mined by analysis of weight losses after heating dry 
soil at 550°C for 4 hours. For experimental details, see 
Verhagen et al. (1994a). 

Results 

Continuous culture experiments 

The nitrate concentration decreased at increasing glu- 
cose concentrations and above a certain glucose con- 
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Table 1. Specific potential activities ofN. europaea cells grown in the presence 
of N. winogradskyi and A. globiformis, and in the absence ( -F)  and presence 
(+F) of the flagellate species A. peritocrescens, in the three layers of the soil 
columns after percolation for 13 weeks with media containing 5 mM ammonium 
and different concentrations of glucose at a dilution rate of 0.007 per hour based 
on liquid volumes. Cells were enumerated with a Fluorescent Antibody (FA) tech- 
nique and activities were determined by potential ammonium-oxidizing activity 
measurements 

Specific potential activity (pmol NH + cell- 1 h -  1 ) 

layer A layer B layer R 
Glucose in reservoir 

(rnM) - F  +F - F  +F - F  +F 

0 0.30 2.31 0.63 3.83 1.39 4.47 
2 0.43 2,11 0.73 4.86 1.43 3.88 

4 0.28 1.93 0.51 3.97 1.37 4.55 
6 0.18 1.27 0.37 3.38 1.32 2.80 
8 0.06 1.65 0.25 3.61 1.44 3.10 

10 0.01 1.70 0.28 5.49 1.02 1.89 
12 0 2.76 0.60 8.87 1.24 5.47 

Layer A: 0-3 cm from top; layer B: 3-6 cm from top; layer R: 6-15 cm 
from top. 

Table 2. Ammonium concentrations in the three layers of the soil 
columns containing N, europaea, N, winogradskyi and A. globiformis 
in the absence ( -F)  and presence (+F) of the flagellate A. peritocrescens, 
after percolation for 13 weeks with media containing 5 mM ammonium 
and different concentrations of glucose at a dilution rate of 0.007 per hour 
based on liquid volumes 

[NH + ] (/~g N g - i  dry soil) 

layer A layer B layer R 

Glucose in rese~oir 
(mM) - F  +F - F  +F - F  +F  

0 171 146 46 89 26 56 

2 142 107 12 69 8 53 

4 194 110 6 73 12 59 

6 218 114 11 74 22 63 
8 219 106 70 76 29 59 

10 230 93 41 67 17 46 

12 228 75 4 52 5 36 

Layer A: 0-3 cm from top; layer B: 3-6 cm from top; layer 
R: 6--15 cm from top. 

cen t r a t i on  no  n i t ra te  was  f o u n d  (Fig. 1). It was  con-  

c l u d e d  tha t  b e l o w  th is  cr i t ical  g lucose  concen t r a t i on  

the  h e t e r o t r o p h i c  bac t e r i a  were  c a r b o n  l imi t ed  and  N. 

europaea was l imi t ed  by  a m m o n i u m .  U n d e r  these  

c o n d i t i o n s  b o t h  species ,  each  l imi ted  by  a differ- 

en t  subs t ra te ,  cou ld  coex is t  in  a s teady state  s i tua-  

t ion  ( L a a n b r o e k  et al., 1979).  However ,  w i th  increas-  

ing  g lucose  c o n c e n t r a t i o n s  and  c o n c o m i t a n t l y  g r o w i n g  

d e m a n d s  for  a m m o n i u m  by  the  h e t e r o t r o p h i c  bacte-  

ria, N. europaea los t  the  c o m p e t i t i o n  for  a m m o n i u m  

as b e c o m e s  appa ren t  f rom the  d e c r e a s i n g  n i t ra te  con-  

cent ra t ion .  A b o v e  the  cr i t ical  g lucose  concen t r a t i on ,  

a m m o n i u m  also l imi ted  the  g r o w t h  o f  the  Arthrobac-  

ter species  and  no  subs t ra te  was  ava i l ab l e  for  N, 
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Table 3. Mineral nitrogen concentrations in pots with sterilized soil containing 
N. europaea andN. winogradski, after incubation for 15 weeks at 20/15 °C for 
14/10 h per day. The soil moisture content was 24% (60% WHC) and the light 
intensity 236/~E s -1 m -2  

NH + NO 2 NO 3 Total mineral N 

Treatment (/~g N g -  I) (#g N g -  i) (/ag N g -  I ) (/~g N g -  I) 

- -  75.6c* 0.3a 56.3b 132.2b 

G 48.6b 0.7a 75.9c 125.2b 

F 366.5e 0.3a 85.4d 452.2c 

GF 311.5d 0.6a 142.8e 454.9c 

P 0.8a 0 0.3a l . l a  

PG 0.7a 0 0.2a 0.9a 

PF 1.4a 0 0.3a 1.7a 

PGF 1.0a 0 0.3a 1.3a 

G = grazers (flagellates); F = fertilizer (NH+); P = 
Concentrations are expressed in/~g N g - :  dry soil. 
Values are means of 5 replicate experiments. 
• Values within each column followed by a different 
different (p < 0.05) according to Tukey's test. 

plant (P./anceo/ata). 

letter are significantly 

Table 4. Numbers and potential ammonium-oxidizing activities ofN. europaea added 
to pots with sterilized soil, in the presence of N. winogradskyi after incubation for 15 
weeks at 20/15 °C for 14410 h per day. The soil moisture content was 24% (60% WHC) 
and the light intensity 236 #E s -1 m -2 

Numbers ofN. europaea Activities ofN. europaea 

Treatment (x  106 g -  1 dry soil) (/~mol NH + h -  1 g -  1 dry soil) 

- -  88b* 132b 

G 175b 189c 

F 249b 180c 

GF 334b 325d 

P 6.2a 3.3a 

PG 1.0a 0.8a 

PF 0.9a 0.4a 

PGF 1.5a 0 

G = grazers (flagellates); F = fertilizer (NH+); P = plant (P. lanceolata). 
Numbers of N. europaea were determined by Fluorescent Antibody (FA) counts, 
Values are means of 5 replicates. 
• Values within each column followed by a different letter are significantly different 
(p < 0.05) according to Tukey's test. 

europaea. These conclusions could be confirmed by 
bacterial counts, i. e. Fluorescent Antibody counts of 
N. europaea (Fig. 2) and A. globiformis (Fig. 3). The 
critical glucose concentration was higher at the lower 
dilution rate of 0.004 h -1, which was assumed to be 
due to the fact that proportionally more glucose was 

used by the heterotrophs for maintenance at the lower 
dilution rate. There was no significant effect of grazing 
by the flagellate on nitrate concentrations and the crit- 
ical glucose concentrations. Apparently, there was no 
increased mineralization ofA. globiformis to ammoni- 
um by the grazing activities of the flagellates. Taking 
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Fig. 2. Steady state numbers of N. europaea cells grown in con- 
tinuous cultures in the presence (drawn lines) and absence (broken 
lines) of the flagellate Adriamonas peritocrescens, with increasing 
glucose concentrations in the inlet medium at dilution rates of 0.004 
(A) and 0.01 (B) h -1. Cells were enumerated with a Fluorescent 
Antibody technique (see Materials and methods). 
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Fig. 3. Steady state numbers ofA. globiformis cells grown in con- 
tinuous cultures in the presence (drawn lines) and absence (broken 
lines) of the flagellate Adriamonas peritocrescens, with increasing 
glucose concentrations in the inlet medium at dilution rates of 0.004 
(A) and 0.01 (13) h -1, Cells were enumerated with a Fluorescent 
Antibody technique (see Materials and methods). 

into account that the numbers of A. globiformis were 
reduced by more than 50 per cent by the flagellates, 
this result could only be explained by assuming that a 
large part of the consumed bacteria were not complete- 
ly mineralized to ammonium. 

The protozoa reduced the FA numbers of N. 
europaea to about 5 per cent of those without grazing 
(Fig. 2). Nevertheless, the rate of nitrate production 
was not lowered (Fig. 1). This confirms the results 
of other authors (Belser and Mays, 1982; Berg and 
Rosswall, 1985) that usually the numbers of nitrifying 
bacteria and their activities are not correlated. It could 
be calculated that the growth rate of N. europaea had 
increased considerably in the presence of flagellates 
(Pirt, 1975), even to such a degree that the results can 
only be explained if some growth on the wall of the 
culture vessels is assumed to have taken place. The 
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fact that N. europaea above the critical glucose con- 
centration was not washed out completely also points 
to the occurrence of growth on the vessel walls. 

In conclusion, it was found that in the continuous 
culture experiments N. europaea lost the competition 
for limiting amounts of ammonium from the common 
soil bacterium A. globiformis. The growth rate and the 
rate of ammonium oxidation per cell are stimulated 
by the flagellates by unknown mechanisms. Similar 
results were obtained by Griffiths (1989) in liquid cul- 
tures. He ascribed the stimulating effects of the proto- 
zoa to unknown growth factors. 

Non-water-saturated soil columns 

The percolated soil columns appeared to be a rather 
complex system as, theoretically, a steady state in the 
numbers of A. globiformis was reached only when 
all added glucose was used for maintenance of the 
heterotrophic population that has been built up. In a 
steady state situation such like this, A. globiformis 
does not need additional ammonium. The ammonium 
then becomes completely available to N. europaea. 
N. europaea theoretically will build up a population 
which finally uses all ammonium for maintenance. 
Then, all ammonium in the inlet medium will be con- 
verted quantitatively into nitrate. In the experiments 
described in this section, the intermediate states of 
competition between the populations were studied and 
final steady state situations were not reached. 

In these intermediate states, the nitrate concentra- 
tions in the percolates decreased at increasing glucose 
concentrations in the influent and became zero at the 
highest glucose concentration of 12 mM. Apparent- 
ly, also in the soil columns N. europaea was a weak- 
er competitor for ammonium than A. globiformis, as 
could also be confirmed by the decreasing potential 
nitrifying activities with increasing glucose concentra- 
tions. In the ungrazed columns, the FA numbers of N. 
europaea were hardly lower at increasing glucose con- 
centrations. However, in the three soil layers that were 
analyzed, the potential ammonium-oxidizing activities 
decreased sharply, particularly in the upper layer (Table 
1). In contrast to the continuous cultures, in the grazed 
columns the numbers ofN. europaea hardly decreased 
as glucose concentrations increased, but their potential 
ammonium-oxidizing activities were much higher than 
in the ungrazed columns (Table 1). In the ungrazed as 
well as in the grazed columns, accumulation of inor- 
ganic nitrogen was found. The accumulated nitrogen 
was in the form of ammonium. In the grazed columns, 
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the accumulation of ammonium was lower and the 
ammonium was more evenly distributed over the three 
soil layers (Table 2). 

Because the system was not ammonium-limited, 
the positive effect of the flagellate on the nitrifica- 
tion rate could not be ascribed to an increased N- 
mineralization. The results can be explained by assum- 
ing that there is a spatial separation between the 
ammonium-oxidizing ceils and their substrate ammo- 
nium. The positive effect of the flagellate can be 
ascribed to a more even distribution over the soil of 
either the nitrifying bacteria or their substrate ammo- 
nium. 

Pot experiments with plants 

It appeared that in the unplanted pots the flagellates 
and fertilization with ammonium both stimulated the 
production of nitrate and there was a strong interaction 
between both factors (Table 3). Because in none of the 
treatments without plants the nitrifying bacteria were 
ammonium limited, it was concluded that also in this 
experiment the flagellates stimulated the nitrification 
process. This stimulation was reflected in the numbers 
of N. europaea cells and their potential ammonium- 
oxidizing activities (Table 4). There was no effect of 
the flagellates on the mineralization of organic nitro- 
gen as the total amounts of mineral nitrogen in the 
unplanted pots did not increase. As a similar stimu- 
lating effect on the nitrification process was found by 
the addition of more ammonium to the non- ammoni- 
um limited systems, the results strongly suggest that 
the flagellates improve the contact between nitrifying 
bacteria and ammonium. However, the homogenizing 
effect of the protozoa can not fully explain their pos- 
itive effect on the nitrification process, since a stim- 
ulation of the specific potential ammonium-oxidizing 
activity (expressed per cell) by the flagellates was also 
found in the homogeneously stirred continuous cul- 
tures (see above). Therefore, additional stimulating 
effects of growth substances also need to be consid- 
ered, as has been suggested by Griffiths (1989). 

In the planted soil, no mineral nitrogen was present 
(Table 3) and the numbers of N. europaea and their 
potential activities were severely reduced (Table 4). 
No effects of the flagellates on these parameters were 
found. It is concluded that N. europaea is the weaker 
competitor for limiting amounts of ammonium in the 
competition with plant roots. 

Discussion 

The results showed that N. europaea looses the com- 
petition for ammonium from the heterotrophic species 
A. globiformis as well as from roots of P. lanceolata. 
In the case of the competition between N. europaea 
and A. globiformis, inhibiting bacterial compounds 
suppressing the nitrifying bacteria were probably not 
involved. In separate experiments, it was shown that 
N. europaea is neither inhibited by glucose or by cell- 
free culture filtrates of stationary-phase A. globiformis 
cells. Apparently, the higher affinity for NH~ of A. 
globiformis makes that this organism wins the compe- 
tition for ammonium. 

In the pot experiment, the actual mechanism by 
which plant roots suppressed the numbers and poten- 
tial activities of the nitrifying bacteria (Table 4) could 
not be established. Due to the absence of mineral nitro- 
gen in the pots with plants, it was concluded that the 
system was ammonium limited over the whole period. 
This is confirmed by the fact that the maximum relative 
growth rate of P. lanceolata is 1.85 per week (Freijsen 
and Otten, 1987; Kuiper and Bos, 1992), whereas an 
exponentially increasing ammonium addition rate of 
1.37 per week was applied in the present pot experi- 
ment. One possible explanation is that the inhibition 
of the nitrification process is due to alMochemicals 
originating from the roots of P. lanceolata. Howev- 
er, it is not likely that allelochemicals were involved 
for the following four reasons. Reason 1 was conclud- 
ed from the present experiments, whereas reasons 2,3 
and 4 were described in literature. 1. No inhibition 
of ammonium oxidation was found in the least-diluted 
soil suspensions of the MPN-counts of nitrifying bacte- 
ria. 2. In axenic non-ammonium limited model systems 
of P. lanceolata with mixed cultures of N. europaea, 
two Nitrobacter species and a Pseudomonas species - 
which enabled the examination of the spatial distribu- 
tion around plant roots on a microscopic scale - a posi- 
tive interaction ofN. europaea with the plant roots was 
found (Both, 1990). This stimulation of N. europaea 
in the rhizosphere was probably due to interaction 
with the ammonifying Pseudomonas species, that was 
stimulated much more in the rhizosphere. 3. New- 
man and Miller (1977) extracted organic compounds 
from P lanceolata that were toxic to germinating seeds 
of other plant species, but upon repeated addition of 
these extracts to the soil, this effect completely disap- 
peared. Apparently, the appropriate micro-organisms 
that rapidly decomposed the toxic compound, had been 
enriched. 4. It has been reported that under field condi- 



tions a possible excess of ammonium is nitrified in the 
rhizosphere ofP. lanceolata (Blacqui~re and Troelstra, 
1991; Troelstra, 1992). Under uniform weather condi- 
tions, a close relationship was observed between the 
numbers of nitrifying bacteria in the rhizosphere and 
the inducible enzyme nitrate reductase in the shoots 
of P. lanceolata (Smit and Woldendorp, 1981). All of 
these observations do not point into the direction of 
allelochemicals being involved in the suppression of 
nitrification in the rhizosphere ofP. lanceolata. In other 
situations and with other plant species, such a suppres- 
sion has often been reported (Basaraba, 1964; Moore 
and Waid, 1971; Munro, 1966; Rice and Pancholy, 
1972). However, these results are not convincing, as 
they are based on experiments in which plant extracts 
were added only once to the soil and not repeatedly as 
was done in the experiments of Newman and Miller 
(1977), whereas the accumulation of toxic compounds 
in the soil to inhibiting levels was not demonstrated. 
Moreover, conclusive experiments with plants have to 
be done with non-limiting amounts of ammonium in 
order to eliminate inhibition by mechanisms other than 
allelochemicals. 

The higher competitive ability of plant roots for 
ammonium may be related to a greater capacity of 
exploiting the soil by the formation of new roots, par- 
ticularly when grown in pots. The results of the per- 
colated soil columns and the unplanted pots indicate 
that without the aid of organisms such as protozoa, the 
nitrifying bacteria are less capable of exploiting the 
ammonium in the soil efficiently. 

In conclusion, the series of model experiments in 
continuous cultures, soil columns and pots with plants 
clearly showed that N. europaea is the weaker one 
in the competition for ammonium with A. globiformis 
and P. lanceolata. Consequently, nitrification gener- 
ally only takes place when ammonium is present in 
non-limiting amounts. This result is in line with the 
function of nitrate as a sink for a surplus of nitrogen 
and with the concept that in biogeochemical cycles the 
most oxidized state of an element (in this case nitrate) 
only occurs if there is a lack of available energy, i.e. 
organic carbon. In this view, the nitrification process is 
principally governed by the C/N ratio as was demon- 
strated by Woldendorp (1981) and Woldendorp and 
Laanbroek (1989). 
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