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This article reports on high-rate nitrification at low pH in biofilm and suspended-biomass reactors by known
chemolithotrophic bacteria. In the biofilm reactor, at low pH (4.3 = 0.1) and low bulk ammonium concentra-
tions (9.3 = 3.3 mg - liter '), a very high nitrification rate of 5.6 g of N oxidized - liter ™" - day " was achieved.
The specific nitrification rate (0.55 g of N - g of biomass ™" - day ') was similar to values reported for nitrifying
reactors at optimal pH. In the suspended-biomass reactor, the average pH was significantly lower than that in
the biofilm reactor (pH 3.8 = 0.3), and values as low as pH 3.2 were found. In addition, measurements in the
suspended-biomass reactor, using isotope-labeled ammonium (**N), showed that in spite of the very low pH,
biomass growth occurred with a yield of 0.1 g of biomass - g of N oxidized ~'. Fluorescence in situ hybridization
using existing rRNA-targeted oligonucleotide probes showed that the nitrifying bacteria were from the mono-
phyletic genus Nitrosomonas, suggesting that autotrophic nitrification at low pH is more widespread than
previously thought. The results presented in this paper clearly show that autotrophic nitrifying bacteria have
the ability to nitrify at a high rate at low pH and in the presence of only a negligible free ammonia
concentration, suggesting the presence of an efficient ammonium uptake system and the means to cope with low

pH.

Nitrification is carried out mainly by aerobic chemolithotro-
phic bacteria and consists of oxidation of ammonia to nitrite by
ammonia-oxidizing bacteria (AOB), followed by oxidation of
nitrite to nitrate by nitrite-oxidizing bacteria (NOB). Ammo-
nium (the dominant ion under neutral and acidic conditions)
and nitrite are oxidized according to the following stoichiom-
etry (neglecting biomass growth) (31):

NH," + 1.50, > NO,” + 2H* + H,0
NO, + 0.50, — NO;~

As shown in the above equation, the oxidation of every mole of
ammonium produces 2 mol of acidity, which can result in a pH
decrease in poorly buffered environments. Autotrophic micro-
bial nitrification is known to be highly sensitive to pH, and
optimal conditions have been found to be within the narrow
pH range of 7 to 8. Generally, below pH values of 6.5, growth
of pure cultures of autotrophic ammonia-oxidizing bacteria in
liquid culture does not occur (5, 24). The high sensitivity of
nitrification to acidic conditions has been attributed mainly to
the exponential decrease in free ammonia (NH;) with decreas-
ing pH (NH; + H" <> NH,"; pK, = 9.25) (8). Free ammonia
is considered to be the substrate for the primary enzyme am-
monia monooxygenase (34), and the transport of free ammo-
nia into the cells, unlike ammonium ions, is by passive diffusion
(41).

Low rates of nitrification and the presence of autotrophic
nitrifying bacteria in acid soils have been reported by many
researchers (5, 8, 13) with a pH as low as 3.3 but could not be
replicated in dedicated liquid batch culture systems. Possible
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mechanisms for NH; supply to ammonia monooxygenase un-
der negligible concentrations in acid soils are currently as-
cribed to the availability of other sources of nonionic ammo-
nia-like urea (5, 8) or to the presence of alkaline microsites
where a favorable pH exists (8). There are also indications that
acid-tolerant AOB of the genus Nitrosospira isolated from acid
soils can be active at a low pH without the need for special
NH;-generating mechanisms (8). Other studies have shown the
necessity for high cell density, either biofilm or aggregates, for
nitrification at a low pH, but only at a very low rate (1, 7).

Although the general protective nature of biofilms and ag-
gregates against environmental extremes is well documented
(6), a specific protective mechanism for autotrophic nitrifiers
enabling local neutralization under bulk acidic conditions is
debatable. Autotrophic nitrifying biofilms intrinsically produce
acidity, and the diffusional resistance to the transport of pro-
tons and inorganic carbon species in the biofilm will further
decrease pH in the interior of the biofilm (35). Moreover,
evidence from biofilm and aggregate engineered systems for
wastewater treatment has demonstrated repeatedly that au-
totrophic nitrifying bacteria are inhibited at low pH (24, 31,
40). In contrast, the present paper shows that autotrophic
nitrifying bacteria originating from a municipal wastewater
treatment plant have the ability to nitrify at low pH and at a
high rate even with a negligible free ammonia concentration
without any special NH;-generating mechanisms. The phe-
nomenon of high-rate nitrification at low pH is demonstrated
for both biofilm and suspended-biomass reactor systems.

MATERIALS AND METHODS

Attached biomass (biofilm) reactor. The attached-biomass reactor consisted of
a double-column fluidized bed made of transparent 40-mm-diameter polyvinyl
chloride tubes. The main nitrifying column was 110 cm long (1 liter) and was
filled with 350 g (700 ml) of 1- to 2-mm sintered glass particles used as the
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TABLE 1. Analysis of bacterial population from laboratory
biofilm reactor”
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observed). Duplicate samples were analyzed for dry biomass content using the
volatile-suspended-solids (VSS) method (2).

% of total

Target organism(s) Probe (reference) eubacterial

population
B-Proteobacterial ammonia BET42a (20) 65
oxidizers
Nitrosomonas europaea/ Nsel472 (20) ND
eutropha
Nitrosococcus mobilis NmV (20) ND
Nitrosomonas oligotropha Nmo218 + Nolil91 (10) 65
lineage
Nitrosospira genus Nsv443 (20) ND
Nitrospira genus Ntspa662 (20) 25

“ Fluorescently labeled oligonucleotide probes (Vermicon AG) were used.
ND, not detected.

biomass carrier (Schott AG, Mainz, Germany). The main column was intercon-
nected to a 50-cm-long aeration column. Pure oxygen was bubbled at a constant
flow rate through the aeration column, and the oxygen-saturated solution was
recirculated via a pump back to the main column. The oxygen flow was adjusted
so that the dissolved-oxygen concentration at the outlet of the main nitrifying
column was greater than 8 mg - liter !, The reactor operated at a high recircu-
lation ratio to provide completely mixed conditions. The upflow velocity in the
column was between 50 and 60 m - h™ !, and the bed expansion was 30%. All of
the experiments were carried out at 30°C. The reactor was operated with con-
tinuous flow, using an Iwaki diaphragm pump. Depending on the nitrification
rate, the influent flow was varied between 7 and 15 ml-min~'. The influent
solution was made from tap water spiked only with various concentrations of
ammonium chloride (200 to 1,000 mg - liter '), monobasic potassium phosphate
(2 to 5 mg - liter '), and sodium bicarbonate buffer (600 to 3,000 mg - liter ™ ").
Reactor start-up was at a pH of >7 (excess buffer addition) with bacterial
inoculum originating from the Haifa municipal wastewater treatment plant. The
reactor working procedure at low pH was based on three main operational
conditions: (i) the reactor feeding solution was preloaded with a buffer content
slightly lower than the amount required to neutralize the protons released from
complete nitrification of the influent ammonium concentration, (ii) the reactor
biomass concentration was high enough to change the influent water chemistry,
and (iii) the loading rate was attuned to the activity of the bacteria so that the
influent alkalinity (the proton-accepting capacity) was completely destroyed.
Samples of biofilm-covered sintered glass particles were removed weekly from
the reactor by creating a slight vacuum in a flexible 10-mm-diameter tube in-
serted into the middle of the fluidized bed (no stratification of bioparticles was

Suspended-biomass reactor. The suspended-biomass reactor consisted of a
10-liter glass flask equipped with a magnetic stirrer and aerated by pure oxygen
(dissolved oxygen, >8 mg - liter~!). Biomass taken from a nitrifying fixed-bed
reactor already adapted to work at low pH (pH 5) was used as the inoculum. The
same working procedure and inorganic influent solution used in the attached-
biomass reactor were used for the suspended-biomass reactor. The concentra-
tions of ammonium, bicarbonate buffer, and phosphate were adjusted according
to the nitrification rate. The reactor was operated with a continuous influent flow
of 3.8 ml - min~!, using a Cole Parmer peristaltic pump. Effluent was discharged
from the suspended-biomass reactor only once a day, resulting in a gradual
accumulation of liquid in the reactor of from 1 to 6.4 liters in a 24 h-period. After
each 24-h period of operation, the reactor was allowed to stand for 15 min with
no mixing, aeration, and influent flow to allow for biomass settling. A 5.4-liter
volume of supernatant was then drained from the reactor. Mixing, aeration, and
influent flow were restarted immediately after drainage. The supernatant was
filtered using Whatman GFA filter paper (1.6-um pore size) in order to avoid
bacterial loss and maintain high reactor biomass concentrations. The small
amount of filtered biomass (100 to 200 mg) collected on the filter paper was
gently rinsed and returned to the reactor. Daily cleaning of the reactor walls
prevented any formation of biofilm. Due to the specific operating conditions, the
overall reaction rate in the reactor (rate per unit volume X reactor volume) was
constant throughout the day. The reactor was monitored a number of times
throughout the 24-h period, and ammonium, nitrite, and nitrate concentrations
were found to be constant. The pH was slightly lower (about 0.2 pH units)
immediately following settling and slightly higher (about 0.3 pH units) during the
first hour following the restart of influent flow. During the rest of the day, the pH
was constant. Nitrogen and pH results given in this paper are the measurements
recorded at the end of each 24-h period, i.e., when the volume of the reactor was
6.4 liters. Every week, a 25-ml sample for dry biomass and protein content
analysis was removed from the suspended-biomass reactor. Protein was mea-
sured on triplicate 1.5-ml samples by using the Bradford method (4), while VSS
analysis (2) was performed on duplicate 10-ml samples.

Chemical analysis. Duplicate samples from the reactors were analyzed for
ammonium, nitrate, nitrite, and phosphate concentrations. Nitrate, nitrite, and
phosphate concentrations were determined by using a Metrohm 761 ion chro-
matograph equipped with a Metrosep Dual 1 anion separating column and
suppressor using a carbonate (1.8 mM)-bicarbonate (1.7 mM) eluent. Ammo-
nium concentrations were determined using a second Metrohm 761 ion chro-
matograph equipped with a Metrosep C2 cation separating column, using a
tartaric acid (4 mM)-dipicolonic acid (1 mM) eluent. The error between the
duplicate samples was never greater than 2%. Duplicate pH measurements were
taken from the reactor systems at intervals of 10 min using a daily calibrated

TABLE 2. Analysis of bacterial population from suspended-biomass laboratory reactor at end of experimental period*

Target organism(s)

Probe(s) (reference)

% of total eubacterial

population
a-Proteobacteria ALF968 (20) 5
B-Proteobacteria BET42a (20) 4
B-Proteobacterial ammonia oxidizers Nso1225 (20) and NEU+CTE(20) 2
Nitrosomonas europaea/eutropha Nse1472 (20) ND
Nitrosococcus mobilis NmV (20) 0.8
Nitrosomonas marina lineage NSMR76 (20) ND
Nitrosomonas oligotropha lineage Nmo218 (10) and Noli191 (10) 0.8
Nitrosomonas communis lineage NmlI (25) ND
Nitrosomonas cryotolerans lineage NmlIV (25) ND
Nitrosospira genus Nsv443 (20) ND
Nitrosospira tenuis lineage NSMR34 (20) ND
y-Proteobacteria GAM42a (20) <1
Gram-positive with high G+C content HGC69A (20) 3
Cytophaga-Flexibacter subphylum CF319%a (20) ND
Nitrospira genus Ntspa662 + CompNtspa66 2 (20) 80
Nitrobacter NIT3 + CompNIT3 (20) ND
Major heterotrophic nitrifiers
Paracoccus denitrificans Par651 (20) ND
Alcaligenes faecalis Alf6a_new (22) ND
Pseudomonas putida Ppul437 + 2 (22) ND

“ Fluorescently labeled oligonucleotide probes (Vermicon AG) were used. ND, not detected.
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portable Eutech pH meter equipped with a standard combined electrode and
temperature probe. The difference between successive measurements was never
greater than 0.05 pH units. Alkalinity was measured using the Gran titration
procedure (11). Oxygen was measured using a Eutech oxygen meter equipped
with a galvanic electrode.

I5N isotope measurements. In addition to measuring protein and VSS content
in the suspended-biomass reactor, biomass growth was determined using '°N
isotope measurements. Five percent of the ammonium content in the feeding
solution was replaced with the isotope "NH, ™ for 26 days (from day 7 to day 33).
The percent of >N that accumulated in the biomass was measured with an
elemental analyzer (ANCA-SL; PDZ Europa, Crewe, United Kingdom) con-
nected to an isotope ratio mass spectrometer (20-20; PDZ Europa). Based on the
measured ratio of '°N to *N and the amount of elemental nitrogen present in
the biomass sample, the change in >N content in the biomass over time was
determined. The yield coefficient was then calculated from the amount of am-
monium oxidized together with the change in >N biomass content.

Analysis of nitrifying population in the biofilm and suspended-biomass reac-
tors. After extended operation at about pH 4 (250 days), a sample from the
biofilm reactor was fixed 1:1 with ethanol (96%) and analyzed for bacterial
populations by Vermicon AG (Munich, Germany). The biofilm sample was
tested by using fluorescently labeled oligonucleotide probes for eubacteria,
B-proteobacterial ammonia-oxidizing bacteria, ammonia-oxidizing bacteria from
the Nitrosomonas europaea/eutropha, Nitrosococcus mobilis, Nitrosomonas oligo-
tropha, and Nitrosospira groups and nitrite-oxidizing bacteria of the genus Nitro-
spira (Table 1). The hybridization was preformed as described previously (21).
Slides were dual stained with 4',6’-diamidino-2-phenylindole (DAPI), and bio-
mass cell viability was indicated by the percentage of DAPI-stained cells hybrid-
ized to the eubacteria probe. To determine the share of each bacterial group
relative to eubacteria, 20 different microscopic fields were evaluated and the
average fraction was calculated. The error was 5 to 10% of the values given in
Tables 1 and 2.

In a similar manner, after 100 days of low-pH operation, a sample of settled
biomass from the suspended-biomass reactor was analyzed for bacterial popu-
lations by Vermicon AG (Munich, Germany). A more extensive hierarchical set
of fluorescently labeled oligonucleotide probes targeting the a-, B-, and +y-pro-
teobacterium groups, ammonia-oxidizing bacteria, and the major subgroups of
ammonia- and nitrite-oxidizing bacteria was used (Table 2).

Tests were also carried out to determine if any significant heterotrophic bac-
terial or fungal nitrification occurred in the biofilm and suspended-biomass
reactor. Batch experiments with allylthiourea (1 pg - ml™') and nitrapyrin at low
concentrations (0.5 p.g - ml™') showed significant inhibition, indicating autotro-
phic nitrification (26, 39). Batch tests with increasing concentrations of acetate
(up to 20 mg - liter ') showed similar or even lower nitrification rates, further
indicating no significant heterotrophic nitrification (37). In addition, batch cul-
tures with streptomycin and tetracycline at bacteriocide concentrations almost
completely inhibited nitrifying activity, ruling out the presence of fungal nitrifi-
cation (19). Furthermore, using appropriate fluorescent oligonucleotide probes
on a biomass sample from the suspended-biomass reactor, the important het-
erotrophic nitrifier groups Paracoccus denitrificans, Alcaligenes faecalis, and
Pseudomonas putida were found to be absent (Table 2).

RESULTS AND DISCUSSION

Attached biomass (biofilm) reactor. An attached-biomass
reactor with sintered glass as the biofilm carrier was first op-
erated at pH 7 (Fig. 1a) until a high nitrification rate of 42 g
of N oxidized - liter of reactor volume™' - day~' and biomass
content of 6.6 = 0.2 g of VSS-liter ! were achieved with a
specific nitrification rate of 0.64 g of N oxidized-g of
biomass ' - d~'. The transition from neutral to acidic condi-
tions was carried out by gradually reducing the ammonium
load to the reactor over a period of 8 days, lowering the
nitrification rate from 4.6 to 1.1 g of N oxidized - liter of reactor
volume ! - day !, and by changing the feeding solution to con-
tain insufficient buffer for complete nitrification of the influent
ammonium concentration (Fig. 1b). In the same period, the
pH dropped from 7.2 to 4.6, and the carbonate alkalinity fell to
just below the H,CO;* (H,CO; = H,CO; + CO, [aqueous])
equivalence point (—0.04 meq - liter '), indicating that all of

HIGH-RATE NITRIFICATION AT LOW pH 6483

P (a)
7_
40 OO
4o
o
b o)
6 o 5
T o
a o
57 °
i % 00y . OOQ}O
0,2, ©
] s e o0 PRI
4 —
_IlllllllllllllIlllllllllllllllllll
_|ll|l||||ll|||Illlllllllllllllllll
. o
5—_ ogb
i o) <S¢}
N o
4l 3
o 4 oS
— Jo (%OO%%O
- 4 o)
O 3 - @ QEQ; Om &
N o ©)
- 4 > wo
X Jo o e}
=221 % QOO
° OOCCCQ
17
. (b)
0 ||||I||||Illllllllllllllllllllllll

0 10 20 30 40 50 60 70
Time (days)

FIG. 1. (a) Nitrifying biofilm reactor pH. (b) Performance of a
nitrifying biofilm reactor at low pH. 1, liter.

the influent buffer was destroyed and only acidity species were
present. At this point, the nitrification rate was 24% of the
original rate. The nitrogen load was increased for 10 days, and
the nitrification rate recovered to 3.2 g of N oxidized - liter of
reactor volume ™' - day ' in spite of the low average pH (4.3 =
0.1) and alkalinity (—0.04 * 0.03 meq - liter ). The reactor
was maintained at a nitrification rate of about 3.0 g of N
oxidized - liter of reactor volume ' -day ! and recorded the
same average pH and negative alkalinity values for a further 30
days except for a few transient pH peaks observed during this
period (days 34, 35, 40, and 43) caused by malfunctions in the
oxygen supply system. From day 48 to day 66, the influent load
was increased, and a very high nitrification rate of 5.6 g of N
oxidized - liter of reactor volume ' - day ! was achieved. The
average pH during this period was only slightly higher at 4.4 +
0.1. The biomass concentration in the reactor increased by
about 50% to 10.1 = 0.4 g of VSS-liter !, with a specific
nitrification rate of 0.55 g of N - g of biomass ™' - day ™', similar
to the value obtained at the end of reactor start-up at pH 7 and
with other high-rate nitrification reactors operating at pH 7
reported in the literature (3, 9).

Approximately 94% of the influent ammonium was con-
verted to nitrate, while the average nitrite concentration was
0.2 = 0.3 mg of N -liter ! and rarely higher than 1.0 mg of
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FIG. 2. Ammonium, nitrite, and nitrate concentrations in the nitrifying biofilm reactor (influent [Inf.] NH, ", @; effluent [Eff.] NH,*, O; effluent

NO, ", #; effluent NO3, 0O0). 1, liter.

N -liter ! (Fig. 2). The average ammonium concentration in
the reactor was low, 9.3 * 3.3 mg of N - liter !, and the cor-
responding free ammonia concentration at low pH was negli-
gible, 0.01 = 0.006 uM NH,. Daily nitrogen mass balance
based on ammonium fed, nitrate and nitrite produced, and
alkalinity balance (where for every mole of NO; ™ produced, 2
mol of alkalinity was destroyed) showed no apparent nitrogen
loss due to denitrification. This is to be expected from reactor
systems operating at high concentrations of oxygen (>8
mg - liter ! in the effluent) and a feeding solution consisting
only of inorganic salts.

After continuous operation of the reactor for more than 250
days at low pH and nitrification rates greater than 2 g of N
oxidized - liter of reactor volume ™! - day*, the microbial com-
position of the biofilm reactor was characterized by using flu-
orescent TRNA targeted probes (Table 1). The bacterial cells
showed high viability, since more than 95% of the DAPI-
stained cells were positive for the eubacterial probe. Sixty-five
percent of the eubacterial population was identified as AOB,
while 25% was from the genus Nitrospira, a NOB. These values
are higher than those with a similar control pH 7 nitrifying
biofilm reactor showing 40% AOB and 20% NOB and re-
ported values of dedicated nitrifying reactors using fluores-
cently labeled oligonucleotide probes (10, 15, 17, 23, 29). The
low-pH reactor also presented a more uniform morphology of
detected nitrifiers, with only smaller AOB cell clusters (about
10 wm), while a more diverse colony structure with various
bigger AOB cell clusters (from 10 to 25 um) could be observed
in the pH 7 reactor. Coccoid Nitrospira cells were grouped in
very tight and mostly small clusters. In the biofilm of the
nitrifying reactors, AOB and Nitrospira clusters formed coag-
gregated microcolonies. With use of more-specific oligonucle-
otide probes, all the AOB were revealed to be from the N.
oligotropha lineage. These known groups of nitrifiers are not
considered acid-tolerant bacteria, although N. oligotropha is

reported to have very low K, values of 1.9 to 4.2 .M NH; (18).
With use of selective inhibitors (19, 26, 37, 39), no signs of
either bacterial or fungal heterotrophic nitrification were
found. The exclusive presence of Nitrosomonas-type bacteria
after long-term reactor operation is noteworthy, because tol-
erance to low pH has been previously attributed mostly to the
monophyletic genus Nitrosospira (8, 32). This suggests that
autotrophic nitrification at low pH is more widespread than
previously thought.

If indeed the bacteria identified in the low-pH reactor are
not acid tolerant and the biofilm’s glass carrier provides no
alkaline or ion exchange properties, it still could be conjec-
tured that somehow the biofilm provides a favorable pH mi-
croenvironment. Previous microelectrode measurements pro-
filing pH and oxygen concentrations in a nitrifying biofilm
grown at low pH revealed an active biofilm with a pH similar
to the bulk pH and even lower (36). Furthermore, modeling
nitrifying biofilm based on known kinetic parameters and dif-
fusion constants supported the microsensor’s measurements
(35). Summarizing, a proton-producing biofilm cannot possibly
have a favorable pH microenvironment, with the correspond-
ing increase in NH; concentration strongly suggesting that
autotrophic nitrifying bacteria have an efficient uptake mech-
anism for the ammonium cation. The phenomenon of high-
rate nitrification at low pH was repeated in several other bio-
film reactors with inocula from different sources (36), and pH
values as low as 3.75 were observed (results not shown).

Suspended-biomass reactor. To further prove the abilities of
known chemolithotrophic bacteria to nitrify at a high rate and
a low pH, the research study was extended to include a sus-
pended-biomass reactor. Comparison between biofilm and sus-
pended-biomass reactors is important, since biofilms and ag-
gregates were reported to facilitate nitrification at low pH (1,
7).

The low-pH nitrifying suspended-biomass reactor was inoc-
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FIG. 3. (a) Bulk pH in nitrifying suspended-biomass reactor. (b)
Performance of a suspended biomass nitrifying reactor at low pH. 1,
liter.

ulated with biomass taken from a fixed-bed reactor already
acclimated to low pH (pH 5). Protons released by nitrification
in the continuously fed suspended-biomass reactor destroyed
all of the influent alkalinity (10 to 28 meq - liter " with a pH of
7.9 to 8.5) during the 100-day experimental period and resulted
in a very low reactor pH, varying between 3.2 and 4.5, with an
average pH of 3.8 = 0.3 (Fig. 3a). Interestingly, the average pH
in the suspended-biomass reactor was significantly lower by a
half a unit than the average pH in the biofilm reactor. Al-
though the bacteria could have operated at a higher pH simply
by oxidizing a smaller amount of the influent ammonium con-
centration (resulting in the formation of less acidity), the bac-
teria seemed to be indifferent to the bulk pH as long as it was
higher than 3.2. The measured alkalinity was significantly lower
than that in the biofilm reactor and well below the H,CO5*
equivalence point (—0.26 = 0.16 meq - liter '), i.e., no carbon-
ate species with proton-accepting capacity were present in the
suspended-biomass reactor, and the phosphate species concen-
tration was low (1 to 2 mg-liter ' as PO,”). A temporary
increase in the pH was observed on days 23, 59 and 78 (Fig. 3a)

HIGH-RATE NITRIFICATION AT LOW pH 6485

due to a malfunction in oxygen supply (days 59 and 78) and a
too-fast increase in the alkalinity and ammonium loading rel-
ative to the nitrification rate (day 23). During the entire ex-
perimental period, the nitrite concentration was always close to
zero. As in the case of the nitrifying biofilm reactor, mass
balance on both nitrogen and alkalinity showed that no deni-
trification occurred in the suspended-biomass reactor.

The working procedure ensured that the ammonium con-
centration in the reactor was always low, the average concen-
tration being 6.2 = 3 mg-liter ™! for N-NH, ™. The corre-
sponding free ammonia concentration was negligible, with an
average concentration of 0.002 = 0.0015 wM NH;. Concentra-
tions as low as 0.0002 uM NH; were observed, which is four
orders of magnitude lower than the lowest reported K, for
nitrifying bacteria (18).

The loading rate was gradually increased over the 100-day
period. Increasing the loading rate was carried out only when
lower values of reactor pH were observed, which indicated an
increase in nitrification activity. At the end of the experimental
period, a volumetric nitrification rate of 1.1 g of N
oxidized ! - liter of reactor volume ' - day~! (Fig. 3b) and a
specific nitrification rate of 0.24 g if N oxidized-g of
biomass~'-day ' was attained based on nitrate produced.
The gradual increase in the nitrification rate was probably due
to continued cell growth (see below) and not to adaptation,
since the bacteria were already acclimated to a low pH from
the beginning of the experiment.

Using fluorescently labeled oligonucleotide probes, the mi-
crobial composition of the suspended-biomass reactor was
characterized (Table 2). As in the biofilm reactor, the bacterial
cells showed high viability, since more than 95% of the DAPI-
stained cells were positive for the eubacterial probe. Remark-
ably, 80% of the total eubacterial population was the nitrite
oxidizer Nitrospira, while only 2% was identified as AOB. Us-
ing more-specific DNA probes, 1.6% of the AOB were iden-
tified as N. oligotropha- and N. mobilis-related groups in equal
concentrations. The remaining 0.4% of AOB was undetected
by any of the more specific probes used. The Nitrospira cells
showed a uniform shape, coccoid cells, which were observed in
small as well as large clusters. The identified ammonia oxidiz-
ers showed a diverse morphology. Dense cell clusters not
greater than 10 pm in size belonging to the N. mobilis group
and loosely packed cell “swarms” belonging to the N. oligotro-
pha lineage were observed attached to larger Nitrospira clus-
ters, forming large aggregates. Dense N. mobilis clusters were
also observed separate from the large aggregates. Single AOB
cells were hardly detected. No signs of either bacterial or
fungal heterotrophic nitrification were found using selective
inhibitors (19, 26, 37, 39) or specific molecular probes for the
major heterotrophic nitrifying groups.

Based on total biomass concentration, a constant specific
nitrification rate of 0.23 g of N oxidized-g of dry
biomass™' - day~" was observed from day 25. This value is
about one order of magnitude lower than reported maximal
nitrification rates at pH values of between 7 and 8 (27, 30, 38)
(values based on total biomass concentrations). Although this
value is remarkably high for such a low pH, it is actually even
much higher when based on AOB instead of the total biomass
concentration because of the extremely small fraction of these
bacteria.
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FIG. 4. Biomass concentration (g of protein - liter '; @) and spe-

cific ammonium oxidation rate (g of N oxidized - g of protein™'; O) in
the suspended-biomass reactor.

Growth in the suspended-biomass reactor was shown by an
increase in the '°N isotope content of the biomass with use of
a feeding solution enriched with '*N-labeled ammonium chlo-
ride in the early part of the experiment, from day 7 to day 33.
Growth of bacteria was also confirmed as an increase in the
reactor dry biomass concentration (from 2.7 to 4.1 g - liter %)
and protein concentration (from 0.9 to 1.5 g - liter ') from day
25 to day 95, in spite of biomass losses caused by weekly
sampling and daily filtration (Fig. 4). Although these methods
do not differentiate between autotrophic and heterotrophic
growth, there are several points which support the assumption
that the increase in reactor protein, dry biomass, and °N
assimilation is mainly due to autotrophic growth: (i) the feed-
ing solution contained only inorganic salts and no direct or-
ganic substrate to support substantial heterotrophic growth;
(ii) a highly active nitrifying population was maintained for the
whole experimental period, lasting 100 days, and the reactor
nitrification rate even increased; (iii) the gradual increase in
biomass concentration throughout the experiment was accom-
panied by a proportional rise in the nitrification rate in the
reactor; and (iv) the incremental increase in biomass concen-
tration was much greater than the measured share of the het-
erotrophs in the reactor. As for possible heterotrophic growth
of the NOB population, this has been shown only for Ni-
trobacter, which was absent in the reactor, and not for Nitro-
spira, the only NOB found in the suspended-biomass reactor.

The '°N results showed a yield of 0.1 g of dry biomass - g of
N oxidized - day '. The yield coefficient observed in the sus-
pended-biomass reactor is in the lower range of reported cell
yield coefficients for nitrifying bacteria at optimal pH (0.05 to
0.33 g of dry biomass - g of N-NH,* oxidized ") (14, 27, 28,
38). Typical kinetic constants of nitrifying bacteria indicate that
the AOB concentration should be higher than that of NOB, as
was the case in the control pH 7 and low-pH biofilm reactors
mentioned above. The abundance of NOB in the suspended-
biomass reactor was found to be 40 times higher than that of
AOB, and this suggests that the observed yield is mainly that of
NOB alone.

APPL. ENVIRON. MICROBIOL.

To create such a large difference in population sizes, the
yield of AOB may have been much lower due to the suspend-
ed-biomass reactor’s lower pH (at least half a pH unit of
difference between the biofilm and the suspended-biomass re-
actors) or the result of the filtration technique used daily to
prevent biomass washout. In the first case, energy-consuming
mechanisms for maintaining homeostatic pH and for ammo-
nium uptake to overcome the problem of a negligible free
ammonia concentration at low pH may have been responsible
for the disproportionate populations. However, a normal pop-
ulation ratio of AOB to NOB under negligible free ammonia
concentrations and low pH was already observed in the biofilm
reactor. It can be speculated that at the very low pH conditions
prevailing in the suspended-biomass reactor, the enzymatic
system for AOB may require more energy to maintain ho-
meostasis because of its more elaborate nature. In the second
case, glass microfiber filter paper with 1.6-pm pores (Whatman
GFA) used in filtration may have selectively retained the much
larger NOB aggregates while smaller embryonic AOB clusters
or free cells passed the filter barrier and washed out of the
system. However, results from a number of filtrate samples
showed that the protein and biomass concentration in the
effluent was negligible. Regardless of the reasons for the dis-
proportionately low AOB-to-NOB ratio, the fact that a high
ammonium oxidation rate was accomplished by only 2% of the
bacterial population is further evidence for the existence of an
efficient ammonium uptake mechanism and the means to cope
with low pH in autotrophic nitrifying bacteria.

In this paper, successful operation of high-rate nitrification
at low pH in both attached (biofilm) and suspended-biomass
reactors by chemolithotrophic bacteria is reported under con-
ditions of no special NH;-generating mechanisms. The results
from this research clearly contradict those in many other pre-
viously published studies on high-rate nitrification in reactor
systems. In spite of the unique and carefully designed reactor
operation procedures used here to overcome the specific sen-
sitivities of the chemolithotrophic nitrifying bacteria, it is still
perplexing why the phenomenon of high-rate nitrification at
low pH was not reported before in engineered and laboratory
systems. In engineered systems, CO, limitation due to exces-
sive degassing by conventional air aeration is probably the
main reason why high-rate nitrification at low pH has not been
observed (12). With regard to microbial work in this field, it is
usually carried out on pure cultures in batch reactor systems
equipped with vigorous air aeration, using the recommended
American Type Culture Collection medium containing a high
ammonium concentration of 48 mM (33). We can only surmise
that using a heterogeneous nitrifying population in a continu-
ous-flow reactor aerated with pure oxygen contributed to the
successful results by preventing the accumulation of toxic
HNO, and decreasing degassing of essential CO, occurring at
low pH. In addition, the working procedure minimized bacte-
rial loss that is vital to prevent washout of the extremely slow-
growing ammonia-oxidizing bacteria. Finally, it is possible that
growing the nitrifying population at low ammonium concen-
trations may have induced an efficient ammonium uptake
mechanism, as opposed to cultivation in high-ammonium con-
centrations, which may repress it (16).
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