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Abstract A bench-scale granular autotrophic nitrogen re-
moval bioreactor (completely autotrophic nitrogen removal
over nitrite (CANON) system) used for the treatment of syn-
thetic wastewater was analyzed for the identification of micro-
biota with potential capacity for carbonate and phosphate bio-
mineral formation. 16S ribosomal RNA (rRNA) gene-based
studies revealed that different bacterial species found in the
granular biomass could trigger the formation of phosphate and
calcite minerals in the CANONbioreactor. iTag analysis of the
microbial community in the granular biomass with potential
ability to precipitate calcium carbonate and hydroxyapatite
constituted around 0.79–1.32 % of total bacteria.
Specifically, the possible hydroxyapatite-producing
Candidatus Accumulibacter had a relative abundance of
0.36–0.38% and was the highest phosphate-precipitating bac-
teria in the granular CANON system. With respect to calcite
precipitation, the major potential producer was thought to be
Stenotrophomonaswith a 0.38–0.50 % relative abundance. In
conclusion, our study showed evidences that the formation of
hydroxyapatite and calcite crystals inside of the granular

biomass of a CANON system for the treatment wastewater
with high ammonium concentration was a biological process.
Therefore, it could be suggested that microorganisms play an
important role as a precipitation core and also modified the
environment due to their metabolic activities.

Keywords Biomineralization . Calcite . CANON .
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Introduction

High levels of ammonium in domestic or industrial wastewater
can cause eutrophication processes and oxygen depletion, as
well as ecotoxicity over aquatic wildlife, and affect the suitabil-
ity of discharged wastewater for reuse (Wang et al. 2010;
Driscoll et al. 2012). Over the past few decades, ammonium
has been eliminated from wastewater through conventional
nitrification-denitrification technology, which oxidizes all am-
monium to nitrate under autotrophic, aerobic conditions and
then reduces nitrate to molecular nitrogen under heterotrophic,
anaerobic conditions (Gonzalez-Martinez et al. 2011).
Traditional nitrification-denitrification processes for nitrogen re-
moval in wastewater treatment systems have to deal with high-
energy requirements and the need of organic carbon source for
nitrogen elimination; moreover, these technologies require a
wide surface area for a proper setup; overcoming these disad-
vantages has been made possible by the development of
anammox autotrophic nitrogen removal processes (Zhu et al.
2008; Ali and Okabe 2015; Xu et al. 2015; Xing et al. 2016).

The completely autotrophic nitrogen removal over nitrite
(CANON) technology is one of the most novel, efficient, and
promising wastewater treatment processes for the bioremedi-
ation of effluents with high ammonium concentration and low
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organic carbon content. The development of granular biomass
in these systems support the elimination nitrogen by ammoni-
um oxidation to nitrite carried out by ammonium-oxidizing
bacteria and subsequent anammox pathway which converts
ammonium and nitrite into molecular nitrogen inside the same
bioreactor (Zhang et al. 2013; Zhang et al. 2015).

The presence of mineral crystals in granular biomass, both
from CANON systems and aerobic granular processes, has
been previously reported (Mañas et al. 2012; Lin et al.
2013). In addition, positive correlations between granular bio-
mass mechanical properties and formation of mineral crystals
inside them have been proposed, mainly concerning enhanced
physical strength of the granule against compression and den-
sity (Lin et al. 2013; Winkler et al. 2013). Therefore, the for-
mation of mineral crystals in granular biomass processes, such
as the CANON technology, has been considered as beneficial
for the purpose of treatment, enhancing durability of granular
biomass and its settling capacity. However, it is not known if
the process of formation of these minerals is associated with
the biological activity of the microbiota or simply is a process
independent of it.

It has been suggested that bacteria play a significant
role in the formation of a diversity of minerals in natural
and engineered environments (Ehrlich and Newman 2009;
Gonzalez-Martinez et al. 2015a). This biological process
has been named biomineralization. Biomineralization is a
biological process in which microorganisms play a role in
the formation of minerals and changes different microen-
vironmental parameters such as pH and ion concentrations
(Elrich and Newman 2009). In this sense, it has been
proposed that there are species-specific associations with
the minerals whose formation is mediated by microorgan-
isms, i.e., formation of a given mineral would be mediated
by a certain number of bacterial strains, although is also
true that biomineralization processes may simply be asso-
ciated with environmental changes caused by microbial
activity without any species-specific association
(Gonzalez-Martinez et al. 2015a). In this context, the
presence of mineral crystals in the granular biomass could
be explained by the activity of microorganisms.

The most frequent and important minerals produced by
bacteria isolated from wastewater treatment plants are carbon-
ates (particularly as calcite and vaterite) and phosphates
(mainly as struvite). The precipitation of phosphates in waste-
water treatment technologies is of great interest which gives
additional values to wastewater treatment processes (Soares
et al. 2014; Crutchik and Garrido 2016; Lu et al. 2016).
Moreover, it has been reported as a pathway for phosphate
elimination from wastewater (Crystale et al. 2016). The emis-
sion of CO2 to the atmosphere has been identified as the most
important cause of climate change and global warming be-
tween 1750 and 2005 (Luo and Wu 2015). In this sense, the
carbonate precipitation in wastewater and the formation of

carbonate biominerals could sequestrate in some part the
CO2 released to the atmosphere by human activities.

In this study, granules of a CANON bioreactor were
analyzed for the presence of mineral crystals. As well,
the bacterial community structure of this biomass has been
analyzed by the means of iTag sequencing procedure to
explore the diversity of bacteria that can trigger the forma-
tion of minerals found within it. The results show the com-
position of the crystals and that the relative abundance of
potential crystal-precipitating bacteria, although low in
comparison with the major players in nitrogen removal in
the system, attained a high relevance within the bacterial
community structure of the granule. However, an impor-
tant objective of our study was to show if crystal formation
was associated with the biological activity of the granular
biomass. In this sense, experiences with an inoculated bio-
reactor, a bioreactor inoculated with autoclaved granular
biomass, and a bioreactor inoculated with metabolically
active granular biomass were performed.

Materials and methods

CANON bioreactor setup and operation

A bench-scale CANON bioreactor was set up and inocu-
lated for the experiment (Fig. 1). The inoculum consisted
on granular sludge from a lab-scale CANON bioreactor
operating at 35 °C. The characteristics and operational
conditions of the CANON bioreactor can be seen in
Table 1. Oxygen was supplied as a continuous aeration,
with dissolved oxygen concentration controlled at 1 mg
O2 L−1, because this value has been reported as optimum
for CANON bioreactor operation (Hao et al. 2002). Also,
influent synthetic wastewater feeding the CANON biore-
actor had the same composition used by Gonzalez-
Martinez et al. (2016a), which is shown in Table 2. The
experiment was started when the inoculated CANON op-
erated under steady-state conditions during a month.
Then, the CANON bioreactor was continuously fed with
wastewater from day 1 to day 120. Furthermore, pH and
temperature were measured in the influent and effluent
using a multimeter.

Biological sample collection

Granular biomass samples of 100 mL were collected from
the CANON bioreactor once a week during 2 weeks after
a 120-day operation period. Five biomass samples from
five evenly distributed points in the bioreactor’s volume
were taken, following previous methodology (Gonzalez-
Martinez et al. 2016b). The biomass was then submerged
into 0.9 % NaCl saline solution. Solid and liquid phases
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of the samples were separated by the means of centrifu-
gation at 3500 rpm during 20 min at room temperature.
The liquid supernatant was discarded, and pelleted bio-
mass was then stored at −20 °C for further DNA
extraction.

Study of mineral formation in the granular biomass

The granular biomass obtained from the CANON bioreactor
samples was examined with an optical microscope for the
presence of minerals up to 14 days after bioreactor inocula-
tion. The experiments were carried out in triplicate and were
repeated twice. A control consisting of uninoculated bioreac-
tor and a bioreactor inoculated with autoclaved granular bio-
mass were included in all the experiments.

Isolation and purification of the precipitates

For the mineralogical and morphological studies, precipitates
formed in the CANONbioreactor were removed from the gran-
ular biomass by sonication in a bath sonicator (Ultrasonic
batch, Selecta, Barcelona, Spain) at room temperature for
2 min at 40 kHz (0.05 WmL−1). Mineral crystals were extract-
ed by means of a small spatula and washed with distilled water
to remove impurities and finally air-dried at 37 °C.

XRD studies

The minerals were analyzed by powder X-ray diffraction
(PXRD) using a Philips PW 1710/00 diffractometer with a
graphite monochromator automatic slit, CuKaα radiation,
and an online connection with a microcomputer. Data were
collected for a 0.4-s integration time in 0.02 °C 2θ interval
between 3 and 80 °C. Data were processed using the XPPower
program for a qualitative and quantitative determination of the
mineral composition (Martin 2004). For quantitative analysis,

Fig. 1 Schematic representation of the CANON bioreactor

Table 1 Design characteristics and operational conditions of the
CANON bioreactor

Parameter Amount Units

Bioreactor volume 2 L

HRT 4 h

Dissolved oxygen (DO) 1 mg L−1

pH 7.5

Temperature 35 ± 1 °C

Total influent nitrogen 466 ± 12 mg N L−1

Total effluent nitrogen 63 ± 24 mg N L−1

Effluent NH4
−-N L−1 40 ± 13 mg N L−1

Effluent NO2
−-N L−1 3 ± 2 mg N L−1

Effluent NO3
−-N L−1 24 ± 6 mg N L−1

Nitrogen removal 85 ± 2 %

Table 2 Synthetic wastewater composition

Compounds Amount (mg L−1)

(NH4)2SO4 2350

NaHCO3 (mg L−1) 3250

CaCl2 (mg L−1) 300

KH2PO4 (mg L−1) 70

MgSO4 (mg L−1) 20

FeSO4·7H2O (mg L−1) 9

H2SO4 (mg L−1) 5
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full diffraction profiles of the experimental diffractograms
were adjusted to weighted mixtures of the individual pattern
phases. The crystalline mosaic size on hkl reciprocal vectors
was obtained from full width at half the maximum (FWHM)
intensity after instrumental broadening and Kα2 corrections.

SEM studies

Electron micrographs of the precipitates were made with
carbon-coated samples using a high-resolution field emission
scanning electron microscopy (FESEM) Carl Zeiss, Supra
40 V (Carl Zeiss, Oberlocken, Germany). Selected samples
also coated with carbon were analyzed using energy-
dispersive X-ray microanalysis (EDX, Aztec 350, Oxford
Instruments, Abingdon, UK).

DNA extraction and iTag sequencing process

Then, ten subsamples, five for each sampling day (127 and
134 days of operation) of each bioreactor, were treated as inde-
pendent samples for DNA extraction purposes. Five hundred
milligrams of pelleted biomass of each sample was collected for
DNA extraction using the FastDNA SPIN Kit for Soil (MP
Biomedicals, Solon, OH). For each of the sampling dates, its
five corresponding DNA extracts were merged into a DNA
pool named CA (day 127) and CB (day 134) samples
(Gonzalez-Martinez et al. 2016b). The pools of extracted
DNA were then kept at −20 °C and sent to Research and
Testing Laboratory (Lubbock, TX, USA) for further iTag se-
quencing process. This was done using the iTag apparatus and

the Illumina reagent v3 kit. The primers 28F and 519R (5′-
G A G T T T G AT C N T G G C T C A G - 3 ′ a n d 5 ′ -
GTNTTACNGCGGCKGCTG-3, respectively) (Gonzalez-
Martinez et al. 2016a) were used to amplify the hypervariable
regions V1–V3 of the 16S ribosomal RNA (rRNA) gene of
bacteria. The iTag sequencing amplification followed the steps:
3 min at 94 °C; then 32 cycles of 30 s at 94 °C, 40 s at 60 °C,
and 60 s at 72 °C; and final elongation step of 5 min at 72 °C.

iTag sequencing data pipeline and ecology analysis
of biological samples

The raw sequences obtained through the iTag sequencing
were processed using mothur v1.34.4 (Schloss et al. 2009).
The following pipeline was done for CA and CB samples
independently. Raw sequences were merged into contigs,
and then, those were subjected to a screening in order to
avoid sequences with more than zero ambiguous bases.
Remaining sequences were then aligned against the
SiLVA SEED v119 alignment. Aligned sequences were
then screened in order to eliminate (i) sequences with more
than eight homopolymers, (ii) sequences that failed to align
at the position of forward primer, and (iii) sequences whose
alignment ended further than the 95 % of total sequences.
Remaining aligned sequences were then preclustered
(Huse et al. 2010) and then checked for chimeras using
UCHIME v4.1 (Edgar et al. 2011) implemented in mothur
v1.34.4, which were then eliminated. The number of high-
quality sequences remaining in CA and CB was 14,868
and 12,979, respectively. To conduct an ecological

Fig. 2 Map drawn fromXRD patterns.Color in the map indicates the changing intensity of the diffracted X-rays as a function of 2θwith warmer colors
for progressively higher intensities. Characteristic bands of hydroxyapatite and calcite crystals are labeled in the graph
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analysis, both samples were rarefied and cut to 12,979
sequences. After cut, both subsamples were subjected to
a taxonomic affiliation following the operational taxonom-
ic unit (OTU) approach separately. The sequences in each
subsamples were used to generate a Phylip distance matrix,
which was then taken for the OTU clustering of sequences

in a 97 % similarity threshold. All OTUs were analyzed to
determine the representative OTUs within each subsample.
Representative OTUs were then taxonomically classified
against the NCBI database. After taxonomic classification
of OTUs, these were merged into consensus OTU taxono-
my with an 80 % consensus confidence threshold.

Fig. 3 FESEM images of mineralized granular biomass from the
CANON bioreactor. a, b Mineralized granular biomass formed by
calcified bacterial cells covered by a mucosal layer. c, d Close-up of b;
note the abundance of mineralized bacterial cell covered by mucosed

layer. eDetailed image of the calcified biomass showing many holes with
bacteria-like size and shape. f Close-up of d; note the abundance of
mineralized cells and nanoparticles delimiting the bacterial cells and mu-
cosal layers
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Determination of coverage of iTag sequencing samples:
complexity curves and redundancy abundance-weighted
coverage analysis

The determination of the coverage of biological subsamples
by iTag sequencing procedure and pipeline process was eval-
uated by the means of complexity curves and redundancy
abundance-weighted coverage analysis. The complexity
curves for each subsample were calculated by aRarefactWin
software and took into account the counts of each of the con-
sensus taxonomy OTU. The redundancy abundance-weighted
coverage analysis was done by NonPareil software
(Rodriguez-R and Konstantinidis 2014a). The data used was
that of all sequences in the subsamples. The analysis was done
by setting a 50 % sequence overlap, a 95 % sequence similar-
ity, and query set size of 1000 sequences, as they are given as
default parameters by the software.

α and β diversity analyses of iTag sequencing samples

Analyses of α and β diversity were done to check the
similarity of samples in terms of bacterial diversity, even-
ness, and main species composition. Bacterial diversity

and evenness were determined by the Hill diversity indi-
ces of order 1 (Shannon-Wiener index) and of order 2
(Simpson index), as they have been defended as the most
robust diversity indices for the study of microbial com-
munities (Haegeman et al. 2013). These were calculated
using the counts of each of the consensus taxonomy OTU
and through the vegan 2.0 package implemented in R-
Project software. The similarity in major species compo-
sition was determined by the Morisita-Horn index
(Barwell et al. 2015), which was calculated by the pack-
ages vegan 2.0 and vegetarian, both implemented in R-
Project, and using the relative abundance data of each of
the consensus taxonomy OTU.

Phylogenetic representation of most represented OTUs

A phylogenetic tree was developed to represent the taxonomic
affiliation of representative OTUs with ≥0.50% relative abun-
dance in each of the subsamples. The sequences were aligned
using the CLUSTALWalgorithm, and the tree was calculated
by 1000 bootstrap replications as test of phylogeny under the
Jukes-Cantor substitution model in the neighbor-joining sta-
tistical method. All this was done using the MEGA6 software

Fig. 4 Complexity curves of the CA and CB iTag sequencing subsamples
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(Tamura et al. 2013). The sequences represented in the phy-
logenetic tree were uploaded to the NCBI database under the
accession numbers KX458069–KX458099.

Results

Performance of the CANON bioreactor
through experimentation time

During the 120 days of operation under the same influent
wastewater composition and in the temperature range of
35 ± 1 °C, the system achieved around 85% nitrogen removal
efficiency. NH4

+, NO2
−, and NO3

− concentrations in the efflu-
ent were in the range of 40 ± 13 mg NH4

+-N L−1, 3 ± 2 mg
NO2

−-N L−1, and 24 ± 6 mg NO3
−-N L−1, respectively

(Table 1). This performance had constant values over time
thanks to the constant operational conditions.

Mineral formation in the CANON system

The formation of mineral crystals in all the granular bio-
mass took place rapidly, beginning 7 days after inocula-
tion. After 14 days, the crystals significantly increased in
quantity and were of a large size (more than 50 nm).
However, no formation was observed in uninoculated
control bioreactor or in the bioreactor inoculated with
autoclaved granular biomass. These results show that the
formation of mineral crystals occurs only in CANON bio-
reactor containing metabolically active granules.

The results of the mineralogical analysis with XRD (Fig. 2)
showed that, in the granular biomass, hydroxyapatite was the
main crystal precipitated (59.95 ± 2.00 %) although lower
amounts of calcium carbonate as calcite were also produced
(8.20 ± 5.20 %). It was also observed the formation of an
important percentage of amorphous minerals (31.85 ± 3.5 %).

The morphology of the granular biomass observed by
FESEM showed both mineralized components and non-
mineralized components (Fig. 3). In this sense, when the min-
eralized components in the granular biomass were examined
in detail, mineralized cells were observed frequently covered
by mineralized exopolymeric substances.

Coverage analysis and diversity analysis of the iTag
sequencing subsamples from the CANON bioreactor

The coverage analysis of the iTag sequencing subsamples was
done by calculation of the complexity curve and redundancy
abundance-weighted coverage values of each of them. The
use of two different measures of coverage was done following
the advice of previous literature (Rodriguez-R and
Konstantinidis 2014b). The complexity curves of both sub-
samples reached saturation for the maximum number of reads,
tending to a plateau (Fig. 4). Also, the values calculated for the
redundancy abundance-weighted coverage analysis showed
more than 96 % coverage for both subsamples (Table 3). In
this sense, the iTag sequencing procedure was able to capture
successfully the bacterial diversity of the bioreactor sampled.

The values of the Hill diversity index of order 1 were
2.868525 and 2.991492 for subsamples CA and CB; the Hill
diversity index of order 2 had values of 0.8843279 and
0.8958097 for CA and CB, respectively. These were higher
for the CB subsample (Table 4), which matches with the
higher species richness observed for the CB subsamples in
the complexity curve (Fig. 4) compared to the CA subsample.
The similarity in the values of the α diversity indices showed
that the iTag sequencing process yielded similar results in
terms of bacterial community diversity for both subsamples.
On the other hand, the values of the Morisita-Horn and sym-
metric indices were 0.9138233 and 0.2469136 (Table 4).

Bacterial community structure of the iTag sequencing
subsamples from the CANON bioreactor

The bacterial community structure of >0.50 % consensus tax-
onomy OTUs of the iTag sequencing subsamples is shown in
Table 5. The dominant phylotypes were affiliated to
Nitrosomonas genus , Planctomyce tes members ,
Marinoscillum, Flavisolibacter, and Arenimonas genera.
Nitrosomonas could carry out the ammonium oxidation in

Table 4 Results of the α and β
diversity analyses Morisita-Horn Symmetric

Sample Shannon-
Wiener

Simpson Samples CA CB CA CB

CA 2.868525 0.8843279 CA 1 0.9138233 1 0.2469136

CB 2.991492 0.8958097 CB 0.9138233 1 0.2469136 1

Table 3 Results of the redundancy abundance-weighted coverage
analysis

Sample Coverage (%) Actual effort (Mbp) Required effort (Kbp)

CA 96.91 12.19 907.3

CB 96.48 12.18 1060.0

Appl Microbiol Biotechnol (2017) 101:817–829 823
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the system (Gonzalez-Martinez et al. 2016b), while
Arenimonas, Flavisolibacter, andMarinoscillumwere the het-
erotrophs responsible for generation of extracellular polymer-
ic substance (EPS) and degradation of EPS and cell material
through N-acetyl-D-glucosamine utilization (Kwon et al.
2007; Yoon and Im 2007; Seo et al. 2009; Huy et al. 2013;
Cha et al. 2016). The unclassified Planctomycete consensus
taxonomy was formed by several OTUs. Among them, one
OTU in each of the samples had an 88–89 % similarity in a
97 % query cover with KU217839 Candidatus Scalindua
brodae Y4_Winter_56, accounting for the 2.71 and 6.81 %
relative abundance in samples CA and CB, respectively.
Also, one OTU of each of the samples had a 97–98 % simi-
larity with a 97 % query cover with the same Candidatus
Scalindua clone KU217839 at 1.31 and 0.68 % relative abun-
dance in the samples CA and CB. In this sense, these OTUs
would belong to the Candidatus Brocadiales order and there-
fore would be anammox bacteria. Therefore, these OTUs
could develop the anaerobic ammonium oxidation metabo-
lism that would remove nitrogen in the CANON system
(Yamagishi et al. 2013).

A phylogenetic tree showing the taxonomic affiliation of the
>0.50 % OTUs in the system plus a representative OTU affili-
ated with phosphate-precipitating and calcite-precipitating bac-
t e r i a Cand ida t u s Accumu l i bac t e r pho spha t i s ,
Stenotrophomonas, Bacillus, and Clostridium are shown in
Fig. 5. The phyla that contained the >0.50 % OTUs in both
subsamples were Bacteroidetes, Firmicutes, Proteobacteria,
and Planctomycetes. It can be seen that several OTUs found in
the systems were correlated with Nitrosomonas strains, the
ammonium-oxidizing genus in the CANON bioreactor. As well,
Planctomycete phylum was divided into three branches. One of
them represented OTUs associated with Planctomycetes found
in anammox bioreactors such as AB775688, other represented
known non-anammox Planctomycetes such as the
Planctomycete clone 5GA PLA HPK 17 (Park et al. 2010;
Gonzalez-Martinez et al. 2015b), and other represented OTUs
belonging to Candidatus Brocadiales order.

Discussion

Mineral formation in the CANON system

The results pointed out that the precipitation of minerals by
microorganisms is common in the CANON granular biomass.
Therefore, it is proposed that the precipitation through bacte-
rial activity can take place when the wastewater has a high
ionic concentration, and obviously, some microenvironmental
parameters such as pH are modified by bacterial metabolism.

Numerous studies have demonstrated the microbial precip-
itation of carbonates and phosphates in different natural envi-
ronments (Rivadeneyra et al. 2010; Gonzalez-Martinez et al.

2015a). Nevertheless, few papers have reported the
bioprecipitation of these minerals (Uad et al. 2014;
Rivadeneyra et al. 2014) by microbial strains in wastewater
treatment systems, and, more specifically, there are no pub-
lished reports of research in CANON systems. Most of the
precipitates detected in the granular biomass showed rough
surfaces (Fig. 3a, b). Moreover, the presence of many aggre-
gates with bacteria-like size and shape confirmed that calcium
precipitates were formed by the accumulation of calcified cells
which are part of the biofilms (Fig. 3c, d). Also, calcium
precipitates always observed inside the granular biomass sug-
gested that microorganisms induced the bioprecipitation of
calcium carbonate and calcium phosphate and play an impor-
tant role as a precipitation core (e.g., biominerals form around
the cell wall of the microorganisms), although also modified
the environment due to their metabolic activities (pH and ion
concentrations, Uad et al. 2014), increased thereby facilitating
the mineral formation. Similar results have been reported in
previous studies by Dupraz et al. (2004) and Rivadeneyra
et al. (2010). Thus, the biological activity inside the granular
biomass was considered essential in the biomineralization pro-
cess. The importance of the metabolic activity of the microbi-
ota in the granular biomass was also supported by the fact that
no precipitation was produced in the control bioreactor inoc-
ulated with autoclaved (dead) granular biomass.

According to these results, it was suggested that in our
CANON granular biomass used for the treatment of synthetic
wastewater, the presence of high concentrations of phosphate,
NH4

+, and Ca2+ ions results in mineral bioprecipitation of hy-
droxyapatite. On the other hand, it was also evident that the
release of lower amounts of CO2 by heterotrophic microorgan-
isms present in the granular biomass in the presence of Ca2+

induces the calcite precipitation. In this sense, the
bioprecipitation of this mineral requires certain amounts of car-
bon dioxide, calcium, and appropriate pH (Uad et al. 2014).
More detailed images of the precipitate surfaces (Fig. 3e, f)
showed that mineralized cells were covered with calcium car-
bonate or calcium phosphate. According to Aloisi et al. (2006),
the formation of nanoglobules is the first step in microbial pre-
cipitation. Thus, the presence of nanoglobules (nanoparticles)
in the external bacterial envelopes (Fig. 3f) suggests that the
microorganisms accumulated and precipitated calcium carbon-
ate or calcium phosphate on the cell surface during bacterial
growth and on exopolymeric components of the biofilms.

Bacterial community structure of the iTag sequencing
subsamples from the CANON bioreactor

Nitrosomonas and Planctomycetes bacteria have been com-
monly found in CANON bioreactors studied through 454 py-
rosequencing and DGGE (Gonzalez-Martinez et al. 2016b).
The differences of this CANON bioreactor with other
CANON systems studied by next-generation sequencing
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Fig. 5 Phylogenetic tree representing >0.50% relative abundance OTUs in the CA and CB iTag sequencing subsamples and representative OTUs of the
phosphate-precipitating and calcite-precipitating genera
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reside in the diversity of satellite heterotrophs (Gonzalez-
Martinez et al. 2016b). The adaptation of species of putative
heterotrophs in both systems could be caused by differences in
influent wastewater composition, aeration mechanisms (con-
stant aeration versus intermittent aeration), operational tem-
perature or pH, or differences in inoculum used for the start-
up of the system, among others.

None of the genera found in the subsamples have been
reported previously for mineral precipitation such as hydroxy-
apatite and calcite. Nevertheless, among all of the bacterial
genera found, the best potential candidate for hydroxyapatite
p rec ip i t a t i on was Accumul ibac t e r. Cand ida tus
Accumulibacter phosphatis (CAP) is a bacterium frequently
found in enhanced biological phosphorous removal (EBPR)
systems. Currently, no cultured isolates of CAP exist, so the
phylogeny of CAP strains is based purely of molecular biolo-
gy techniques. ThisCandidatus species can store volatile fatty
acids inside its cell membrane under anaerobic, rich carbon
conditions, converting them to polyhydroxyalkanoates
(PHAs) by the breakdown of previously stored poly-
phosphate (polyP); then, under aerobic, poor carbon condi-
tions, the PHAs are degraded to provide carbon and energy
for growth, as well as to replenish the utilized polyP
(Oyserman et al. 2015). The capability of Candidatus
Accumulibacter genus to store and degrade polyP could be
related to hydroxyapatite nucleation. In this way, theories
about biologically mediated hydroxyapatite formation state
that initiation of hydroxyapatite crystals occurs when polyP
is depolymerized in a Ca+2-rich matrix (Omelon et al. 2013).
The CANON bioreactor supports an environment in which
Ca+2 and PO4

− are present due to the composition of the in-
fluent synthetic wastewater. The accumulation of polyP inside
the cell membrane of Candidatus Accumulibacter is possible
due to the low organic carbon and microaerophilic conditions
given in the inner parts of the granule. Again, due to the
microaerophilic conditions in the granular biomass, the
polyP could be degraded to store PHA. Thus, conditions in
the CANON bioreactor could support both the growth of
Candidatus Accumulibacter and the formation of hydroxyap-
atite crystals. This genus was found to be a 0.36 and 0.68 % in
CA and CB subsamples, respectively.

Other bacterial species that have been reported for struvite
precipitation, such as Rhodobacter and Bacillus (Gonzalez-
Martinez et al. 2015a), were found in the CA and CB subsam-
ples at low relative abundance—0.03 and 0.06 % for
Rhodobacter in CA and CB subsamples and 0.09 and
0.02 % for Bacillus in CA and CB subsamples, respectively.
These genera can trigger the formation of magnesium phos-
phate mineral struvite, so it is possible that they can also trig-
ger the formation of calcium phosphate mineral apatite under
the conditions given in the CANON bioreactor. Nevertheless,
their relative abundances are low compared with that of
Candidatus Accumulibacter, and therefore, the former seemed

to be the major apatite precipitating bacteria found in the
bioreactor.

The only major represented phylotype previously reported
for calcite precipitation was Stenotrophomonas (Rusznyak
et al. 2012; Park et al. 2013). Its relative abundance was of
0.38 and 0.50 % for subsamples CA and CB. Other minor
represented phylotypes found in the bacterial community
structure of the CA and CB subsamples that have been report-
ed for calcite precipitation were Clostridium and Bacillus
(Gonzalez-Martinez et al. 2015a). Clostridium accounted for
less than 0.01% relative abundance in both subsamples, while
Bacillus represented the 0.09 and 0.02 % in CA and CB sub-
samples, respectively. Therefore, microbial ecology analysis
suggested that Stenotrophomonas genus was the major player
in calcite precipitation in the CANON bioreactor.

The total relative abundance of reported phosphate-
precipitating bacteria (0.40–0.80 %) and calcite-precipitating
bacteria (0.39–0.52 %) was low in relation with the whole
bacterial community structure, which summed up to a total
of 0.79–1.32 % of total potential crystal-forming bacteria in
the system. In spite of this, their relative abundance seemed to
be high for a system in which neither phosphate nor calcite
precipitation becomes a crucial result of treatment. Obviously,
dominant bacterial phylotypes in the system were affiliated to
ammonium-oxidizing Nitrosomonas (22–40 %) and to anaer-
obic ammonium-oxidizing Planctomycete clone (15.00–
15.70 %). In this sense, even though bacterial genera previ-
ously described with mineral precipitation had low relative
abundance with respect to other species, their relative abun-
dance seemed sufficient for them to develop hydroxyapatite
and calcite precipitation in the CANON bioreactor.

In conclusion, the bacterial ecology analysis of a CANON
bioreactor showed the presence of ammonium-oxidizing
Nitrosomonas and Planctomycete clones related to anammox
bacteria and a diversity of putative heterotrophs. Among the
bacterial species found, a number could trigger the formation
of phosphate and calcite minerals in the CANON bioreactor.
The possible hydroxyapatite-producing Candidatus
Accumulibacter had a relative abundance of 0.36–0.38 %
and was the highest potential phosphate-precipitating bacteria
in the system. With respect to calcite, the major producer was
thought to be Stenotrophomonas with a 0.38–0.50 % relative
abundance. Although our study demonstrated evidences that
explain the bioprecipitation of hydroxyapatite and calcite min-
erals inside the granular biomass of a CANON bioreactor, our
data cannot conclude a direct relationship between species and
mineral formed, but it does show that the formation of min-
erals in autotrophic granular systems (CANON bioreactor)
was directly associated with microbial activity and also that
in the granular microbial community can be found several
phylotypes (some even not isolated in pure culture) described
as potential mineral-precipitating bacteria. In this context, it
must be considered that the biomineralization is a very
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complex biological process involving both biotic (microbial
activity, EPS production, or cellular structure) and abiotic (pH,
nutrient concentration, or temperature) factors. Moreover, the
autotrophic granules formed in a CANON bioreactor are also
a very complex habitat with many different phylotypes and
microenvironments (i.e., anoxic and aerobic zones) where
many different metabolic activities such as partial nitritation
and anammox process take place at the same time.
Consequently, new research has to be conducted in order to
unravel the unknowns aroundmineral precipitation in autotro-
phic nitrogen removal systems and the diversity of microor-
ganisms that can produce it.
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