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1. SUMMARY 

Mixed cultures of a heterotrophic nitrifier/ 
aerobic denitrifier, Thio.sphaera pantotropha, and 
an autotrophic nitrifier, Nitrosomonas europaea, 
were grown in chemostats under dual ammonia- 
and acetate limitation. Because of simultaneous 
nitrification and denitrification by 7~ pan- 
tbtropha, the activity of the cultures was evalu- 
ated from nitrogen balances as complete as possi- 
ble. Under most conditions studied, no interac- 
tion took place between the two bacteria. Only 
above a critical C / N  ratio of 10.4, 7". pan- 
totropha was able to outcompete N. europaea for 
ammonia (dilution rate = 0.04 h-~). At dissolved 
oxygen concentrations below 10 u.M, the au- 
totroph became oxygen-limited and the het- 
erotroph dominated in the culture. Moreover, 
when the dilution rate was increased to 0.065 
h ~, N. europaea could not maintain itself suc- 

('orre.spondence to: E.W.J. ','an Nicl, Department of Microbi- 
ology, Agricultural University, It. van Suchtelenweg 4, 6703 
CT Wageningen, The Netherlands. 

cessfully in the chcmostat, even when the C / N  
ratio was as low as 2.2. Nitrification by T. pan- 
totropha was equivalent to that of N. europaea 
when the cell ratio of heterotrophs/autotrophs 
was 250. The relevance of these observations to 
thc nitrogen cycle in natural environments is dis- 
cussed. 

2. INTRODUCTION 

Ammonia Can be oxidized to nitrite by two 
types of bacteria. The best known arc the au- 
totrophic nitrifiers, of which Nitrosomonas ete- 
ropaea is the most extensively studied. The other 
type consists of a group of hetcrotrophic species 
(for an extensive list see [1] and [2]), including 
many denitrifiers [3,4]. 

There are many differences between au- 
totrophic and hetemtrophic nitrifiers. Ammonia 
is the solc energy source for growth for the au- 
totrophic ammonia oxidizers. All studies done 
thus far on heterotrophic nitrification indicate 
that these organisms do not gain energy from the 
ammonia oxidation (e.g., Refs. 5-7). It has now 
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been rccogniscd that heterotrophic nitrification 
rates cannot bc evaluated from nitrite or nitrate 
accumulation measurements,  as simultaneous 
denitrification may take place [4,8,9]. Published 
rates for heterotrophic nitrification (generally 
104-10 ~ times lower than autotrophic nitrifica- 
tion rates) arc therefore probably often underes- 
timates. Calculation of heterotrophic nitrification 
rates based on ammonia disappearance has re- 
vealed that the rates arc actually only about 102- 
10 ~ times lower per unit biomass [8]. Thus, in 
some situations where heterotrophs greatly out- 
number autotrophs (e.g., in sludge or soil [10]), 
the total nitrification rates due to the two types of 
nitrifiers may be comparable.  It has been pro- 
posed that heterotrophic rather than autotrophic 
nitrification could play a significant role under 
certain conditions, such as low or high pH [2] and 
at low oxygen concentrations [11]. Attempts to 
estimate the numbers of autotrophic nitrifiers 
present in samples have generally given lower 
figures than expected. Several reasons for this 
discrepancy have been suggested, including 
anomalies in the Most Probable Number  (MPN) 
or other counting methods, or the occurrence of 
microbial interactions [2]. Another possibility is 
that the original nitrification figures were par- 
tially based on nitritc production by hetcrotrophs. 
Castignetti and Gunner  [12] showed that scquen- 
tia[ nitrification of ammonia to nitrate by a co- 
culture containing a heterotrophic nitrifier iso- 
lated from soil and Nitrobacter agilis was possi- 
ble. 

This paper  reports on the coexistence of a 
heterotrophic ni t r i f ier /aerobic denitrifier, Thio- 
sphaera pantotropha, and an autotrophic nitrificr, 
Nitrosomonas europaea in continuous culture un- 
der different environmental conditions, including 
changes in the dissolved oxygen and the C / N  
ratio. A comparison of the nitrification rates due 
to the two types of nitrifier will also be made. 

3. MATERIALS AND M E T H O D S  

3.1. Organisms 
Thiosphaera pantotropha LMD 82.5 was origi- 

nally isolated from a denitrifying, sulphide-oxidiz- 

ing waste water treatment system [13]. A culture 
of Nitrosomonas europaea was kindly provided by 
Dr. J.1. Prosscr, University of Aberdeen,  UK. N. 
europaea was routinely maintained in batch cul- 
tures of the inorganic medium described for the 
chemostat. Phenol red (0.05 mg I ~) was included 
as a pI-! indicator. Sodium carbonate (99; w /v )  
was used to adjust the pH to 8.0. Thc cultures 
were incubated at 30°C. Contamination by het- 
erotrophs was monitored by plating onto tryptone 
and yeast extract agar with subsequent incubation 
at 30°C for 2-3 weeks. 

3.2. Continuous cultures 
Continuous cultures were grown in chemostats 

fitted with dissolved oxygen and pH control. The 
temperature  was maintained at 30°C and the pH 
at 8.0 (titration with 7% NazCO 3 solution). The 
medium supplied to the chemostats contained (g 
I i): KzHPO4 ' 0.4; KHePO4, 0.15; (NH4)2SOa, 
0.66; MgSO4' 7H 20, 0.4; and 2 ml of trace ele- 
ment solution [14]. Acetate was supplied in con- 
centrations of 1~, 12.5, 15, 17.5, 20, 29 and 35 
raM, as indicated in the text. With the latter two 
acetate concentrations, 0.45 g 1-~ (NH 4)2SO4 (6.8 
mM ammonia) was used. The chemostats were 
wrapped in black paper  to exclude light. 

Neither organism excreted organic compounds 
in axenic cultures under these growth conditions 
as was confirmed by "FOC analysis (detection 
level: 5 ppm carbon). 

3.3. Oxygen uptake experiments 
Oxygen uptake by whole cells was measured 

polarographically with a Clark-type oxygen elec- 
trode (Biological Oxygen Monitor, Yellow Springs 
Instruments, OH, USA) mounted in a thermo- 
statically-controlled (30°C) vessel which is closed 
except for a small hole through which additions 
may be made. The system was calibrated using 
washed suspensions of pure cultures from the 
ehemostat  harvested during an appropriate  
steady-state. The cells were suspended in 50 mM 
potassium phosphate buffer at pH 8. The reac- 
tion was started by addition of acetate or ammo- 
nia. The acetate- and ammonia-dependent  oxy- 
gen uptake rate was corrected for the endoge- 
nous respiration. The affinity constant for amino- 
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nia of N. europaea was determined by measuring 
the rate of oxygen uptake at various concentra- 
tions of ammonia in washed cell suspensions of 
this organism. The K~ for oxygen was determined 
in the presence of excess ammonia. 

3.4. Determination of  the biomass and bacterial 
numbers 

The biomass concentration of the pure cul- 
tures was calculated from the total organic car- 
bon dctcrmination and the CHON analysis of 
washed cells. For T. pantotropha and N. eu- 
ropaea, CHON ratios of CHlmO,.5~No.2.~ and 
CHL,~2Oo.~,~N0.2~ were found, respectively. The 
cells were counted in a counting chambcr by 
phase contrast microscopy. Thc size of the ceils 
of the two species were determined from electron 
micrographs. The ccll size and shape of the two 
species remained constant throughout thc experi- 
ments. The cell sizes of N. europaea and T. 
pantotropha were 1.0 by 0.56 /zm and 0.9 by 0.7 
/xm, respectively. The number of ceils per mg 
biomass of N. europaea and T. pantotropha were 
about 0.99 × 10 m cells and 1.46 × 10 m ceils, re- 
spectively. The yield of N. europaea on ammonia 
in chemostat cultures at a dilution rate of 0.04 
h -I was 1.1 + 0.14 × 10 m cells mmol NH~ ~ at all 
air saturation levels above 5-10%. Below this 
value, the yield decreased. 

Calibration curves were prepared of cell num- 
bers versus maximum oxygen uptake rates with 
either acetate or ammonia as mcasurcd with the 
Biological Oxygen Monitor (BOM). Defined cell 
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populations containing different, known ratios of 
T. pantotropha and N. europaea were used to 
confirm the validity of these curves (standard 
deviation was ca.5%). Acetate- and ammonia- 
dependent oxygen uptake rates for washed cells 
from the mixed cultures were then used to deter- 
minc the numbers of hetcrotrophs and au- 
totrophs, respectively. Cell numbers were calcu- 
lated as the means of 6 to 12 determinations, 
using samples taken from the chemostat over a 
period of 3-6  volume changes during steady state. 
Further confirmation of the correlation between 
oxygen uptake and cell numbers was obtained 
using immuno-fluorescent staining, which was 
carried out using antibodies raised against T. 
pantotropha and N. europaea by the method de- 
scribed by Muyzer et al. [15]. 

3.5. Analytical techniques 
Acetate was detcrmined with acetyl-coenzyme 

A synthetasc using a test kit (Boehringcr), or as 
total organic carbon with a TOCA master 915-B 
analyscr (sensitivity level at 5 ppm carbon). Ni- 
trite was determined using the Gricss-Romijn 
reagent [16]. Hydroxylamine was determined col- 
or(metrically by means of the method described 
by Frear and Burrcll [17]. Ammonia was dctcr- 
mined colourimetrically by means ot the method 
described by Fawcett and Scott [18]. Protein was 
measured spectrophotomctrically, by means of 
the micro-biuret method [19]. The total organic 
carbon of washed ceils was determined with a 
"FOCA master 915-B analyscr. For the qualitative 

"Fable 1 

Compar i son  be tween  the popu la t ion  comlx~sit ion of a def ined  mixed cul ture  d e t e r m i n e d  using oxygen up take  rates  in the biologicM 
oxy. gen moni to r  and  f luorescent  an t ibod ies  

O, C / N  Biological  oxygen moni to r  F luorescent  an t ibodies  

,u M tool t oo l -  i T pantotropha N. europaea "l~ pantotropha 1~¢: europaea 
(ci) (c~) (%) ( ~ )  

118 2.8 97.1 -+ (I.4 2.9 _4- 0.4 96.9 _+ 0.9 3.(I + 0.7 (8) 

118 3.7 98.0 + 0.4 2.0 _+ 0.4 97.9 + 0.6 2. I _+ 0.6 (4) 
ll) 1.9 96.8+_0.9 3.2:~0.9 96.4_+ 1.3 3.6_-+ 1.3 (8) 

The n u m b e r  of total  count  p r epa ra t i ons  is given in paren theses .  The  cu l tures  had been grown in the chemos ta t  with a d i lu t ion  rate  
~ff 11.04 h -  ~ and va~ ' ing  oxygen concen t ra t ions  a n d / o r  di f ferent  C / N  ratios. The  med ium con ta ined  growth- l imi t ing  ace ta te-  and 
ammon ia  concent ra t ions .  Ace t a t e  sc~ 'ed  as the carbon and energy  source  for "/'~ pantotropha and ammon ia  as the energy  source tor 
N. europaea. A m m o n i a  also served as the ni t rogen source  for both organisms.  
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de t e rmina t i on  of  n i t rous  oxide the Clark- type  
oxygen e l ec t rode  was used unde r  anae rob ic  con- 
di t ions [20]. 

A m m o n i a  and a m m o n i u m  will both  be p resen t  
at the p H  values  used in these exper iments .  For  
the sake of convenience ,  the te rm ' a m m o n i a '  will 
be used th roughou t  to indicate  both the p ro to -  
na ted  and u n p r o t o n a t e d  forms. Because of  the 
very low ammon ia  concen t ra t ions  in the cul ture ,  
ammonia  loss from s t r ipping can be d iscounted .  

The  C / N  ra t io  is expressed  as tool carbon (of 
ace ta te)  pe r  mol n i t rogen  (of  a m m o n i a )  in the 
influent.  

4. R E S U I , T S  

4.1. Confirmation of the population estimates by 
means of ]Tuorescent antibodies (FA) 

"Fable 1 shows the results  of de t e rmin ing  the 
numbers  of  N. europaea with f luorescent  an t ibod-  
ies and from its oxygen up take  ra tes  ob ta ined  
with samples  from mixed cul tures  grown at s teady 
s ta te  under  three  d i f ferent  sets of condi t ions .  In 
all th ree  cases, there  was good ag reemen t  be-  
tween the two count ing methods .  The  greates t  
e r ror  was found in the F A  count ing  me thod  be- 
cause the  cells were  not homogeneous ly  dis- 
t r ibu ted  on the glass surface.  

4.2. Growth characteristics of 7: pantotropha and 
N. europaea in mixed chemostat culture 

The  bac te r ia  were  cul t ivated sepa ra te ly  in con- 
t inuous  cul ture  at a d i lu t ion rate  of  0.04 h ~. 7~ 
pantotropha was grown with ace ta te  as the sole 
l imit ing subst ra te .  N. europaea was grown under  
ammonia  l imitat ion.  Wall  growth was insignifi- 
cant  dur ing  a lmost  all exper imen t s  (see below). 
When  both cul tures  had reached  s teady state ,  7". 
pantotropha was a d d e d  to the N. europaea cul- 
ture.  This  p r o c e d u r e  was used for most experi-  
ments  because  of  the large volume of  the N. 
europaea cul ture  (which had a much lower cell 
densi ty)  that  would have been  necessary to add to 
the 7" pantotropha cul ture  in o rde r  to achieve the 
same cell ratio.  In addi t ion ,  au to t roph ic  cul tures  
were  slower to develop  and stabil ize.  However ,  
for verif icat ion,  one mixed cul ture  was s ta r ted  by 

~ r  . . . . . . . . . . . .  .~7 

~ i '  i ~ 

t 
~ . . . .  ~ - _ = ? -  _ - ,~ 

Fig. 1. Development of a co-culture at a dilution rate of 0.04 
h-: a dissolved oxygen concentration of 118 gM and a C/N 
ratio of 4. At the start a steady-state culture of N europaea 
was inoculated with T. pantotropha. (A) • = N. europaea (lOI'~ 
cells I .I): • = 7~ pantotropha (1012 cells I i). (B) • = nitrite 

(raM). 

inocula t ing  a 7". pantotropha cul ture  with N. eu- 
ropaea. The  s teady-s ta te  values were  s imilar  to 
those ob t a ined  with s teady-s ta te  cu l tures  s ta r ted  
by the s t anda rd  mixing sequence  (results  not 
shown), indicat ing that  the mixing p rocedu re  did 
not inf luence the ou tcome  of  the exper iments .  

A represen ta t ive  example  of  the deve lopmen t  
of  a mixed popula t ion ,  from the t ime of mixing to 
s teady state,  at a dissolved oxygen concen t ra t ion  
of 118 p.M and a C / N  rat io  of  4, is given in Fig. 
1. Af te r  inocula t ion  of the N. europaea cul ture  
with T. pantotropha, the la t te r  grew at its maxi- 
mum growth rate ,  until  the ace ta te  became  
growth-l imit ing.  3"he specific growth rate  then 
dec reased ,  eventual ly  becoming  equiva lent  to the 
di lut ion rate.  Concomi tan t ly  with the increase  of 
T. pantotropha, a s teady decl ine  in the N. eu- 
ropaea popu la t ion  was observed.  Cont ro l  experi-  
ments  showed that  each of  the two species  could  
grow well in the spent  med ium of  the o ther  
( resul ts  not shown). Thus  the most likely explana-  
t ion for the d rop  in the N. europaea popula t ion  is 
that  7~ pantotropha c o m p e t e d  with the au to t roph  
for the avai lable ammonia .  The  decrease  in ni- 
tr i te is most likely due to r educed  ni t r i f icat ion by 
N. europaea. Nit rogen  ba lances  (see below) 
showed that  only par t  of  this dec rease  in nitr i te 
level was due  to aerobic  deni t r i f ica t ion  ( =  12%). 
The  ammonia  level r ema ined  at or  a round  the 
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Fig. 2. Resu l t s  o f  c o u n t i n g  cells  in mixed  c h e m o s t a t  c u l t u r e s  in s t eady  s t a t e s  at  d i f f e ren t  d issolved oxygen  c o n c e n t r a t i o n s  at a 
d i lu t ion  ra t e  o f  0.04 h - I  a n d  a ( ' / N  ra t io  o f  2. (a) • = 7~ pantotropha (1012 cells I - t ) :  • = N. europaea (1(I w cells I ~1. (b) 

• = n i t r i t c  ( raM);  • = a m m o n i a  (raM).  

dctcction limit of the assay (50 + 30 p.M), cxccpt 
in cxpcriments wherc N. europaea washed out. 
The co-culture eventually reached steady state 
after at least 7 volume changes. 

4.3. l)issoh'ed oaygen concentration 
Oxygen was required, both as a terminal elcc- 

iron acceptor for respiration and h~r the oxyge- 
nasc reaction of ammonia to hydroxylaminc 
[21,221. As 7". pantotropha has a much lower K~ 
for oxygcn (1-2/x  M [23]) than N. europaea (15-20 
/.tM [24]), it would appear that compctition bc- 
tween the two bacteria for oxygen might become 
a significant factor. This would imply that the 
hetcrotroph should have a competitive advantage 

at low dissolved oxygen concentrations. This hy- 
pothesis was tested with the mixed culture grown 
in a chcmostat at a C / N  ratio of 2. 

In experiments carried out at dissolved oxygen 
concentrations ranging from 10-118 ~M, cell 
numbers of the two bacteria were measurcd at 
steady state (Fig. 2a). It was found that the au- 
totrophic population declined as the dissolved 
oxygen concentration decreased. There was a 
slight increase in the 7". pantotropha population, 
even at a dissolved oxygen concentration of I(1 
~M. In Fig. 2b, the steady-state concentrations of 
nitrite and ammonia in the culture medium are 
presented as a function of oxygen concentration. 
It can bc seen that ammonia started to accumu- 
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Fig. 3. Resu l t s  o f  s t e ady  s t a t e s  at  d i f fe ren t  ( ' / N  ra t ios  at a d i lu t ion  ra te  o f  0.04 h -  : a n d  a dissolved oxygen  concen t r a t i cm  of  118 

~ M .  Symbol s  as d e s c r i b e d  in Fig. 2. 
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late, and simultaneously the nitrite concentration 
decreased when the oxygen concentration de- 
creased to 25 #M. This was due to thc decline in 
thc autotrophic population, indicating that under 
these growth conditions N. europaea was oxygen 
limited. 

4.4. ( ' / N  ratio 
Since the sizc of the 7". patztotropha population 

was controlled by the acetate concentration, the 
effect of population size on the bchaviour of thc 
mixed culturcs was investigatcd at diffcrent C / N  
ratios. This was achieved by altering the acetate 
concentration, while the ammonia concentration 
was gencrally kept constant. The exceptions wcrc 
experiments at C / N  ratios of 8.7-10.4 when the 
ammonia concentration in the fccd was reduced 
from 10 to 6.8 raM. Data presented in Fig. 3a 
shows that increasing the C / N  ratio resulted in 
an increase in "1: pantotropha numbers. Ni- 
trogen-balances (see below) showed that, at high 
C / N  ratios, substantial quantities of nitrogen 
had disappeared from the culture, presumably by 
assimilation and combined nitrification and dcni- 
trification by 7". pantotropha. Thus thc concomi- 
tant decrease in N. europaea numbers was thc 
result of an increase in thc amount of ammonia 
assimilatcd and nitrificd/denitrified by the hct- 
crotroph. 

At a C / N  ratio of 1(I.4, N. europaea had 
almost washed out from the chemostat, and 90% 
of the ammonia in the feed was bcing used by the 

heterotroph. Following the disappearance of the 
autotrophic nitrificr at higher C / N  ratios the 
ammonia concentration increased slightly and low 
concentrations of nitritc wcrc prcscnt in thc spent 
mcdium (Fig. 3b). Thc reasons for this are not 
clcar, but suggest that simple competition for 
ammonia is not the determining factor. Extrapo- 
lation of the line rcprcscnting the number of 7: 
pantotropha cells (Fig. 3a) indicated that this bac- 
terium will become nitrogen-limited at a C / N  
ratio between 11 and 11.5. 

4.5. (;rowth rate 
7: pantotropha and N. europaea have vcry dif- 

fcrcnt maximum specific growth rates ((/.35 [25] 
and 0.076 h ~ [24], respectively), and it sccmcd 
likely that growth rate could influence the out- 
comc of the composition of the co-culture. At a 
dilution rate of 0.04 h-~, both organisms could 
coexist at most C / N  ratios used in this study. 
Howcvcr, at a dilution rate of 0.(/65 h -  ~, when N. 
europaea was growing at 77% of its maximum 
specific growth rate, it was unable to maintain 
itsclf in the co-culture at the high C / N  ratio of 
9.6. although ammonia was still prcsent in suffi- 
cient amounts (Tablc 2). 

As described previously, at C~ N ratios greater 
than 10, N. europaea numbers declined dramati- 
cally. |towevcr, the cells never washed out com- 
pletely because of continuous re-inoculation from 
a small amount of biofilm which formcd abovc 
the level of the medium in the vessel at these 
high C / N  ratios. Fluorcscent antibodies showed 

"Fable 2 

t - f l ee t  t~l d i l u t i o n  r a t e  on  t he  r e s u l t s  l r o m  a e r o b i c  c o - c u h u r e s  g r o w n  at a d i s s o l v e d  o x y g e n  c t m c c n t r a t i o n  of  1 18 p.M a n d  d i t ' fe rcn t  

("/" .\" r a t io s  

l ) i l u t i o n  ( ' / N  S u p c r n a t a n t  "1: pantotropha N. europaea l t c t e r o t r o p h i c  A e r o b i c  
r a t e  t m o l  m~l  I) ( I l l  t~ ce l l s  I t)  (1(1 tif ce l l s  I c) n i t r i f i c a t i o n  d c n i t r i f i c a t l o n  

N O ,  N11 
(h l) ( r a M )  ( r aM)  ~ ac t iv i ty  ac t iv i ty  

11.11411 2.11 7.3 11.115 1.5 1(I.3 1 12'; 7.9 
(I.()c'~5 2.2 t).6 6.~11 2.1 (I.3 65 c'~.2 6.2 
11.1)4[) 9.~ ] .3 0.41) 6.6 1.3 1~5 _.4 _.4 
I).11,'75 t~.t~ (I.(] 1.2() ¢'~.7 ().(I I110 4.7 .1.7 

I I c t c r o t r o p h i c  n i t r i f i c a t i o n  is g ivcl l  as  p e r c e n t a g e  o f  t o t a l  n i t r i f i ed  a m m o n i a  a n d  as  ac t iv i ty  ( n m o l  N I l  3 l 0  m ce l l s  u ra in  " i ): a e r o b i c  
d c n i t r i f i c a t k m  ac t iv i ty  ( n m o l  N 1() m ce l l s  ~ rain ~). F o r  r e l e v a n t  d e t a i l s  see  T a b l e  1. 
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Tablc 3 

Influence of dis~dved oxygen concentration on the heterotrophic and autotrophic nitrification activities, and aerobic denitrification 
activity of the hcterotroph, cell ratio and the amount of heterotrophic nitrification as a percentage of total ammonia nitrified 
(( ' /N = 2.0 mol mol -t ,  dilution rate = 0.04 h - t )  

Dissolved nmol N l0 w cells-t min i 7: pantotropha/ Hcterotrophic 
N. europaea nitrification oxygcn nitrification activity aerobic 

( p. M) denitrification (cell ratio) ( ~;~; ) 
heterotroph autotroph 

118 1.8 610 7.9 14 4 

70 560 4.;5 16 
35 2.1 610 6.0 20 6 
25 4.8 610 6.8 23 17 
1[) 3.9 615 5.4 115 42 

that  bo th  T. pantotropha and N. europaea w e r e  

p r e s e n t  in t he  b iof i lm.  

4.6. tleterotrophic cersus autotrophic nitrification 
T h e  a m o u n t  o f  a m m o n i a  n i t r i f i ed  by 1~ pan- 

totropha cou ld  be  e s t i m a t e d  f r o m  the  N b a l a n c e  
as fol lows:  

[ N H ; ] , ,  = [ N H d  ] i , -  [ N H 4 ] o ,  t - [ N H ; ] ; , n  

- [ N H g ] t ,  i .... (1)  

w h e r e  hn is the  a m m o n i a  n i t r i f i ed  h c t e r o t r o p h i -  

eat[y; in, the  a m m o n i a  in the  feed ;  out ,  the  am-  

m o n i a  in e f f l uen t ;  an,  the  a m m o n i a  n i t r i f i ed  au-  

t o t roph ica l ly ;  and  b iom,  the  a m m o n i a  a s s imi l a t ed  

by the  b iomass .  

T h c  a m o u n t  o f  a m m o n i a  n i t r i f i ed  by N. eu- 
ropaea cou ld  be c a l c u l a t e d  f rom the  n u m b c r  o f  

a u t o t r o p h i c  cel ls  in the  cu l tu re  d iv ided  by a 

g rowth  yield f ac to r  (1.1 + 0.14 1() "~ cel ls  m m o l  

N H 3  t). D a t a  in T a b l e  3 show the  n i t r i f i ca t ion  

ra tes  o f  7". pantotropha and  N. europaea at var i -  

ous  ai r  s a tu r a t i on  levels .  H e t e r o t r o p h i c  ni t r i f ica-  

t ion b e c a m e  a s ign i f ican t  par t  o f  total  n i t r i f i ca t ion  

at d i s so lved  oxygen  c o n c e n t r a t i o n s  be low  25 # M .  

Th i s  was p robab ly  due  to severa l  fac tors  i nc lud ing  

i n c r e a s e d  n i t r i f i ca t ion  by T. pantotropha at low 

oxygen  c o n c e n t r a t i o n s  (~<70 # M )  [6], and  the  

avai labi l i ty  of  h i g h e r  a m m o n i a  c o n c e n t r a t i o n s  in 

the  cu l tu re  d u e  to the  w a s h o u t  o f  N. europaea 
(Fig.  2b). 

T h e  re la t ive  n i t r i f i ca t ion  ra tes  o b t a i n e d  d u r i n g  

the  e x p e r i m e n t s  wi th  d i f f e r e n t  C / N  ra t ios  can  

be seen  in T a b l c  4. T h e  a m o u n t  o f  a m m o n i a  

n i t r i f i ed  by T. pantotropha i n c r e a s e d  wi th  its re la-  

t ive n u m b e r s  in the  cu l tu re ,  i.e., wi th  the  ( ' / N  

Table 4 

Effect of C/N ratios on heterotrophic and autotrophic nitrification activities and on aerobic denitrification activity of the 
heterolroph, the cell ratio and the amount of heterotrophic nitrification as a percentage of total ammonia nitrified (dissolved 
oxygen concentration -= 118 #M, dilution rate = 0.04 h - I )  

( ' /N  ratio nmol N 10 m cells " ~ rain -i 12 pantotropha/ [leterotrophic 

(mol tool i) nitrification activity, aerobic N. europaea nitrification 

heterotroph autotroph denitrification (cell ratio,) ('7~) 

2.0 l.g 610 7.9 14 4 
2.4 4.6 580 6.9 29 19 
2.8 2.0 610 4.8 34 10 
3.7 2.6 610 3.4 49 18 
8.7 2.2 6(X) 2.9 264 47 
0.6 2.4 670 2.4 508 05 

10.4 2.2 645 2.f'J 1 290 79 
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ratio. At a ( ' / N  ratio of 10.4, the hetcrotroph 
was responsible for up to 80% of the total nitrifi- 
cation. It should be noted that at C / N  ratios 
higher than 8, the total nitrification (hetero- 
trophic plus autotrophic) decreased to 25-40% of 
that at lower C / N  ratios, because most of the 
ammonia (60-75(7c) was assimilated. 

Higher heterotrophic nitrification rates per cell 
were recorded at a growth rate of 0.065 h i than 
at 0.(14 h i (Table 2). This was due to the higher 
dilution rate, and was also found with pure cul- 
lures [6]. Furthermore, the higher NH~ concen- 
tration and the presence of little or no NO;- in 
thesc cultures also permitted higher nitrification 
activities (see also Ref. 24). At a growth rate of 
0.0(~5 h ~, nitrification was predominantly hut- 
erotrophic, even at a ( ' / N  ratio as low as 2.2, 
despite the fact that most of the NH~ remained 
in the culture (Table 2). As discussed earlier, at 
this higher growth rate. and at a C / N  ratio of 
9,6, N. europaea washed out, and nitrification 
was only carried out by the heterotroph. 

The specific nitrification activity (6.2 __+ 1).3 10 s 
nmol NIt 3 min-I  cell-~ or 517_+78 nmol NH~ 
rain ~ mg biomass-~) of N. europaea did not 
valy ve~.., much under the different conditions. 
These data are consistent with those observ'ed 
with pure cultures [24]. However, the specific 
nitrification activity of 7~ pantotropha varied 
more. and appeared to be influenced by' the 
growth conditions. Higher heterotrophic nitrifica- 
lion activity per cell was observed at lower dis- 
solved oxygen eonccntrations and, as already 
mentioned at higher growth rates, confirming 
previous results [6].  The overall mean het- 
erotrophic nitrification rate was 2.5 + (I.9 10-i~ 
nmol NH~ min-~ cell L (2.3_+0.5 nmol NH 3 
rain L nag biomass ]) at a dissolved oxygen con- 
ccntration of 118 /~M. The standard deviation 
was high. because of the indirect way of calculat- 
ing the amount of ammonia nitrified heterotroph- 
ically. ]'his activity was comparable with the nitri- 
fication activity found in pure cultures of T. pan- 
totropha in the presence of limiting ammonia 
concentrations and high nitrite concentrations 
[24]. It can be calculated that under these condi- 
tions, 250 times more "li pantotropha cells were 
required to oxidize the same amount of ammonia 

metabolized by the autotroph. This value is close 
to that found at a C / N  ratio of 8.7 where, 
indeed, the heterotroph accounted for almost 
50% of the total nitrification recorded (Table 4). 

4. 7. Aerobic denitr(fication 
Total denitrifieation was estimated from the 

nitrogen balance: 

[N]d.:,, = [NH~ ] . , -  [NH~ ],,u,- [NO2 ],,,,, 

- [hb , , , , , , ] , , , , ,  ( 2 )  

where den is the nitrite denitrified; in, the ammo- 
nia in the feed: out, the efflucntz and biota, the 
biomass. 

Total denitrification is thus the sum of the 
ammonia nitrified/denitrified by the heterotroph 
plus the nitrite produced by the autotroph and 
subsequently denitrified by the hcterotroph. The 
denitrification rate did not appear to be strongly 
influenced by the dissolved oxygen concentration 
(Table 3). tlowever, the increase of the C / N  
ratio resulted in a 2- to 3-fold decrease in the 
denitrification activity (]'able 4). It was observed 
that with an increasing C / N  ratio, the organic 
carbon content of the biomass in the culture 
increased by a greater factor than might be ex- 
pected, while the percentage of the protein in the 
biomass decreased. It appeared that a higher 
( ' / N  ratio resulted in an increase in the forma- 
tion of storage products such as poly-/3-hydroxy- 
butyrate. The explanation for this might be that 
"1~ pantotropha behaves, physiologically, as if un- 
der ammonia limitation at higher C / N  ratios, 
and is not well adjusted to the assimilation of 
mixed inorganic nitrogen compounds (i.e., ammo- 
nia and nitrite, set [24]). 

5. DISCUSSION 

This study has tested the hypothesis that het- 
erotrophic nitrifiers could successfully competc 
with autotrophic nitrifiers for ammonia [8,26] un- 
der some growth conditions (e.g., high growth 
rates, high C / N  ratios). The observations that 7". 
pantotropha and N. europaea could coexist in 
mutual independence provided that the number 
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of cells of 72. pantotropha were kept below a 
critical value, and that the heterotroph could, by 
simple numerical dominance, compete success- 
fully with N. europaea for the available ammonia,  
tend to support this hypothesis. At high C / N  
ratios, more heterotrophic biomass was formed, 
and thus the outcome of the competition for 
ammonia was controlled by the availability of 
organic substrate. 

Although specific nitrification rates greatly dif- 
fered, T. pantotropha cultures could achieve total 
nitrification ratcs equivalent to those of N. eu- 
ropaea when the heterotrophs outnumbered the 
autotrophs by 25(1: 1. Conditions which appear  to 
favour hcterotrophic nitrifiers include high C / N  
ratios, low oxygen concentrations and high growth 
rates. It seems likely that in environments which 
fulfil any of these conditions (e.g., in waste water 
treatment systems) hetert~rophic nitrifiers may 
play a significant role in ammonia oxidation. 

At a C / N  ratio of 10.4, T. pantotropha domi- 
nated the mixed culture. Similar results were 
obtained by Verhagen and Laanbrock [27] in a 
co-culture of N. europaea, Nitrobacter winograd- 
skyi and a heterotroph. They found critical C / N  
ratios of 12 and 10 at dilution rates of 0.004 h -~ 
and 0.01 h ~, respectively. 

The increase in nitrification by the het- 
erotroph at dissolved oxygen concentrations be- 
low 15% air saturation (Table 3), compared to 
the small amounts of ammonia oxidized by the 
autotroph at low dissolved oxygen concentrations 
( <  25 /J,M), may indicate an ecological role for 
heterotrophic nitrification in situations where 
oxygen is low or limiting (Fig. 2a). A loss of 
nitrifying activity with decreasing dissolved oxy- 
gen was reported for N. europaea in co-culture 
with a Nitrobacter sp. [28], and with autotrophic 
ammonia oxidizers in wastewater [29]. The results 
may be explained by the relatively higher affinity 
constant for oxygen (1(I-15 ktM) of N. europaea 
compared to that of the hcterotroph (1-2 /.tM). 
However, although the hctcrotroph was responsi- 
ble for up to 42% of the total nitrification at the 
lowcr oxygen conccntrations, more than 50% of 
ammonia in the feed was not oxidized (Fig. 2b). 

The results shown in Figs. 2 and 3 are in 
agreement with those predicted from a mathc- 
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matical model which was primarily based on data 
from pure culture studies [24]. 

The implications of this work for research into 
natural nitrification systems are two-fold: (i) 
Rather than being inhibited by the presence of 
organic compounds, as has been proposed, au- 
totrophie nitrifiers may simply be outgrown by 
heterotrophs, if suitable amounts of organic sub- 
strates are present. (ii) If autotrophic and hct- 
erotrophic nitrifiers compete tk-~r available ammo- 
nia, the C / N  ratio may determine the contribu- 
tion of the two populations to the total nitrifying 
activity. 
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