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Abstract: This study investigated structural changes in microbial community of biological nutrient
removal (BNR) in response to changes in substrate composition (ammonium and phosphate), redox
condition, and morphological characteristics (flocs to granules), with a focus on nitrification and
phosphate removal. Analyzing treatment performance and 16S rRNA phylogenetic gene sequencing
data suggested that heterotrophic nitrification (HN) and autotrophic nitrification (AN) potentially
happened in aerobic organic-rich (HN_AS) and aerobic organic-deficient (AN_AS) activated sludge
batch reactors, respectively. However, phosphate release and uptake were not observed under
alternating anaerobic/aerobic regime. Phosphate release could not be induced even when anaerobic
phase was extended, although Accumulibacter existed in the inoculum (5.1% of total bacteria). Some
potential HN (e.g., Thauera, Acinetobacter, Flavobacterium), AN (e.g., Nitrosomonas (3.2%) and Nitrospira),
and unconventional phosphate-accumulating organisms (PAOs) were identified. Putative HN
bacteria (i.e., Thauera (29–36%) and Flavobacterium (18–25%)) were enriched in aerobic granular sludge
(AGS) regardless of the granular reactor operation mode. Enrichment of HN organisms in the AGS
was suspected to be mainly due to granulation, possibly due to the floc-forming ability of HN species.
Thus, HN is likely to play a role in nitrogen removal in AGS reactors. This study is supposed to serve
as a starting point for the investigation of the microbial communities of AS- and AGS-based BNR
processes. It is recommended that the identified roles for the isolated bacteria are further investigated
in future works.

Keywords: aerobic granule; activated sludge; biological nutrient removal (BNR); heterotrophic
nitrification; polyphosphate accumulating organisms (PAOs)

1. Introduction

Molecular techniques have identified numerous bacteria from diverse genera and
phyla, and sometimes organisms from distinct kingdoms (i.e., Archaea and Eukarya) in
wastewater treatment processes [1,2]. Biological functions of most wastewater organisms
have remained unexplored, with the attention focused on certain organisms that are
believed to play fundamental functional roles in selected series of transformations such
as autotrophic nitrification (AN), anoxic denitrification (AXD), and classical anaerobic
phosphorus (P) release/aerobic P uptake.

Recently, heterotrophic nitrification (HN) has been attributed to diverse bacteria dis-
tributing across ten genera, including Arthrobacter [3], Acinetobacter [4,5], Pseudomonas [6,7],
Alcaligenes [8], Bacillus [9,10], Thiosphaera [11], Comamonas [12], and Thauera [1]. In most of
these studies, it is reported that the identified HN species can simultaneously perform HN
and aerobic denitrification (AD). Integrating HN–AD process by a single species is of prac-
tical interest, because it can result in convenient simultaneous nitrification–denitrification
(SND) in a single biological wastewater treatment reactor. The SND can be accomplished
in a single bioreactor using emerging technologies such as anaerobic ammonium oxida-
tion (anammox) and aerobic granular sludge (AGS), albeit with difficulty, because certain
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operating conditions should be maintained to allow culturing organisms with incompati-
ble metabolic requirements, i.e., anammox, AN, and AXD bacteria, and polyphosphate-
accumulating organisms (PAOs) [13,14].

The HN capacity and optimal growth conditions of HN bacteria have been mainly in-
vestigated in pure cultures so far [3,10,15]. Due to pure-culture biases, derived conclusions
from these studies cannot be extrapolated to real-time conditions in wastewater treatment
processes where mixed microbial consortia are present. This necessitates further research
to shed light on the contribution of HN bacteria to wastewater treatment in biological
nutrient removal (BNR) processes.

In addition, there are uncertainties about efficiency and microbiology of enhanced
biological phosphate removal (EBPR), a BNR process developed based on classical anaer-
obic release–aerobic uptake of orthophosphate (ortho-P) [16]. Nonetheless, it has been
suggested that the PAOs can maintain their metabolism under continuously aerobic con-
dition as well [17,18]. Ortho-P removal mechanism under such circumstance is not well
understood.

Through lab- and full-scale studies, Rhodocyclus-related bacteria, namely “Candida-
tus Accumulibacter phosphatis” (in short, Accumulibater), is recognized as major PAO
species [19]. Yet, Acinetobacterial PAOs are found more abundantly in full-scale EBPR
processes [20–22], implying the potential role of these organisms in EBPR. Moreover, the
possible role of some other species in phosphate accumulation has recently been pointed
out, such as Dechloromonas belonging to Betaproteobacteria, Acinetobacterial filament “Candi-
datus Microthrix parvicella” (hereinafter, Microthrix), Corynebacterium, Pseudomonas, and
Acinetobacteria [20,21,23]. Accumulation of poly-P granules has been observed in the cellu-
lar tissues of some of these species [21,24]. These uncertainties and ambiguities warrant
further research on EBPR microbiology coupled with its performance.

Therefore, this study attempted to investigate structural changes in functional pop-
ulations of BNR microbial community in response to different selection pressures (i.e.,
substrate composition, redox condition, and physical transformation). Studying the effect
of these changes on BNR microbial community is important to enable the operators and
researchers to investigate and understand the link between process performance and opera-
tional changes. Raw wastewater shows fluctuations in substrate composition and loadings
on daily and seasonal bases. For example, a Canadian domestic wastewater sample has
shown large variations in biochemical oxygen demand (BOD), chemical oxygen demand
(COD), and total suspended solids (TSS) throughout a year, in ranges of 80–1000 mg/L,
100–1650 mg/L, and 120–1330 mg/L TSS, respectively (author’s personal experience).
Variations in redox conditions are the essence of the design of AS-based BNR processes.
Different redox conditions can happen in a single AGS granule. Physical transformation
from suspended microbial cells to AS flocs has been constantly observed in AS basins,
and it is the foundation of AGS processes. It has been hypothesized that BNR micro-
bial community responds to these changes, which can therefore reflect in BNR process
performance.

As such, the objectives of this study were to (i) determine evolution in activated
sludge (AS) microbial structure under given incubation conditions deemed suitable for
HN, in order to identify putative HN species; (ii) demonstrate whether dissolved oxy-
gen (DO) enrichment can sustain PAO population and EBPR performance of AS under
DO-rich condition; and (iii) study EBPR microbiology and performance under anaero-
bic/aerobic operating regime. The scope of the study was defined to address a few gaps in
knowledge identified in the literature as outlined above, including understanding the con-
tribution of HN bacteria to total nitrogen (TN) removal in BNR processes, and microbiology
and performance of biological P removal under different redox conditions (i.e., aerobic
heterotrophic, aerobic autotrophic, heterotrophic anaerobic/aerobic, and heterotrophic
extended anaerobic media). Four AS batch studies were performed with these media, and
the information collected from these batch studies were extrapolated to AGS bioreactors,
to identify functional species in AGS.
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It is hoped that this study can start a conversation about microbial communities of AS-
and AGS-based BNR processes under different circumstances and can, hence, help further
practical knowledge pertaining to BNR processes and their optimization.

2. Materials and Methods
2.1. Experimental Setups and Operational Conditions

To perform AS experiments, geometrically-identical cylindrical bioreactors ABDOSTM

P50607 Large Capacity PP Beakers, 5000 mL (Cole-Parmer, Montreal, QC, Canada) were
used, with the specifications described in Pishgar et al. [25,26]. Briefly, the dimensions
of these bioreactors included internal diameter (ID) of 18.7 cm, height (H) of 20 cm, and
working volume (WV) of 5 L.

Synthetic wastewater with given substrate compositions, which would stimulate the
growth of microorganisms of interest, was prepared and added to the relevant bioreactor
one time at the beginning of the operation (Table 1). The experiments were continued
until observing a decay phase in the microbial growth pattern, to allow the completion
of substrate conversions and the associated bioreactions. This would ensure that the
expected changes in the microbial communities had occurred. In aerobic experiments,
continuous aeration was provided using fine pore diffusers (Pentair AS40, Minneapolis,
MN, USA), alongside mixing for homogenization. In anaerobic experiments, mechanical
mixers (laboratory mixer Stir-Pak Model 04555-00 (Cole-Parmer, Montreal, QC, Canada),
equipped with three-bladed propeller were used. DO concentration was monitored in situ
intermittently (i.e., at the sampling times), to ensure achieving the target environmental
conditions as delineated in Table 1. The experiments were conducted in triplicate.

Table 1. Media composition.

Bioreactor ID HN_AS AN_AS AN/O_AS ExAN_AS AN/O/AX/O_SBR O_SBR

COD (mg/L) 5500 - 1000 1000 2000 2000
HCO3 (mg/L) - 800 - - 800 800

Peptone (mg/L) 700 - - - - -
NH4–N a (mg/L) - 100 55 55 100 100
PO4–P a (mg/L) 40 40 40 40 20 20

Trace element (mL/L) 1 1 1 1 1 1
MLSSin

a (mg/L) 700 700 700 700 2800 2800
a NH4–N were supplied using NH4Cl. Phosphorus was supplemented in the form of phosphate buffer (pH = 6.65 at 25 ◦C) composed of
KH2PO4 and K2HPO4. MLSSin stands for initial biomass concentration.

To perform AGS experiments, the granules were cultivated and the treatment per-
formance was investigated in two geometrically identical, bubble-column, granular se-
quencing batch reactors (GSBRs), with the specifications described in Pishgar et al. [27–29]
and Pishgar [30]. Briefly, the AGS reactors’ dimensions included ID of 13.7 cm, H of
150 cm, and WV of 18 L. The GSBRs were operated under two different modes: (i) alternat-
ing anaerobic/aerobic/anoxic/aerobic mode (AN/O/AX/O_SBR bioreactor): 8 min fill,
55 min anaerobic (effluent recirculation for mixing), 104 min aeration, 1 min fill, 30 min
anoxic (effluent recirculation for mixing), 30 min aeration, 10 min settle, and 2 min decant;
(ii) purely aerobic mode (O_SBR bioreactor): 8 min fill, 220 min aeration, 10 min settle,
2 min decant. Cycle duration, volumetric exchange ratio, hydraulic retention time (HRT),
and aeration intensities in the GSBRs were identical (4 h, 60%, and 6.7 h, and 2.7 cm/s,
respectively).

2.2. Inoculum and Media

The BNR return activated sludge (RAS) was collected from Pine Creek BNR WWTP,
Calgary, AB, Canada, and used as seed for both AS and AGS experiments. The inoculum’s
mixed liquor suspended solids (MLSS) concentration was 7746 ± 498 mg/L and had a
volatile content of 81 ± 1.2%. Median floc size of the inoculum was 126 ± 7 µm. The
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volumes of 10 and 30% (v/v) were inoculated into AS bioreactors and GSBRs, resulting
in initial biomass concentrations (MLSSin) of 700 and 2800 mg MLSS/L, respectively.
Due to limited mixing capacity of AS bioreactors, relatively diluted initial mixed liquor
concentration was chosen for AS experiments to avoid biomass settling at the farthest
zones (from the mixer and/or diffuser) of the bioreactors. It would otherwise cause having
less active or completely inactive biomass in local zones of the bioreactors, which could
distort the results of microbial community analysis.

The compositions of the used media are summarized in Table 1. Experimental design
and operating conditions and objective of each batch study are defined in Table 2. In AS
experiments, medium compositions and metabolic conditions were adjusted to encourage
proliferation of certain group of bacterial species in each bioreactor.

Table 2. Experiment design and operating conditions.

Bioreactor ID HN_AS AN_AS AN/O_AS ExAN_AS AN/O/AX/O_SBR

Type of
experiment Activated sludge (AS) Aerobic granular sludge (AGS)

Purpose To determine functionally important nitrifying and phosphate accumulating
bacteria under given incubation conditions.

To demonstrate potential BNR pathway
under different incubation conditions,
with the consideration of functional
roles identified for the dominating

bacteria through the AS experiments.

Objective Heterotrophic
nitrification (HN)

Autotrophic
nitrification (AN)

Biological
phosphate

removal

Biological
phosphate

removal

Granulation
under alternating

condition

Granulation
under purely

aerobic condition

Operation Batch (onetime) Batch (onetime) Batch (onetime) Batch (onetime) Batch
(sequencing)

Batch
(sequencing)

Experimental
conditions

Substrates:
Organic carbon +
organic nitrogen

(peptone); aerobic

Substrates:
inorganic carbon

+ inorganic
nitrogen

(ammonium);
aerobic

Alternating anaer-
obic/aerobic

Anaerobic
(extended)

Alternating
anaerobic-

aerobic-anoxic-
aerobic

Purely aerobic

Carbon (COD)
source NaAc a (100%) Bicarbonate

(100%) NaAc a (100%) NaAc a (100%) NaAc a (25%) +
NaPr a (75%)

NaAc a (25%) +
NaPr a (75%)

a NaAc: Sodium acetate; NaPr: Sodium propionate.

In heterotrophic nitrification AS experiment (HN_AS bioreactor), the biomass was
exposed to high concentrations of organic matter (5500 mg chemical oxygen demand
(COD)/L) and organic nitrogen (100 mg total nitrogen (TN)/L, solely supplemented by
peptone) to satisfy the growth requirement of heterotrophic nitrifiers. Carbon to nitrogen
(C/N) ratio is reported as a critical factor for HN. Optimum range of C/N ratio (5–12)
could promote growth and enrichment of HN bacteria [5,7,9,10,31–33]. As such, in HN_AS
medium, initial concentrations of total organic carbon (TOC) and TN were adjusted to
achieve C/N ratio of 10 which, as suggested by van Niel et al. [34], could cause HN species
to outcompete autotrophic ammonium oxidizers (e.g., Nitrosomonas europaea). Different
sources of organic nitrogen can serve HN as sole nitrogen source. Examples of organic
nitrogenous substrates for HN are oximes (e.g., pyruvic oxime and acetaldoxime), hydrox-
amic acids, amino acids (e.g., glycine, and L-glutamic acid), urea, maize straw, yeast extract,
peptone, and casein [35–39]. In this study, peptone was selected.

In the autotrophic nitrification AS experiment (AN_AS bioreactor), ammonium was
the sole nitrogen source and bicarbonate was added as inorganic carbon source required
for the growth of autotrophic nitrifiers. The AH_AS experiment was supposed to serve
as a negative control to justify the ecophysiological rationale used to identify potential
heterotrophic nitrifiers.

To investigate P removal, the AS experiment was performed under alternating anaero-
bic/aerobic regime (AN/O_AS bioreactor). A purely anaerobic AS experiment for achiev-
ing an extended anaerobic period (ExAN_AS bioreactor) was conducted to ensure that
anaerobic P release would have enough time to emerge. Biological P removal could also be
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monitored in organic-rich HN_AS and organic-deficient AN_AS media, because phosphate
was added to HN_AS and AN_AS bioreactor as supplementary nutrient (see Table 1).

The AGS experiments were designed to investigate the microbial diversity of AGS
developed under distinct incubation conditions. High COD concentration was adopted in
these experiments (Table 1) to rapidly grow aerobic granules under high organic loading
condition (i.e., 7 kg COD/m3/d). The N and P were supplemented to support aerobic
growth requirement of bacteria (i.e., COD:N:P = 100:5:1). Wastewater composition and
substrate loading were fixed to impose certain selection pressure by nourishment condi-
tion on the AGS in the GSBRs. To read more about AGS development, maturation, and
characteristics, as well as AGS treatment performance, refer to Pishgar et al. [27–29] and
Pishgar [30].

2.3. Water Quality and Microbial Community Analyses

Water quality analyses included pH and temperature (YSI MultiLab IDS 4010-3). In
situ DO concentration was carried out using portable probe (YSI ProComm II, Yellow
Springs, OH, USA). MLSS concentration was determined based on the mean of four repli-
cates, following standard methods [40]. MLSS measurement of AS reactors was performed
using a calibration curve and optical density measurements at 620 nm (OD620), to avoid sig-
nificant biomass loss and disruption in the process. Samples were centrifuged (6000 rpm for
10 min in Hermle Z 206 A, Wehingen, Germany) and filtered (0.45 µm Hydrophobic Teflon®,
SCP Science, Mississauga, ON, Canada) prior to the subsequent analyses. COD and NH4–N
concentrations were measured in accordance with standard methods [40], using Hach®

kits (Mississauga, ON, Canada). Anions (NO3
−, NO2

−, PO4
3−) were analyzed using

ion chromatography (Metrohm Enviro Pro IC, the column Metrosep A Supp 5-100/4.0,
Mississauga, ON, Canada). A TOC/TN analyzer (Shimadzu TOC-LCPH and TNM-L with
ASI-L autosampler, 720 ◦C catalytic thermal decomposition/chemiluminescence method,
West Chicago, IL, USA) was used for combined TOC and TN measurements.

In AS experiments, the data points were obtained using the mean of a total of six
readings (two measurements from each of the three replicates). The AGS data were taken
from a typical SBR cycle during maturation phases (day 59 in AN/O/AX/O_SBR and day
53 in O_SBR). Samples were withdrawn at proper time intervals to reflect the dynamics of
substrate conversions.

Microbial community analysis was performed using 16S rRNA phylogenetic gene
sequencing and constructing the corresponding clone library. This analysis is described
in Pishgar et al. [26–29] and Pishgar [30] in detail. Briefly, genomic DNA of samples was
extracted using DNeasy PowerSoil Kit from QIAGEN, Inc. (Calgary, AB, Canada). Paired-
end sequencing was conducted (Illumina MiSeq platform, San Diego, CA, USA) using two
primers (357wF and 785R) to identify 16S rRNA phylogenetic genes. The microbial analyses
were performed at the Centre for Health Genomics and Informatics in the Cumming School
of Medicine, University of Calgary, which deposits the data generated from MiSeq and runs
on its own server and on Illumina’s BaseSpace Sequence Hub. Sampling for the microbial
analysis is described in Pishgar et al. [26] and Pishgar [30].

3. Results and Discussion
3.1. Treatment Performance
3.1.1. Heterotrophic Nitrification

HN_AS biomass showed different nitrogen removal abilities (Figure 1a). Initial TN
concentration reduced to 12.8 mg/L within 43, which corresponded to 87% removal
efficiency. Accumulation of small concentrations of ammonium and nitrite were observed
in 42–67 h which, respectively, declined to trace concentrations of 0.89 and 0.23 mg N/L
in 116 h. Nitrate accumulation started at hour 24 and continued with a constant rate of
0.35 mg NO3–N/L/h.
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Accumulations of NH4
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−, and, especially, NO3
− suggested that HN might

happen in this bioreactor. In organic HN pathway (also known as ammonification), organic
nitrogen (general formula of R-NH2) is hydrolyzed to NH4

+. In the consecutive inorganic
HN steps, NH4

+ is converted to NH2OH, NO2
−, and then NO3

− [4]. In direct oxidative
pathway (another type of organic nitrification), HN bacteria directly oxidize organic nitro-
gen to the end products (i.e., NH2OH or NO3

−), with minor or no intermediate metabolite
production. Examples include Alcaligenes faecalis [8], Pseudomonas stutzeri [41], and Acineto-
bacter sp. [4]. Accumulation of trace concentrations of intermediate products, i.e., NH4

+

and NO2
−, could propose greater share of direct oxidative pathway to overall N removal.

Biological assimilation and HN could simultaneously contribute to TN removal during
the first 24 h (phase I, Figure 1a). Organic HN could convert organic nitrogen to ammonium
which could be taken up rapidly for growth. Conversion of any type of nitrogen to
glutamate before incorporation into cell mass is a must. Ammonium is the precursor of
glutamate and thus is the preferred source of nitrogen for assimilation. If available, it is
primarily used for cell synthesis [31,42]. The exponential growth of biomass (Figure S1a)
suggested that within the first 43 h when TN removal was under progress, biomass
experienced a drastic growth and MLSS reached a maximal value of 1260 mg/L at 43 h.
During this time, TN treatment was accompanied by mineralization of organic matter
(compare Figure 1a and Figure S1b); COD concentration of 5500 mg/L was degraded by
99% within the first 43 h of the operation, with an estimated degradation rate of 128 mg
COD/L/h. Rapid biodegradation of high COD concentration caused rapid depletion of
available oxygen, and thus, limited DO was observed during the first 24 h (Figure S1c),
although air was constantly diffused into the bioreactor. When organic matter became scarce
at 24 h, biomass autolysis and decay commenced (Figure S1a), nitrate concentration increased,
and TN profile showed an increasing trend instead of being further reduced (Figure 1a).

Co-occurrence of nitrogen assimilation and HN seems to be a common phenomenon.
For instance, Alcaligenes faecalis could remove 38–50% of 500–1000 mg NH4–N/L, which
was attributed to incorporation into cellular tissues [43]. According to Sun et al. [42], ammo-
nium assimilation is a crucial accessory for AD which typically follows HN. Assimilation
of ammonium affects HN positively through increasing the count of HN bacteria [42].
However, it seems that contribution of assimilation to overall nitrogen removal would
increase if high C/N ratio (>10) is maintained. Thus, optimal C/N ratio of 5–7 has been
anticipated for HN [33,42].

In Phase II, HN possibly became the principal nitrogen removal pathway when COD
concentration became limited at 24 h and C/N ratio reduced to 7 (Figure 1a). In this phase,
the process was not accompanied by exponential biomass growth anymore. A stationary
phase occurred from 24 h onward (Figure S1a), at which TN removal rate of 2.7 mg TN/L/h
was estimated.
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Accumulation of NO3
− in phase III (Figure 1a) could suggest that the activity of HN

bacteria could continue during death phase (Figure S1a). Cell decay and decomposition
could discharge intracellular nitrogen into the surrounding environment in the form of
ammonium, which could be immediately oxidized to nitrate via HN.

3.1.2. Autotrophic Nitrification

As mentioned in the Section 2, AN_AS bioreactor could serve as a negative control
to justify the rationale used to identify putative HN bacteria (see previous section). Am-
monium concentration of 100 mg NH4–N/L was completely removed in 43 h (Figure 1b),
with a removal rate of 2.4 mg NH4–N/L/h. Nitrite and nitrate accumulated concurrently.
Nitrite reached maximum concentration of 25 mg N/L within 24 h and subsequently
reduced during the following 36 h. Nitrite was not detected after 68 h. Nitrate gradually
accumulated from the start of the operation. Its production rate sustained a fast pace
(1.14 mg NO3–N/L/h) up to 43 h, whereas it significantly slowed down during the rest of
the operation, leading to a plateau from 68 h onward.

TN concentration gradually increased slightly toward the end of the operation, which
could be due to the combined effect of ammonium transformation to other nitrogen forms
and cell decay. Under aerobic condition, initial ammonium concentration (i.e., 100 mg
NH4–N/L) was converted to nitrite, and then nitrate, as described above. In addition,
according to cell decay stoichiometry shown in Equation (1), decrease in biomass concen-
tration (Figure S1d), interpreted as biomass decay, could contribute to increase in ammonia
concentration:

C5H7NO2 + 5O2 → 5CO2 + NH3 + 2H2O (1)

Anoxic denitrification could not proceed due to aerobic redox condition, hence the
constant nitrate nitrogen concentration in the medium toward the end of operation. Consec-
utive AN steps were identical to those of inorganic HN pathways. It is because inorganic
nitrogen sources (i.e., NH4

+, NO2
−, and NO3

−) serve as substrates for both AN and
HN [4,41]. Thus, HN was likely to mutually contribute to ammonium removal in AN_AS
medium. However, the trend of biomass concentration suggested that the role of HN,
if any, was insignificant. In the AN_AS bioreactor, MLSS continuously reduced from
the beginning of operation, possibly due to lack of readily biodegradable organic matter
for growth (Figure S1d). Constant biomass loss could testify that the consumption of
removed ammonium was mainly for energy conservation, confirming the occurrence of
catabolic AN reactions. Unlike AN, ammonium conversion via HN is not linked to energy
generation [44]. Contrasting microbial community structure of AN_AS and HN_AS (see
Section 3.2) could support this argument.

3.1.3. Biological Phosphate Removal

The AS biomass was subjected to shifting anaerobic/aerobic condition by switching
aerator on–off (see DO concentration profile in Figure S2c). This oxygenation strategy was
adopted to subject the microbial community to different redox conditions to investigate
the AS biological phosphate removal capacity in the AN/O_AS bioreactor. Since a single
PAO should experience anaerobic and aerobic conditions in sequence, such oxygenation
pattern was defined to trigger biological phosphate removal by PAOs if they existed
in the microbial culture. Between 1.3–2.3 h, the P profile showed an increasing trend
(Figure 1a). However, the P release was not considerable and could not increase the
initial P concentration of 38 mg/L more than 3%. Minor anaerobic release could be due
to significantly low population of Accumulibacter in the inoculum (5.1%, see Section 3.2
and Figure S3a), compared to its population in robust EBPR processes (e.g., 20–60% of
total bacteria [17,45]). During the rest of the anaerobic phase, reduction in P concentration
happened, which is not characteristic of EBPR biomass [46]. During the subsequent aerobic
phase (hours 4 to 5), the P concentration remained almost constant.

In a second attempt, sparging air into the bioreactor was stopped from hour 9 to 48
(Figure 2a), to possibly encourage the activation of PAOs under an extended anaerobic
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phase. Yet, the biomass constantly showed P uptake activity. Upon resuming aeration at
hour 48, rapid reduction in P started which lasted up to 72 h, during which COD mineraliza-
tion was under progress as well (Figure S2b). Upon complete depletion of biodegradable
organic matter, the P removal pace slowed down afterward, which suggested that the
P removal was potentially linked to bacterial assimilation in the AN/O_AS bioreactor.
Biomass growth occurred during the second anaerobic phase (from 24 to 48 h) and the
following aerobic phase, until COD was depleted (Figure S2a).
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Figure 2. Treatment performance of (a) alternating anaerobic/aerobic (AN/O_AS) and (b) extended
anaerobic activated sludge (ExAN_AS) bioreactors.

The AS experiment was repeated under an extended anaerobic condition (i.e., ExAN_AS
bioreactor) to provide further evidence regarding P removal. Figure 2b illustrates the
changes in P and organic matter concentrations. A slight P release was observed initially; P
concentration rose from 36.8 to 41.7 mg/L in 24 h, which corresponded to a 13.3% increase.
However, P release did not continue during the rest of the operation. Once again, such an
increase was not comparable to anaerobic P release capacity of biomass with high PAO
population and tangible EBPR capacity [17,46]. Reduction in P concentration coincided
with COD and NH4–N removal, implying a relation between P removal and biomass
growth in this reactor as well. Biomass concentration gradually increased up to hour 116
(Figure S2d). Degradation of about half (42%) of COD concentration and partial removal
(32%) of NH4–N concentration coincided with biomass growth during the first 116 h.
Removal of ammonium and P stopped when biomass growth ceased at 116 h. Thus, the P
removal in the ExAN_AS reactor could be attributed to biomass assimilation.

Overall, an ultimate P removal efficiency of 11% was achieved in the ExAN_AS
bioreactor, while in the AN/O_AS bioreactor, initial P concentration of 37.7 mg/L was
reduced to 15.8 mg/L, with a removal efficiency of 58%. Under aerobic conditions (i.e.,
HN_AS and AN_AS bioreactors where P was provided as a supplementary nutrient for
nitrification), the AS could remove 27 mg P/L at high organic loading in HN_AS and
10 mg P/L in the COD-deficient environment of AN_AS, corresponding to 70 and 30%
removal efficiencies, respectively. Consumption of 10 mg P/L in AN_AS, considering the
organic-deficient environment of this reactor alongside no biomass growth (see Figure S1d),
could reject the possibility that P removal was solely due to biomass growth in either all of
these bioreactors or, at least, only in AN_AS.
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3.1.4. Aerobic Granular Sludge Performance

AGS performance is discussed elsewhere [26,30]. Briefly, in a single cycle of the
GSBR bioreactors, similar nitrogen removal performances were observed despite distinct
operation modes. The NOx

− (i.e., NO3
− + NO2

−) did not accumulate entirely, and thus the
profiles of TN and NH4–N were intertwined. Identical TN and NH4–N removal efficiencies
were therefore achieved (61 and 67% in AN/O/AX/O_SBR and 48 and 49% in O_SBR,
respectively). P release/uptake did not happen in the GSBRs. Continuous P reduction
occurred during the entire cycle, even during the anaerobic phase of AN/O/AX/O_SBR, a
behavior which was shown by the AS experiments (see the previous section). The P decrease
followed the same trend as those of COD and ammonium profiles, suggesting a connection
between P removal and heterotrophic activity in the GSBRs. COD and P removal efficiencies
were 99 and 60 in AN/O/AX/O_ SBR and 97 and 41% in O_ SBR, respectively.

3.2. Changes in Microbial Community Structure and Population

Phylogenetic analysis showed substantial structural changes in microbial commu-
nities under different selection pressures applied in this study (Figure 3). The readers
are recommended to refer to the pie charts presented in Supplementary Materials for
convenient chart reading and data extraction. The results are summarized in Table 3, where
putative HN, AN, and PAOs are identified and important observations and supporting
evidence are highlighted. Drawing from HN_AS and AN_AS results, dominant nitrifying
organisms were identified in the AGS. However, this approach is speculative and requires
further study on BNR processes to gather comprehensive, large databases which can allow
establishing a solid relation between process performance and microbial structure.
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Table 3. Dominant bacterial species under different selection pressures.

Biomass Detected Species Important Observations and the Supporting Evidence

HN_AS

I. Thauera, Acinetobacter, Flavobacterium, and
Rheinheimera (4–13%).

II. Pseudomonas, Paracoccus, and Zoogloea (2–3.5%).
III. Sediminibacterium, Ca. Accumulibacter, Runella,

Aeromonas, Empedobacter, Dechloromonas,
Prosthecobacter, Dokdonella, Rubrivivax, unidentified
OLB12, Terrimonas, Rhodoferax, Hydrogenophaga, and
Ca. Microthrix (from <2% to 3.5%).

• Flavobacterium was the only species among them that could be detected in the inoculum (7%).
• Evidence of HN–AD of Group I:

# HN ability of Thauera could be speculated from [47] and its enzymatic suite suggested its ability to perform AD [1].
# Acinetobacter could remove ammonium in a broad concentration range (5–500 mg/L N) via HD, and nitrification and

denitrification intermediate metabolites (i.e., hydroxylamine, nitrite, and nitrate) as sole nitrogen sources [4,5].
# Flavobacterium has been identified as anoxic denitrifier with heterotrophic nitrifying capability of hydroxylamine [35].
# No evidence of HN ability of Rheinheimera in the literature.

• The HD–AD ability of the Group II was speculated from [31,41], [32,48], and [49,50], respectively.
• Regarding Group III, there is no report in the literature about their HN capability.

AN_AS

• AN species: Nitrosomonas (3.2%) and Nitrospira (3.4%).
• Dominant species: Dokdonella, Flavobacterium,

Prosthecobacter, and Ca. Accumulibacter, Ca. Microthrix,
unidentified OLB12, and Dechloromonas (4–8%).

• AN species enriched, although they were not dominant.

# Considering population structure and performance of the AN_AS bioreactor, it was supposed that these autotrophic
species might perform well even at moderate populations.

# Nitrosomonas and Nitrospira are the most dominant proteobacterial nitrifiers globally found in full-scale nitrifying
reactors [51,52].

• Relative abundances of the dominant species were generally close to those observed in the inoculum and significantly higher
than those seen in HN_AS bioreactor (4–8%):

# The reason for detecting common bacteria in HN_AS and AN_AS biomass should be further investigated.
# Autotrophic and heterotrophic ammonia monooxygenase enzymes show structural [44] and functional [53]

dissimilarities that can be used as biomarkers for differentiating AN and HN pathways.

ExAN_AS

• Acinetobacter (23%).
• Dechloromonas (3.9%).
• Microthirx (2.1%).
• Psuedomonas (0.2%).

• Acinetobacter favored anaerobic condition and was significantly enriched, as opposed to its population in the inoculum (0.34%)
and the aerobic environments (7.7% and 0.14% in HN_AS and AN_AS biomass, respectively):

# This species was first identified as primary PAO in full-scale EBPR wastewater treatment plants. Later,
culture-independent studies invalidated the role of Acinetobacter in EBPR performance and estimated that its
population in EBPR processes was less than 10% of total bacteria [16,19].

# Recent studies have brought Acinetobacter back to the spotlight in this regard [24,54].
# Using toluidine blue staining technique and scanning transmission electron microscopy, intracellularly stored poly-P

granules were seen in Acinetobacter cells [21,24].
# The fact that Acinetobacter has emerged in EBPR microbiota studies again raises the question whether the role of this

species in EBPR process was nullified hastily.
# However, the lack of anaerobic PAO phenotype (i.e., P release under anaerobic condition) and low overall P removal

efficiency (i.e., 11%) of ExAN_AS bioreactor could indicate either of the following was correct: (a) an environmental
factor hindered the EBPR activity; (b) Acinetobacter-derived phosphate removal from an unorthodox metabolic pathway;
or (c) the former conclusion about the lack of EBPR capability of Acinetobacter.
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Table 3. Cont.

Biomass Detected Species Important Observations and the Supporting Evidence

ExAN_AS

• Acinetobacter (23%).
• Dechloromonas (3.9%).
• Microthirx (2.1%).
• Psuedomonas (0.2%).

• Dechloromonas population decreased compared to its population in seed (13.5%):

# Although Dechloromonas has been widely detected in EBPR processes, sometimes with considerably high
proportions [55–57], poly-P accumulating capability of this organism is still open to debate.

# Kong et al. [55] retrieved 16S rRNA gene sequences of a Dechloromonas-related group from full-scale EBPR plant and
thus assigned poly-P accumulating phenotype to it.

# Using FISH technique coupled with intracellular poly-P staining, Ahn et al. [58] could not see poly-P accumulation
ability for this species, although the organism could assimilate acetate and store intracellular PHA.

# Dechloromonas seems to be a denitrifying organism, with capability to reduce nitrate to nitrite [56]. Hence, the presence
of Dechloromonas in EBPR processes might not be due to phosphate accumulation capacity of this species per se, but to
form a syntrophic relation with Accumulibacter for enhancing denitrifying poly-P accumulation. Accumulibacter can
couple poly-P accumulation with denitrification via nitrite [56,59–61].

• Population of Microthirx, belonging to the Actinobacteria phylum, remained similar to that of the inoculum (1.8%), although it
increased to 4.4% in the AN_AS bioreactor, indicating that it potentially preferred aerobic, organic-deficient environments of
AN_AS:

# A certain strain of Actinobacteria-related Microthrix (i.e., Ca. Microthirx parvicella) is identified as the common cause of
sludge bulking in a number of full-scale EBPR [62,63], which is suspected to sustain phosphate removal capacity during
sludge bulking incidents [62].

# Actinobacteria-related PAOs significantly outnumbered Rhodocyclus-related PAOs in many full-scale EBPR facilities,
especially in industrial plants [22].

# DNA annotation of M. parvicella has demonstrated that the strain has the genome inventory to use poly-P as energy
source for anaerobic uptake and storage of lipids [63]. Neisser staining found poly-P granules in this strain [62].

# Thus, Microthirx has been suspected with poly-P accumulating phenotype [62,63].
# However, EBPR mechanism and ability of this species has yet to be demonstrated.

• Psuedomonas population increased compared to seed (0.07%) but decreased compared to HN_AS (2.2%). It was 0.4% in AN_AS,
suggesting the inhibition effect of organic- and oxygen-deficient conditions on this species:

# Poly-P granules were observed in Pseudomonas cells using electron microscopy [21].
# Different Pseudomonas species (P. aeruginosa, P. putida, and P. fluorescens) are known to use poly-P to satisfy their

metabolic requirements. This capability was also observed for mutant strains of P. aeruginosa which lack polyphosphate
kinase gene (ppk). However, these species are not considered as true PAOs, mostly because their pathogenic activity
(especially P. aeruginosa) has rendered research about them difficult [64,65].

• Acinetobacter and Pseudomonas are supposed to have biocalcifying abilities (i.e., biocalcification in the form of calcite, aragonite,
and/or vaterite). It is proposed that these species potentially contribute to P removal via Ca–P crystallization on calcite surfaces,
which could categorize P removal as the secondary effect of microbiologically-induced calcium carbonate precipitation (MICP)
(see Pishgar et al. [28] and the references therein).
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Table 3. Cont.

Biomass Detected Species Important Observations and the Supporting Evidence

AGS

• Dominant genera: Thauera and Flavobacterium (29 and
18% in AN/O/AX/O_SBR and 36 and 25% in O_SBR,
respectively).

• Other putative HN species: Acinetobacter (2.6 and 2.0%),
Zoogloea (6.0 and 0.56%), Chryseobacterium (4.6 and
0.36%), Paracoccus (0.83 and 0.97%), Pseudomonas (0.55
and 0.12%, respectively).

• These organisms were isolated from the HN_AS biomass as well, except Chryseobacterium, whose HN capability is
demonstrated by Kundu et al. [66].

• AN species (i.e., Nitrosomonas and Nitrospira) disappeared from AGS in both GSBRs, similar to their population profiles in
HN_AS biomass.

• Identifying several HN bacteria suggested that ammonium removal was likely directed via HN in the GSBRs. Potentially, that
was why no NOx

− buildup was observed in the GSBRs (refer to Pishgar et al. [26] and Pishgar [30] to read about the
performance of GSBRs). Nitrogen species profiles in the HN_AS reactor (see the previous section) suggested that trace
concentrations of NOx

− could be produced, which would be eliminated very quickly. It agreed with the literature where HN
species are reported to produce trace or no NOx

− concentrations [1,4,6,11,33,67], and that in the case of NOx
− production,

removal rates would be fast [7,33].
• Lower population of HN species in O_SBR potentially caused relatively low TN removal efficiency in the system (refer to

Pishgar et al. [26] and Pishgar [30] to read about the performance of GSBRs).
• HN bacteria, such as Thauera, Flavobacterium, Acinetobacter, and Chryseobacterium, are recognized as floc formers, and enrichment

of these species is widespread, reported in AGS. These species facilitate microbial aggregation through secreting
exopolysaccharide within which microorganisms are entrapped, and thus agglomerate [1,68–70]. Hence, it is not unlikely that
HN generally plays a role in nitrogen removal in granular reactors as hypothesized in Pishgar et al. [26] and Pishgar [30].
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4. Conclusions and Directions for Future Research

The HN and AN potentially occurred in aerobic organic-rich (HN_AS) and organic-
deficient (AN_AS) environments, respectively. This speculation was supported by treat-
ment performance, enrichment of certain functional bacterial groups, and microbial growth
patterns of these bioreactors.

Thauera, Acinetobacter, Flavobacterium, and Rheinheimera (4–13%) were identified as
potential HN bacteria, and Nitrosomonas (3.2%) and Nitrospira (3.4%) as potential AN
bacteria. Some unconventional PAOs were isolated from ExAN_AS biomass, such as
Acinetobacter (23%), Dechloromonas (3.9%), Microthirx (2.1%), and Psuedomonas (0.2%), whose
PAO abilities are still open to debate. Conventional PAO Accumulibacter did not enrich in
any of the bioreactors in this study.

The HN_AS biomass could simultaneously remove high COD (99%) and organic
nitrogen (87%) concentrations within 43 h. As such, it was suspected that bacterial assimi-
lation was a co-contributor to nitrogen removal in HN reactions, and that HN became the
principal nitrogen removal pathway (2.7 mg TN/L/h) when COD concentration became
relatively scarce (C/N = 7).

Putative HN bacteria (i.e., Thauera (29–36%) and Flavobacterium (18–25%)) were en-
riched in AGS regardless of the granular reactor operation mode. Enrichment of HN
organisms in the AGS was suspected to be mainly due to granulation, possibly because of
the floc-forming ability of HN species.

This study should be seen as a starting point for the investigation of microbial structure
of AS- and AGS-based BNR processes, and thus, the roles attributed to the isolated species
warrant further research through systematic experimentation (e.g., factorial experiment
design, multivariate statistical analysis, and total Kjeldahl nitrogen (TKN) testing).

Data collected using metagenomic analyses adopted in this study (16S rRNA phyloge-
netic gene sequencing) should be complemented with functional analysis using metapro-
teomic studies, especially focusing on functional genes responsible for BNR, to provide
greater insight and add depth to the conclusions of this study. The scope of this study was
mainly focused on short-term batch assays to investigate changes in microbial structure,
using seed microbial culture as a benchmark, in response to the imposed operating con-
ditions. Monitoring bacterial community in long-term experiments can be considered in
future investigations to add the factor of time as an additional independent variable and to
observe temporal variations in the microbial composition (i.e., structure and populations).
Monitoring temporal changes in microbial composition of BNR processes can provide
grounding for further statistical analysis, where the main and combined effects of time and
operating conditions on microbial composition can be established.

In this study, changes in microbial communities under different conditions were
based on single analysis of 16S rRNA gene. Functional gene analysis alongside long-term
experiments can help in collecting a larger database, which can help in verifying the
conclusions of this study.

Moreover, incorporating TKN testing in the sampling and analysis regiment can
provide additional insight about transformation of organic nitrogen to inorganic nitrogen
species. TKN analysis in combination with functional gene analyses can provide solid
evidence regarding heterotrophic nitrification.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nitrogen2040032/s1. Figure S1. Concentration profiles of soluble constituents, biomass, and
environmental factors in (a–c) heterotrophic nitrification (HN) and (d–f) autotrophic nitrification
(AN) suspended-biomass batch bioreactors; Figure S2. Concentration profiles of soluble constituents,
biomass, and environmental factors in (a–c) alternating anaerobic/aerobic (BioP_AN/O) and (d–f)
extended biomass (BioP_ExAN) suspended-biomass batch bioreactors; Figure S3. Bacterial assembly
of (a) inoculum; (b) heterotrophic nitrification (HN) AS biomass; (c) autotrophic nitrification (AN)
AS biomass; (d) extended anaerobic (BioP_ExAN) AS biomass; (e) alternating (AN/O/AX/O_SBR)
granular (AGS) biomass; and (f) purely aerobic (O_SBR) granular (AGS) biomass at genus level
(relative abundances 1%).
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Abbreviations

AS Activated sludge
AGS Aerobic granular sludge
BNR Biological nutrient removal
N Nitrogen
P Phosphorus
AN Autotrophic nitrification
AXD Anoxic denitrification
PAOs Polyphosphate accumulating organisms
HN Heterotrophic nitrification
Anammox Anaerobic ammonium oxidation
AD Aerobic denitrification
SND Simultaneous nitrification–denitrification
PHAs Polyhydroxyalkanoates
Poly-P Polyphosphate
Ortho-P Orthophosphate
EBPR Enhanced biological phosphate removal
DO Dissolved oxygen
AN/O/AX/O_SBR Alternating anaerobic/aerobic/anoxic/aerobic granular sequencing

batch reactor
GSBR Granular sequencing batch reactor
SBR Sequencing batch reactor
O_SBR purely aerobic granular sequencing batch reactors
HN_AS Heterotrophic nitrification activated sludge reactor
AN_AS Autotrophic nitrification activated sludge reactor
AN/O_AS Alternating anaerobic/aerobic activated sludge reactor
ExAN_AS Extended anaerobic activated sludge reactor
COD Chemical oxygen demand
TOC Total organic carbon
TN Total nitrogen
C/N Carbon to nitrogen
MLSS Mixed liquor suspended solids
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