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Abstract Three novel strains capable of heterotrophic
nitrification—aerobic denitrification were isolated from the
landfill leachate treatment system. Based on their pheno-
typic and phylogenetic characteristics, the isolates were
identified as Agrobacterium sp. LAD9, Achromobacter sp.
GAD3 and Comamonas sp. GAD4, respectively. Batch
tests were carried out to evaluate the growth and the
ammonia removal patterns. The maximum growth rates as
determined from the growth curve were 0.286, 0.228, and
0.433 h™' for LAD9, GAD3 and GAD4, respectively. The
maximum aerobic nitrification—denitrification rate was
achieved by the strain GAD4 of 0.381 mmol/l h, followed
by LADO of 0.374 mmol/l h and GAD3 of 0.346 mmol/I h.
Moreover, hydroxylamine oxidase and periplasmic nitrate
reductase were successfully expressed in all the isolates.
The relationship between the enzyme activities and the
aerobic nitrification—denitrification rates revealed that
hydroxylamine oxidation may be the rate-limiting step in
the heterotrophic nitrification—aerobic denitrification pro-
cess. The study results are of great significance to the
wastewater treatment systems where simultaneous removal
of carbon and nitrogen is desired.
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Introduction

Conventional ammonium removal consists of two steps:
nitrification by autotrophs under aerobic conditions and
denitrification by heterotrophs under anaerobic conditions.
However, this type of system is difficult to operate due to
the low rate of nitrification and the complexity of sepa-
rating nitrification and denitrification reactors. Recently,
bacteria capable of combined heterotrophic nitrification
and aerobic denitrification has been investigated as poten-
tial microorganisms in biological nitrogen removal systems
[2, 4, 9]. These microorganisms, due to their high growth
rate and ability to convert ammonium (NH,") to N, aer-
obically, have many advantages as applied for the removal
of nitrogen: (1) procedural simplicity, where nitrification
and denitrification can take place simultaneously; (2) less
acclimation problems; (3) lesser buffer quantity needed
because alkalinity generated during denitrification can
partly compensate for the alkalinity consumption in
nitrification [3]. To date, certain groups of heterotrophic
nitrification—aerobic denitrification bacteria, such as Thi-
osphaera pantotropha, Alcaligenes faecalis, Bacillus sp.,
and Providencia rettgeri have been isolated from soils and
wastewater treatment systems [1, 11, 19, 29].

On the basis of the typical strain Thiosphaera pantot-
ropha, a speculated model of electron transfer [27] and
biochemical mechanisms [3] have been proposed to
explain the coupling of heterotrophic nitrification and
aerobic denitrification in an organism. In heterotrophic
nitrification, the pathway of heterotrophs resembled that of
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autotrophs [28]. Ammonia is oxidized to hydroxylamine by
ammonia monooxygenase (AMO), and then hydroxyl-
amine is oxidized to nitrite by hydroxylamine oxidase
(HAO), which is a key reaction [14, 16]. In aerobic deni-
trification, co-respiration is an important mechanism,
where oxygen and nitrate are simultaneously used as
electron acceptors. Constitutive denitrifying enzymes are
found in Thiosphaera pantotropha [20].

However, in contrast to Thiosphaera pantotropha,
nitrate cannot be used and nitrate reductase is absent in
Alcaligenes faecalis [26]. It is clear that there are many
differences between bacteria with the ability of combined
nitrification and denitrification [13]. Hitherto, it is still
difficult to generalize the biochemical mechanisms due to
the limitation of the number of tested species. Thus, further
investigation on a broader range of species is necessary.

The present study aimed to isolate novel heterotrophic
bacteria capable of heterotrophic nitrification—aerobic
denitrification from the landfill leachate treatment system.
Particular attention was paid to revealing the possible
biochemical mechanisms of the isolates. This study is of
particular importance to efficient domestic wastewater
treatment where simultaneous removal of nitrogen and
organics is desired.

Materials and methods
Media and isolation

Bacteria were isolated from the bioreactor treating landfill
leachate according to the modified Takaya method [24].
Activate sludge (5 ml) was transferred to 200 ml of arti-
ficial wastewater medium in 500-ml Erlenmeyer flasks and
incubated in a rotary shaker (120 rpm) at 30°C for 3 days.
Fresh artificial wastewater medium was sub-inoculated
with 10 ml of the culture and incubated at the same con-
ditions. These procedures were repeated three times.
Resultant bacterial suspension was streaked on the BTB
medium plates at 30°C for 2 or 3 days. Resulting blue
colonies were isolated and purified by serially streak plat-
ing onto the BTB medium. The composition of Bromoth-
ymol Blue (BTB) medium was as follows (per liter of
distilled water): 1.0 g rL-asparagine; 1.0 g KNO3; 1.0 g
KH,POy; 0.06 g FeSO4-7H,0; 0.2 g CaCl,-2H,0; 1.0 g
MgS0O,4-7H,0; 8.5 g sodium succinate; 1 ml BTB (1% in
ethanol); 16-18 g agar; pH 7.0-7.3.

Synthetic mineral medium was used to determine the
capabilities of heterotrophic nitrification and aerobic
denitrification of the isolates. The composition of medium
(A) was as follows (per liter of distilled water): 1.0 g
KNOj, 8.5 g sodium succinate, 1.0 g KH,PO,, 0.06 g
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FCSO4'7H20, 0.2 g CaC12-2HZO, 1.0 g MgSO47H20
Medium (B) contained (per liter of distilled water): 0.28 g
NH,4CI, 4.5 g sodium succinate, 1.0 g KH,PO,4, 0.06 g
FeSO4-7H,0, 0.2 g CaCl,-2H,O, 1.0 g MgSO4-7H,0.
NH,4CI or KNOj were both sterilized separately and added
as needed. Initial pH was set at 7.0 & 0.2.

Identification of the isolates

Total bacterial DNA was extracted with a genomic DNA
extraction kit (TianGen, China) following the manufac-
turer’s instructions. The genes encoding 16S rRNA were
amplified from the extracted genomic DNA by PCR using
universal primers 27F and 1492R [5]. PCR reaction mix-
ture (50 pl) was composed of 1 pl of DNA template, 2 pl
dNTP (10 mmol/l), 5 wl 10 x PCR buffer, 2.5 U Tag DNA
polymerase, 1 pl of each primer (20 umol/l) and sterile
water to volume. PCR cycling was carried out in a thermal
cycler (Bio-Rad, USA) under the following conditions: an
initial denaturation at 94°C for 3 min, followed by 30
cycles of denaturation at 94°C for 30 s, annealing at 55°C
for 40 s and enlongation at 72°C for 1 min; cycling was
completed by a final enlongation step of 72°C for 10 min.
The PCR products were then sequenced by Sangon Co.
Ltd. (Shanghai, China). The sequences and their related
references retrieved from GenBank were aligned using
Bio-Edit. A phylogenetic tree was constructed by the
neighbor-joining method with 500 bootstrap replicates
using the Kimura 2-parameters model implemented by the
program MEGA 3.1.

Measurement of aerobic nitrification—denitrification
rates

To determine the aerobic nitrification—denitrification
capabilities of the isolates, the strains were inoculated
respectively in 11 Luria—Bertani medium (1% tryptone,
0.5% yeast extract, 0.5% NaCl, 0.04% NH,CI) for 24 h.
Enriched cultures were harvested by centrifugation at
6,000 rpm for 10 min and washed twice with sterile dis-
tilled water. The pellets were resuspended in 50 ml med-
ium (B) for incubation.

Tests were then carried out in 250-ml Erlenmeyer flasks.
Each flask was filled with 95 ml of medium (B) and 5 ml
of enriched culture with OD value around 1.0. These flasks
were shaken in a rotary culture (150 rpm) at 30°C to
maintain a homogenous culture and to allow better gas
exchange. Flasks without inoculation served as sterility
controls. Logistic model (Eq. 1) was used to estimate the
maximum growth rate (Un.,) from the growth curve,
plotted as OD as a function of time. The maximum growth
rate was at half the carrying capacity, where N = K/2.
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where N was the biomass; » was the instantaneous growth
rate; K was the carrying capacity.

The rates of the aerobic nitrification—denitrification
(Ranp) were calculated by the following Eq. (2):

NHI oxidized NO; produced ( 2)
t

Ranp =

where NOy oquceq Was the sum of nitrite and nitrate
remaining at time ¢, in mmol/l; NHIOXidizedwas calculated as
the total ammonia consumption at time ¢, in mmol/l; ¢ was
the total reaction time.

Analytical methods

Cell growth was monitored by measuring the absorbance at
600 nm using a SmartSpecTM Plus spectrophotometer (Bio-
Rad, USA). The liquid samples were centrifuged at
10,000 rpm for 5 min, and then the supernatants were
diluted as required for different analyses. Nitrite was
determined by N-(1-naphthyl)-ethylene diamine spectro-
photometry and nitrate was determined by ultraviolet
spectrophothometry. The amount of total nitrogen (TN)
was calculated by adding concentrations of ammonia,
nitrate, and nitrite.

Hydroxylamine oxidation and nitrate reduction were
both measured in cell-free periplasms extracted by the
osmotic shock method [22]. Protein concentration in the
periplasms was measured by the Folin-phenol reagent [12].
Nitrate reduction was assayed using the following reaction
mixture: 50 mM potassium phosphate (pH 7.5), 10 uM
KNOj3, 200-pl cell periplasms and distilled water to make a
final volume of 1 ml. Formation of nitrite from nitrate in
the reaction mixture was taken as a measure of nitrate
reductase (NAP) activity [10]. Hydroxylamine oxidase
(HAO) activity was determined by the appearance of nitrite
from NH,OH in the reaction mixture, which contained
(ml™"): 10 mM Tris/HCI pH 8.0, I mM NH,OH and 200-
ul cell periplasms.

The collection numbers were CGMCC No. 2962 for
LAD9, CGMCC No. 2964 for GAD3 and CGMCC No.
2963 for GADA4.

Results
Isolation and identification
In a typical experiment, 15 strains positive in BTB plate

assays were screened. These strains were screened further
by culturing them in flasks containing medium (A) under

aerobic conditions. Denitrification was periodically moni-
tored by measuring nitrite and nitrate concentrations in the
medium. The strains that demonstrated more than 85% TN
removal efficiency were selected and named as LADO,
GAD3, and GADA4, respectively. To assess the capabilities
of ammonia oxidation by the three isolates, they were then
cultured in the medium (B), and ammonium removal pat-
terns were determined. After 24 h of the incubation under
standard conditions, 100% of ammonium was removed by
the three isolates. With the decrease of ammonia, nitrite or
nitrate accumulation was very low. It was suggested that
the three isolates were capable of heterotrophic nitrifica-
tion—aerobic denitrification.

To identify the isolates, phenotypic observation and
genotypic analysis were conducted. Phenotype showed that
LADY9, GAD3, and GAD4 were all Gram-negative, rod-
shaped species with sizes of (0.3—1.5) um x (0.6—-1.0) pm,
(0.5-1.2) pm x (0.5-2.6) pm and (0.5-1.2) pm x (0.5—
2.6) um, respectively. The nucleotide sequences of their 16S
rRNA genes alignment (Table 1) and a phylogenetic anal-
ysis (Fig. 1) revealed that LAD9 was a member of the genus
Agrobacterium in the o subclass of the class Proteobacteria,
while GAD3 and GAD4 were members of the genus
Achromobacter and Comamonas, both in the f subclass of
the class Proteobacteria.

Aerobic nitrification—denitrification by the isolates

Aerobic nitrification—denitrification capabilities of the
isolates were assessed in the medium (B) with NH,CI as
the sole nitrogen source and sodium succinate as the carbon
source. Growth curves of the isolates were established by
measurement of the OD value at 600 nm.

The growth of the isolates in batch cultures all resulted
in sigmoidal curves (Fig. 2a—c), where three distinguished
phases were found. The maximum growth rates ({max) as
determined from the growth curve were 0.32, 0.31, and
0.38 h™' for LAD9, GAD3 and GADA4, respectively.

Furthermore, as depicted in Fig. 2, an excellent ammo-
nia nitrogen removal of about 95% was achieved by all the
isolates in 12 h. The corresponding nitrite release during
the ammonia degradation was extremely low. However, the
evolution of nitrate demonstrated different patterns. In
LAD?9, nitrate accumulation was not detected and the final

Table 1 16S rRNA sequence similarities between three strains and
related bacteria

Strain GenBank No. Affiliation Similarity (%)

LAD9 FJ639330
GAD3 FJ639331
GAD4 FJ639332

Agrobacterium sp. 99
Achromobacter sp. 97

Comamonas sp. 99
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Fig. 1 Phylogenetic tree based
on 16S rDNA sequences of the
isolates and related standard
bacteria (the numbers at the
forks indicate the bootstrap
values in percentage. Bar
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concentration was as low as 0.71 mg/l; while in GAD3 and
GAD4, the appearance of nitrate was obvious, where
nitrate concentration gradually reached the peak at 6 h, and
decreased to a certain level at the end. In addition, a dis-
tinct lag phase was found in the strain GAD?3 in the initial
2 h for ammonia degradation, but its cell growth increased
two-fold when analyzing the growth profile (Fig. 2b),
which was absent in the strains LAD9 and GAD4. This
may be attributed to the proliferation of GAD3 prior to the
nitrification process. The occurrence of the lag phase is
also found in aerobic denitrifiers [6]. The variance in
metabolism by different subclass of proteobacteria may be
the possible reason for it and the proliferation by assimi-
lation may take place before the catabolism process.

@ Springer

Ranp (calculated by Eq. 1) was used to determine
the capabilities of aerobic nitrification—denitrification by the
isolates. The results showed that strain GAD4 exhibited the
highest Ranp (0.381 mmol 17" h™"), while GAD3 per-
formed the lowest, with the Rynp of 0.346 mmol 17" h™".
In the case of LAD9, Ranp was 0.374 mmol 17! h~!. The
order of Ranp Was the same as it of p,,x, indicating better
removal rate correlated well with the growth rate (Fig. 2d).

Enzyme activities
To identify the possible pathway of the combined nitrifi-

cation and denitrification, HAO and NAP activities were
tested in cell periplasms as they have been suggested to be
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Table 2 Specific HAO and NAP activities of the three strains

Strain  Specific HAO activity (U/g)  Specific NAP activity (U/g)
LAD9 0.094 £ 0.008 0.094 £+ 0.012
GAD3 0.031 + 0.006 0.220 £+ 0.088
GAD4 0.178 + 0.003 0.754 + 0.259

crucial enzymes involving in this process. The results
showed that they were both successfully expressed in all
the isolates (Table 2). Maximum activity of HAO was
found in GAD4 with a specific activity of 0.178 U/g pro-
tein, followed by 0.094 and 0.031 U activities in the case
of LAD9 and GAD3. GAD4 also exhibited the highest
NAP activity. The corresponding activity was 0.754 U/g
protein. The NAP activities of GAD3 and LAD9 were
0.094 and 0.220 U, respectively. It was clear that the order
of HAO activity was different from it of NAP activity.

Discussion

Three heterotrophic nitrification—aerobic denitrification
strains were isolated from the landfill leachate treatment
system. The p,.x of the isolates are between 0.3 and
0.4 h™', which is five to ten times than that of the auto-
trophic bacteria (the p,.x of Nitrosomonas europaea is
about 0.03-0.05 h™") [20]. For heterotrophs, Kim reported
that the specific growth rates of Bacillus spp. strains were
in the range of 0.43-0.55 h™' [11]; the maximum growth
rate of T. pantotropha was about 0.25-0.45 under different
growth conditions [20]; In A. faecalis No. 4, a value of
0.2 h™! was addressed [7]. It is shown that the Umax 1IN our
study is comparable with the bacteria reported in the
literature.

For the C/N ratio greatly affects the simultaneous
occurrence of nitrification and denitrification, the aerobic
nitrification—denitrification rates in our isolates were com-
pared to previously published data at similar C/N ratios
(Table 3). At the same C/N ratio of 10, the aerobic rate of

GAD4 is somewhat higher than that of A. faecalis No. 4,
while the rates of three isolates are about five times higher
than that of A. faecalis OKK17 and two times higher than
that of Providencia rettgeri. It is obvious that the isolated
strains in our study demonstrate comparative capabilities of
heterotrophic nitrification—aerobic denitrification. In view
of higher growth rates and prominent abilities of conver-
sion of ammonia to nitrogen gas, the strains would be of
great potential in practical wastewater treatment.

Moreover, the aerobic nitrification—denitrification by the
isolates leads to little accumulation of nitrate and even less
nitrite during the ammonia degradation, which is coinci-
dent with the results of Robertson [21] and Patureau [17].
However, accumulation of nitrite instead of nitrate was
found in Diaphorobacter sp. [10]. It is possible that the
denitrification enzymes ceased to function before those of
heterotrophic nitrification, and the processes would no
longer be in balance, resulting in an accumulation of nitrite
[26].

Further investigations have shown that ammonia, nitrite,
and nitrate could all be used by the isolates under aerobic
conditions (data not shown) and both HAO and NAP were
successfully expressed in the cell periplasms in our study.
Similar results were obtained with Thiosphaera pantotro-
pha [19], Bacillus sp. [6], and Pseudomonas sp.[23]. It is
speculated that these bacteria all exhibit a fully nitrification
and denitrification pathway (NH,"-NH,OH-NO, —N,0O-
N,). However, in contrast, neither nitrite nor nitrate was
utilized as electron accepters by Alcaligenes faecalis and
Acinetobacter calcoaceticus [30]; meanwhile, the activity
of nitrite or nitrate reductase was not detected in them [8].
As a result, denitrification in these bacteria is via hydrox-
ylamine rather than nitrite or nitrate (NH,"-NH,OH-N,O-
N,). These results suggest that there may be two main
pathways involved in the combined nitrification and deni-
trification process. The difference between them is con-
centrated on the aerobic denitrification route [18]. One is
through nitrite or nitrate, while the other is through
hydroxylamine.

Table 3 Aerobic nitrification—denitrification rates of the isolates compared with published results

Organism C/N Activity Reference
Agrobacterium LAD9 10 1.66 mmol h™" g~ protein (0.374 mmol 1=' h™") This study
Achromobacter GAD3 10 1.38 mmol h™' g~ protein (0.346 mmol 1=' h™") This study
Comamonas GAD4 10 1.91 mmol h™* g71 protein (0.381 mmol 17 hh This study
T. pantotropha 6-7 0.59 mmol h™' g=! dry wt [20]

A. faecalis OKK17 10 0.27 mmol h™" g~ protein [15]
A.faecalis No. 4 10 1.8 mmol h™! g71 protein [7]
Pseudomonas sp. 12 0.034 mmol 17! h™! [23]
Diaphorobacter sp. 8 0.21 mmol 17! h™! [10]
Providencia rettgeri YL 10 0.179 mmol 17" h™! [25]
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Besides, comparing the HAO activity to the Ranp, We
find that the higher the HAO activity, the faster the reaction
rate. However, the NAP activity and the Ronp are uncor-
related, indicating that nitrate reduction is not limiting in
this process. In conventional ammonia removal, nitrifica-
tion occurs less efficiently and the nitrification rate is
10-100 times lower than the denitrification rate, indicating
that nitrification is the rate-limiting step in the autotrophic
ammonium removal. Similarly, hydroxylamine oxidation
may be the rate-limiting step in the combined heterotrophic
nitrification—aerobic denitrification process. Analysis of
produced gases and nitrogen balance in this process are
undergoing to describe the mechanisms in details.
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