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Abstract

The enrichment, isolation and establishment of a population of nitrifiers within a continuous-flow multi-stage model exddescrib

The establishment and, subsequent, spatial separation of the components of a nitrifier population within the model &gpeared to
dependent on: specific growth rate/overall dilution rate, as dictated by the cumulative chamber volume, at various pthets along
model; and the interactions between the micro-organisms and the prevailing environmental conditions. With time, nitrifying
activity appeared to be growth-rate independent and true steady-state conditions were not achieved due to the presence of mixed
microbial populations and the gradual accumulation of flocculant biomass and biofilms which facilitated increased nitrifying
activity. These factors have important implications for subsequent perturbation studies which must be made before the various
processes of nitrification become consolidated in the same space.

Introduction can lead to accumulation of toxic intermediates such as ammonia,
nitrite and nitrate (Welch, 1992). Elucidation of the factors
Laboratory model micro-ecosystems have been developed dontrolling and inhibiting these regulatory processes is, there-
study microbial growth and interactions undéesitu conditions fore, extremely important in understanding and predicting the
(Wimpenny, 1988). They have been used to: provide simpftential environmental impacts of perturbant compounds.
analogues of the natural ecosystems in which characteristic Nitrification has been defined as the biological conversion of
structural and functional properties can be simulated and examduced nitrogen (ammonia) to nitrite or nitrate (Alexander,
ined (Porcella et al., 1982); and determine the potential impact877). Two distinct groups of chemolithotrophic bacteria, namely,
of xenobiotic compounds under simulated situ conditions the ammonia and nitrite oxidisers are thought to be primarily
(Porcellaetal., 1982; Pratt et al., 1990; Freitsch, 1991; Scholz amgponsible for nitrification in the environment (Underhill, 1990).
Muller, 1992). These bacteria have been grouped into the family Nitrobacteriaceae
Cairns et al. (1992) proposed that microbial communitieghich comprise Gram-negative organisms categorised by their
offer a number of advantages over using organisms from high&rape, size, arrangement of cytoplasmic membrane, DNA base
trophic levels for ecotoxicological testing. These include: theatios and metabolic capabilities (Underhill, 1990; Brock et al.,
significant role they play in ecosystem dynamics; their ubiquit991). Nitrosomonas(ammonia oxidisers) anlitrobacter (ni-
tous nature; their sensitivity to anthropogenic stress; and tdte oxidisers) are the two most commonly studied genera (Brock
minimisation of scale effects. Various microbially-mediatecet al., 1991). Various heterotrophic micro-organisms, including
processes such as organic matter decomposition, nitrogen traoaeteria (actinomycetes), algae and fungi have also been reported
formations, sulphate reduction and methanogenesis have all béerhave nitrifying activity (Focht and Verstraete, 1977). Since
considered (Bitton and Dutka, 1986; Blum and Speece, 1992utotrophic nitrification usually occurs at higher rates than
Nitrification, incorporating specialised chemoautotrophicheterotrophic nitrification it is thought to play the more important
nitrifiers, has been shown to be particularly sensitive to xenobiotiole in nature (Kuenen and Robertson, 1988).
perturbations and several bioassays have accordingly been devel-To facilitate examination of the environmental impacts of
oped (Williamson and Johnson, 1981; Powell, 1986; Blum argklected xenobiotic pollutants on fundamental cycling processes
Speece, 1991). inherent to aquatic ecosystems, a multi-stage laboratory model
The nitrogen cycle is pivotal in the regulation of water qualityvas developed (Hunter, 1996). Particular emphasis was placed
and usually maintains a balanced state in unperturbated aquatic establishing a population of nitrifying bacteria within the
environments (Welch, 1992). Disruption of this cycle can resuthodel with the subsequent aim of subjecting the resident micro-
from severe organic loading (substrate inhibition) and/or inputsial populations to perturbation testing with selected xenobiotic
of inimical pollutant compounds from agricultural, domestic ocompounds.
industrial sources (Dallas and Day, 1993). Inhibition of microbial This paper describes the enrichment, isolation and establish-
transformation processes such as nitrification and denitrificatiaonent of a population of nitrifiers within the multi-stage model.
Qualitative and quantitative characterisations were made to
* To whom all correspondence should be addressed. determine the course of nitrification within the model. The
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model as a sensitive tool for ecotoxicological investigations 54752, 14773 and 14776, Merck) were specific for ammonium

proposed. (0.03 to 3.0 mg-1), nitrite (0.03 to 3.0 my-) and nitrate (1 to 90
mg{ 1), respectively.

Materials and methods pH was measured with a Crison pH meter (Migkb2002)
fitted with an Ingold (U402 S7/120) pH probe. The pH meter was

Laboratory model configuration and operation calibrated with two standards (pH 7.02 and pH 4) prior to use.

A full description of the model has been given previously (Hunteitrifying bacterial populations: free living or surface
et al., 1995). The model had four identical channels (3 m @mttached?
length, 36 mm wide and 95 mm deep) each consisting of 75
chambers. Each chamber had an operational volume of 122 mollowing establishment and analysis of “steady-state” nitrifica-
(36 x 36 x 95 mm). Duplicate channels were constructed frotion, Channel A was flushed with 12of sterile distilled water at
Plexiglass and built-in unit blocks of 2 x 25 chambers. The unien overall dilution rate of 0.5%o displace the free-living
were supported by a steel framework and were arranged in tiezslture. The influent nutrient medium was then reinstated at the
Each unit was angled at“16 create a weir flow effect to facilitate original flow rate. Samples for nitrification analysis were taken
mixing of nutrient medium within the individual chambers.  one week later, after the channel had undergone two complete
The model was operated as an open culture system with thdture volume changes, to determine if nitrifying activity had
influent medium pumped (Watson-Marlow 503U) into the firsbeen reinstated.
chamber of each channel. The medium flowed from one chamber
to the next in weir fashion down the course of the array. Enrichment/isolation of autotrophic nitrifying
To limit variables, the model was operated under conditiortsacteria
of constant darkness and temperature@2fd 2C). Air was
bubbled continuously into each chamber via a system of intercoBatch cultures were used to isolate autotrophic nitrifying bacteria
nected aeration tubes (i.d. 3.5 mm) connected to an industriedm the multi-stage model. Ammonium oxidisers were selected

blower (Regenair R2103, Gast Corp.). with ammonium sulphate as the sole energy source in a mineral
salts medium (Soranio and Walker, 1968) while sodium nitrite
Medium was used to isolate the nitrite oxidisers (Smith and Hoare, 1968).

After the process had been operational for 7 weeks al 10 m
A non-selective growth medium (pH 7.3) contained the followingample was taken from Chamber 10 of Channel A. The sample
(mgl *glass-distilled water): yeast extract, 10; proteose pepton&as vortexed in a test tube for 30 s to effect mixing, disperse cell
10; casamino acid, 10; glucose, 10; soluble starch, 10; sodiwggregates and detach adhered micro-organisms. The sample was
pyruvate, 6; NaCl, 5.2; CagB; MgSQ, 1.5; and KHPO,.3H,0,  then serially diluted (1§ 10* and 1G) with quarter-strength
21 and was sterilised by autoclaving (15 KPa,°C215 min).  Ringers solution. A 10%'/() inoculum from each dilution was
then added to individual Erlenmeyer flasks (250)mvhich
Inoculum contained 100 m of enrichment medium for isolating ammo-
nium- or nitrite-oxidising autotrophs. The cultures were incu-
The inoculum used was the same as that described previoulsited aerobically at 2T in the dark and shaken (150 r-R)im
(Hunter et al., 1995). Enrichment/isolation of the componer# rotary shaker incubator (New Brunswick Scientific Co., Inc.).
heterotrophs and nitrifiers was achieved within the model aft&amples (2 i) were taken on a weekly basis for three weeks and
adding 1l fibreglass wool-filtered inoculum to 19 of growth  analysed for the presence of nitrite or nitrate.
medium prior to charging each channel via the first chamber at a
dilution rate of 0.5 f. The model was maintained as a batciResults
culture overnight before initiating continuous flow.
Aflow rate of 100 rh -h'* was chosen to facilitate temporal andimportant environmental factors which affect the rate of nitrifi-
spatial separation of the component species of the inoculum. T¢etion are light intensity, dissolved oxygen (DO) concentration

dilution rate for each individual chamber was 0.82 h and temperature.
The multi-stage model was operated under constant dark
Establishment of “steady-state” nitrification conditions to facilitate nitrification, which has been shown to be

photosensitive (Hooper and Terry, 1973; Yoshioka and Saijo,
Two channels (A and B) were operated as open cultures forl985), and to prevent algal growth. In aquatic environments,
weeks during which samples were taken every week after aiirification is associated with regions which are not readily
initial stabilisation period (from Week 2), to determine nitrifyingexposed to light such as aerobic layers of sediment. Nitrate is
activity. The first 45 chambers of each channel were used and tieadily assimilated by algae and thus poses a potential interfer-
samples were taken from Chambers 1,3,5,10,15,25,35 and 4Bnce through nitrate assimilation.
Nitrifying micro-organisms have an obligate requirement for
Characterisation of nitrification oxygen and inhibition occurs under anoxic conditions (Stensel
and Barnard, 1992). The half-saturation constap) f&r oxygen
Qualitative and quantitative characterisation of nitrificatiorhas been found to range from 0.15 to limgGoreau et al., 1980).
within the multi-stage model were determined by monitoring o ensure that excess DO was present each chamber was aerated.
ammonia, nitrite and nitrate concentrations and pH. Oxygen limitation was thought to be a potential problem only
Photometric analyses (Spectroquant Photometer, Merck), \vhen the aeration tubes became blocked by biomass which
conjunction with reagent kits, were used to quantify ammoniumffected localised microaerophilic regions.
ion, nitrite and nitrate concentrations. Reagent kits (Spectroquant The temperature limits for nitrification have been reported to
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rate independent), nitrification was monitored in
Channel A before and after flushing with distilled
water (Figs. 5 A and B).

Enrichment/isolation of autotrophic
nitrifiers

After three weeks of batch culture incubation, mi-
crobial biomass was discernible within the ammo-
nium- and nitrite-supplemented cultures. Assays for
nitrite and nitrate confirmed oxidations of the sup-
plements while Gram stains identified the presence
0  —————— of Gram-negative rods in both cultures.

0 5 10 15 20 25 30 35 40 45 50 .
CHAMBER NUMBER Discussion

[AMMONIUM] (mg/l)

—m— Week2 —— Week 3 —a— Week 4 —<«— Week 6 —»— Week 7

A preliminary investigation (Hunter et al., 1995)
revealed that a microbial association containing
nitrifiers established within the multi-stage model.

20 7] Spatial separation of heterotrophic and nitrifying
18 7 activity also resulted. Heterotrophic micro-organ-
16 isms were expected to be selected in the early
’:m‘14_' chambers of each channel on the basis of high

12 ] substrate affinities and high specific growth rates
1 (Parkes, 1982). The subsequent mineralisation of

nitrogenous components of the medium released

ammonia prior to biological oxidation to nitrate via

6-: nitrite and led to the establishment of nitrifying
4 o populations.
2] Characteristically, autotrophic nitrifiers have

much lower maximum specific growth ratgs ()
than mixed cultures of heterotrophs (Bitton, 1994).
Thus, nitrification should have consolidated in re-
gions of the model subjected to low overall
L Week 2 —— Week 3 —a— Week 4 —=— Week 5 —w— Week 6 —e— Week 7 | dilution rates. To facilitate this, nitrogen con-
centrations of the influent medium must be in
excess of the requirements of the heterotrophs (Gray,
Figures 1 A and B 1990). Only low concentrations of ammonium-ni-
Changes in ammonium concentrations recorded in selected chambers ~ trogen are assimilated into heterotrophic biomass.
of duplicate channels, A and B, of the multi-chamber model, during a ~ The catabolism of nitrogenous compounds deter-

0 5 10 15 20 25 30 35 40 45 50
CHAMBER NUMBER

7-week study period mines the rate at which ammonium is made avail-
able for oxidation and is, thus, an important control-
be between 5 and 40°C (Underhill, 1990) with optimal growth ling factor in the establishment of an active nitrify-
rates recorded between 25 and 30°C (Loveless and Painter, 196%). population.
As a consequence, 25°C was chosen for this study. Figures 1 A and B show the ammonium concentrations within

Changes in ammonium, nitrite and nitrate concentration§hannels A and B during the study period. The general trend for
which were indicative of nitrifying activity in discrete chamberd?oth channels, at each sampling time, was that the first two to five
of Channels A and B, during the 7-week study period are shovwhambers were characterised by elevated concentrations with the
in: Figs. 1 A and B (ammonium); Figs. 2 A and B (nitrite); ancbubsequent concentrations relatively unchanged. Possible expla-
Figs. 3 A and B (nitrate). Figure 4 shows the changes in pH valu@ations for this residual ammonium include: deficiencies of key
recorded in selected chambers of Channel A after continuolgtrients; low K saturation constants for ammonium oxidation
cultivation of the microbial association for one month. (K, 0.5t0 2.0 mg-*) (Bitton, 1994); and/or inhibition of ammo-

After 5 weeks it was found that the nozzle of the influenfium oxidation due to a lowered pH.
medium for Channel A had been displaced and was effectively In Channel A at Weeks 6 and 7 ammonium peaks were
feeding into Channel B. It was, however, estimated that Chanrfécorded in Chamber 1 which suggested that increased ammoni-
A had been in batch mode for < 48 h. Due to this problem, Chanfigation activity was operative. These coincided with the inter-
A was not sampled (Week 5) until after two further Comp|etéupted medium flow but were maintained even after continuous

culture volume changes had occurred. flow had been reinstated. This phenomenon could, possibly, be
explained by the establishment of a larger population of hetero-
Free-living/surface-attached nitrifiers trophic ammonifiers during the batch culture mode.

Ammonium concentrations at discrete points along each
To resolve the question of whether the dominant nitrifiers wei@annel are regulated by factors such as mineralisation of nitrog-
free-living (growth-rate dependent) or surface-attached (growt§NoUs compounds, incorporation of ammonium-nitrogen into
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growth at the surface of the chamber. Channel A

18 showed an interesting change with the reinstatement of

16 | flow after Week 5 since comparatively low concentra-

14 | tions of nitrite were recorded (Weeks 6 and 7), particu-
=) larly from Chamber 15 onwards which suggested that
£12 concomitant oxidation of nitrite to nitrate had occurred
E 10 (Figs. 3 A and B) due to the establishment of nitrite
E 8 | oxidisers.
= Figures 3 A and B show the course of nitrite
— 61 oxidation within the same channels with increased

4 | nitrate concentrations indicative of the presence of

2 | nitrite oxidisers. Initially, substrate availability (ni-

0 trite) appeared to limit nitrite oxidiser establishment

(Weeks 2 and 3). Up to Week 4 the duplicate channels
gave comparable results. At Weeks 6 and 7, ammonium
and nitrite oxidation in Channel A were differentiated

—m— Week2 —— Week 3 —a— Week 4 —s<— Week 6 —»— Week 7 | temporally and spatially along the course of the channel
probably due to the specific growth rates of the oxidative
populations. In Channel A at Weeks 6 and 7, the nitrate
concentrations stabilised in Chambers 5 to 10 onwards

0 5 10 15 20 25 30 35 40 45 50
CHAMBER NUMBER

B 12:: indicating the consolidation of nitrite oxidation activ-
ity.

16 Startup of nitrifying systems is often character-
~ 14 - ised by nitrite accumulation until nitrite oxidising
?12 ] populations reach equilibrium (Stensel and Barnard,
o 10 1 1992). This is attributed to ammonium oxidation gen-
E erating more energy (66 to 84 kcal-mblgf ammo-

5 81 nium) than nitrite oxidation (17.5 kcal-m3dlef nitrite)
= 61 (Painter, 1970). The ammonium oxidisers achieve higher

4 cell yields and thus greater biomass production (Stensel

5 | and Barnard, 1992; Bitton, 1994). Thus, in nitrifying

environments, ammonium oxidisers have been found in

0= ‘ ‘ ‘ ‘ ‘ ‘ ‘ - higher numbers than nitrite oxidisers (Gray, 1990).

0 5 10 15 20 25 30 35 40 45 50

However, when populations of nitrifying bacteria es-
tablish under steady-state conditions it is often
—m— Week2 —+— Week 3 —a— Week4 —<— Week 5 —w»— Week6 —=— Week7 | found that the nitrite concentrations are low (Gray,
1990) due to its oxidation to nitrate which is more
rapid than the preceding oxidation (Stensel and Barnard,

CHAMBER NUMBER

Figures 2 A and B 1992). The oxidation of ammonium to nitrite is, thus,

Changes in nitrite concentrations recorded in selected chambers of  considered an important rate-limiting step in the proc-
the duplicate channels, A and B, of the multi-chamber model, ess of nitrification (Gray, 1990).

during a 7-week study period This study demonstrated the slow rates at which

the nitrifying populations established in the model.

heterotrophic biomass and the non-assimilative use of nitrogenMaximum specific growth rates of nitrifiers from 0.023 to 0.057
an energy source during nitrification. With a carbon to nitrogeh have been reported in the literature (Underhill, 1990; Bitton,
loading ratio < 2:1 a small proportion of ammonium-nitrogeri994) and have confirmed the protracted time8 (veeks)
would be expected to be assimilated into heterotrophic biomassquired by nitrifiers to reach steady-state conditions in activated
Biological oxidation of ammonium to nitrate via nitrite was thussludge (Gray, 1990).
thought to be the main regulatory factor of ammonium concen- Despite identical design and operation, the two channels
trations within the model. differed considerably with regards to regions of nitrifying activ-

The course of nitrite metabolism is shown in Figs. 2 A and Bty and nitrite accumulation. These discrepancies can be attrib-
The results of Weeks 2 and 3 showed that initial increases uited to the interruption in flow to Channel B during Week 5.
nitrite concentrations occurred in the first 5 to 10 chambers @fnder such enforced batch culture conditions, increased amounts
each channel, thus indicating the establishment of ammoniuh nitrifier biomass would be expected to develop in the early
oxidisers. At Week 4 increased concentrations of nitrite up tthambers, usually operated at dilution ratgs_> and elevated
Chamber 15 were apparent which were followed by decreasaitrifying activity should result provided that biofilms at the weir
nitrite concentrations indicative of nitrite oxidation. At Week 5overflows reinoculated the chambers. It is possible that with time
Channel B, effectively, was subjected to an increased flow rapeogressive biofilm development could have effected consolida-
due to the consolidation of the two influents. This appeared tmn of ammonium and nitrite oxidation in the same space thus
effect lower concentrations of nitrite but these were reinstatediminating spatial/temporal separation of the two oxidative
during Weeks 6 and 7. In Week 7, the isolated increase in nitriééeps. The efficacy of this model is, therefore, restricted to short-
concentration in Chamber 1 of Channel B was thought to herm studies.
related to flow impairment due to the development of microbial
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(8]
o

With the onset of nitrification a drop in pH
resulted (Fig. 4) due to the release of proton9 (H
during the oxidation of nitrite to nitrate. Similar pH
changes have been reported for closed systems,
wastewater treatment processes with long retention

w A
a o O
1 1 1

a/l)

£ 30 - times, and in waters with low buffering capacity
T 95 (Gray, 1990; Underhill, 1990). The documented
|_ = . . . . .
< effects of pH on nitrification vary between investi-
= 20 gators. pH ranges between 7.0 and 8.4 have been
£.15 - cited as optimal (Gray, 1990; Underhill, 1990; Bitton,
10 4 1994). In general, inhibition of nitrification occurs
5 at pH values of below pH 6 (Underhill, 1990)

although acclimation of nitrifying populations to
0w T T T T T T T T T acidic conditions has been reported (Antoniou et al.,
0 5 10 15 20 25 30 35 40 45 50 1990; Underhill, 1990).
CHAMBER NUMBER

—m— Week2 —+— Week3 —a— Week 4 —><— Week 5 —w— Week 6 —=— Week 7 | Nitrifying bacterial populations:
Free-living or surface-attached?

50 The investigation was terminated after 7 weeks
when “steady-state” conditions were approximated

45 1 in both channels. In practice, steady-state conditions

40 are reached when the biomass or residual substrate
35| concentration remains constant for at least two cul-
S ture volume changes (Middelbeek and Drijver-de
E 30 Haas, 1992). A feature of interactive microbial
;-I_T 25 associations is their inability to establish true steady
oS 20 | states in continuous culture. Non-competitive spe-
% | cies may be displaced, mutation may change the
=15 community structure, and wall growth may develop

10 | which may be physiologically dissimilar to the free-

living community (Parkes, 1982). Near steady-state

5 conditions are reached after a stable oscillating state
0 wim becomes less pronounced with time (Senior, 1977).
0 5 10 15 20 25 30 35 40 45 50 These oscillations have been attributed to compo-
CHAMBER NUMBER nent species competition for a common growth-

limiting substrate with no species having a selec-
tive advantage. Small changes in culture condi-
tions can cause considerable fluctuations in biomass
and its activity (Parkes, 1982). Therefore, interac-

m— Week 2 —+— Week3 —a— Week4 —<— Week5 —w— Week6 —=— Week7

Figures 3 A and B tive microbial associations in continuous culture are

Changes in nitrate concentrations recorded in selected chambers of  in continuous transient growth phases.
the duplicate channels, A and B, of the multi-chamber model, during a Figures 5 A and B show the spatial separation of
7-week study period nitrifier activity which suggested that the populations

were free-living. However, since nitrification oc-

curred at discrete points along the channel (Fig. 5B) where the
dilution rates were greater than tpe_ values cited in the
literature, surface-attached populations were implicated and this
was confirmed by flushing with sterile distilled water after which
8 - the oxidations were quickly reinstated. This observation was
d supported by reports that nitrifiers readily attach to surfaces
57 (flocculent biomass aggregates) in activated sludge plants (Gray,

6 I 1990). Such attachment has also been reported to increase nitri-
fying activity and to promote the efficiency of a nitrifying system
5 - (Diab and Shilo, 1988).

Isolation of the component nitrifiers of the cultured associa-
tion was undertaken and confirmed that autotrophic populations

0 5 10 15 20 25 30 35 40 45 50

CHAMBER NUMBER were responsible for the transformations recorded.
Since ecologically critical processes, namely, organic mol-
Figure 4 ecule catabolism, ammonification of organic nitrogen and nitri-
pH values recorded in selected chambers of Channel A of fication, were differentiated, the following applications of the
the multi-stage model after maintenance under model are proposed:

continuous-flow conditions for one month
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c

ment of near steady-state conditions. True steady-
45 state conditions were not achieved due to the
— 40 - presence of heterogeneous microbial populations
2 35 and the gradual accumulation of flocculent biomass
g 30 . and biofilms which facilitated increased nitrifying
= activity.
E 25 1 These factors have important implications for
Z 20 subsequent perturbation studies which must be
Q 15 made before the various processes of nitrification
8 10 4 become consolidated in the same space.
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