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Abstract—Formation of a community of phosphate-accumulating microorganisms in a laboratory sequential
batch reactor (SBR) ensuring alternated aerobic and anaerobic conditions during periodic removal and addi-
tion of the medium were investigated. The bioreactor removed 50% phosphorus from the incoming medium
after 22 days from the start-up. Microscopy and X-ray microassay revealed the of cells of diverse morphology
that contained phosphorus-enriched granules. High-throughput sequencing of the 16S rRNA gene fragments
carried out on days 0, 8, 15, and 22 showed changes in the community composition and its decreasing diver-
sity. On day 22, approximately twofold increase of the relative abundances of Bacteroidetes (up to 43% of the
16S rRNA gene sequences) and Proteobacteria of the classes alpha (up to 15%) and beta (up to 27%) was
observed. While at the onset of the reactor operation, typical PAOs related to “Candidatus Accumulibacter”
(class Betaproteobacteria) constituted 0.2% of the community, they were not detected on day 22. The most
likely PAO candidates were beta-proteobacteria of the genus Dechloromonas, the share of which increased
from 0.7 to 11% by the time of the highest phosphorus removal from the inflowing medium. The relative
abundance of heterotrophs of the genus Zoogloea (family Rhodocyclaceae) increased from 0.1 to 11.5%.
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Microorganisms of the group of phosphate-accu-
mulating organisms (PAQO) capable of intracellular
accumulation of polyphosphates are responsible for
phosphorus removal from wastewater. They develop in
activated sludge under cyclic growth conditions, with
alternated presence and absence of electron acceptors
(primarily of oxygen) and therefore in the presence or
absence of easily available organic compounds (Van
Loosdrecht et al., 1997; Mino et al., 1998; Seviour
et al., 2003; Wentzel et al., 2008). Periodic shifts of
growth conditions determine the direction of most of
the PAO metabolic pathways. Under anoxic condi-
tions (without electron acceptors), PAO consume
organic compounds, especially volatile fatty acids, and
store them as intracellular polymers; this process is
accompanied by degradation of intracellular poly-
phosphates and orthophosphate release from the cells.
Under oxic conditions and/or in the presence of an
alternative electron acceptor (nitrate or nitrite), PAO
grow, consume orthophosphate, and synthesize intra-
cellular polyphosphates using the energy produced by
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decomposition of intracellular carbon and energy
sources accumulated under anoxic conditions. Thus,
PAO are microorganisms with a cyclic type of metab-
olism (Dorofeev et al., 2019).

PAO do not form a monophyletic group, i.e., abil-
ity to accumulate phosphates has been revealed in
diverse phylogenetic groups of microorganisms (both
bacteria and archaea). Members of the candidate
genus “Ca. Accumulibacter phosphatis” (family
Rhodocyclacea, Betaproteobacteria) are presently con-
sidered as typical PAO (Hesselmann et al., 1999;
Nguyen et al., 2012; Stokholm-Bjerregaard et al.,
2017; Zeng et al., 2018; Qiu et al., 2019). These organ-
isms use volatile fatty acids (acetate or propionate) as
substrates. Depending on the electron acceptor, two
phylogenetic groups are discerned within this phylo-
types, “Ca. Accumulibacter phosphatis” types I and
I1, which in turn are subdivided into clades (clades 1A
to IE for type I and clades IIA to II I for type II)
(Rubio-Rincon et al., 2017). PAO I use oxygen, nitrate
and nitrite as electron acceptors, while PAO II use
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Fig. 1. Schematic representation of the setup for feed-
batch oxic/anoxic cultivation of microorganisms: bioreac-
tor (1), pump for medium supply (2), pump for culture
removal (3), air compressor (4), dinitrogen reservoir (5),
and gas supply regulation system (6).

only oxygen (Figdore et al., 2018; Dasgupta et al.,
2019). PAO include aerobic Tetrasphaera actionbacte-
ria common in the wastewater treatment plant
(Maszenan et al., 2000; Nielsen et al., 2019), as well as
other prokaryotes, for which their role in biological
phosphorus removal has not been reliably established:
Thiothrix caldifontis (Rubio-Rincén et al., 2017),
Microlunatus phosphovorus (Nakamura et al., 1995),
Ca. “Accumulimonas” (Nguyen et al., 2012), a new
group of organotrophic bacteria of the family Coma-
monadaceae (Ge et al., 2015), Dechloromonas (Ren et
al., 2020), and Methanosarcina mazei (Paula et al.,
2019).

Although PAO have been used for wastewater treat-
ment for half a century and numerous publications
dealt with this microbial group, the physiology of
phosphate-accumulating bacteria has not been stud-
ied in detail, mainly because no one succeeded in iso-
lation of pure cultures of PAO from the complex and
diverse microbial communities of activated sludge,
where bacteria are closely bound with the mucous
matrix (Dorofeev et al., 2019). Our knowledge of PAO
is based on metagenomic analysis of microbial consor-
tia responsible for large-scale phosphate removal in
water treatment facilities and of laboratory cultures of
phosphate-accumulating organisms. Investigation of
the metagenome of the “Ca. Accumulibacter phos-
phatis”-enriched sludge revealed PAO II to possess all
genes required for dinitrogen and CO, fixation (Flow-
ers et al., 2013). Research on expression of the genes of
the TCA cycle revealed considerable discrepancies in
the aerobic and anaerobic metabolism of different
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“Ca. Accumulibacter phosphatis” populations (Wex-
ler et al., 2009). PAO were shown to possess both the
main pathways of carbon and phosphorus central
metabolism and the specific ones associated with the
spectrum of the used organic substrates and electron
acceptors (Skennerton et al., 2015). Proteimic analysis
revealed that in all studied “Ca. Accumulibacter phos-
phatis” anaerobic glycogen degradation was carried
out via the Embden—Meyerhof—Parnas pathway
(Wilmes et al., 2008).

PAO-enriched cultures are usually grown in SBR
(Sequencing Batch Reactor) (Artan et al., 2005; Liu
et al., 2020; Fan et al., 2020), which reproduce the
thechnological conditions of large-scale wastewater
treatment facilities. This technology has certain short-
comings. Thus, obtaining high-density cultures (sev-
eral g/L) requires partial biomass retention in the bio-
reactor, which results in formation of floccules with
the same complex multicomponent structure as the
activated sludge. It is next to impossible to establish a
PAO-dominated microbial community with the low-
est number of components in such reactors. The
authors consider development and improvement of
alternative approaches to cyclic cultivation, which
maintains the optimal conditions for PAO growth in a
homogeneous culture and may be preferable to tradi-
tional SBR cultivation as an approach greatly facilitat-
ing PAO investigation. Homogeneous cultures are bet-
ter adapted to physiological studies and isolation of
pure cultures using traditional microbiological tech-
niques.

In the present work, the classical feed-batch culti-
vation with stirring in a modified SBR bioreactor with
alternating aerobic and anaerobic stages was used to
minimize flocculation and to obtain a PAO-enriched
homogeneous microbial community. The goal of the
present work was to investigate the phosphate-accu-
mulating community developing under these condi-
tions and to describe its species composition.

MATERIALS AND METHODS

Bioreactor cultivation. The laboratory bioreactor
for cyclic PAO cultivation was based on the BIOSTAT
B bioreactor (Sartorius) with the working volume of
2 L, equipped with a stirrer and external cooling
jacket. The reactor is schematically presented of Fig. 1.

Cyclic cultivation was achieved by alternating
anaerobic conditions in the presence of acetate (an
easily available source of carbon and energy) and aer-
obic conditions without acetate (which has been con-
sumed during the anaerobic stage). Addition of fresh
medium and removal of the culture were carried out
using two peristaltic pumps. Aerobic and anaerobic
conditions were established by bubbling the bioreactor
with air or oxygen-free nitrogen using a gas supply sys-
tem (Eltochpribor, Russia). Automatic monitoring of
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the pumps and the gas flows was carried out using a
LOGO universal logical module (Siemens).

Each 6-h cycle of cultivation in the bioreactor con-
sisted of several stages:

(1) establishing anaerobic conditions by bubbling
nitrogen into the bioreactor for 5 min at 5 L/min (O,
concentration in the culture liquid decreased below
0.05 mg O, /L), followed by addition of the medium
(0.125 L). Total duration of this stage was 10 min;

(2) anaerobic stage, when the culture was mixed at
200 rpm. This stage continued for 170 min;

(3) aerobic stage, when the microbial community
was aerated for 3 h.

After four cycles (24 h), 5 min before the end of the
aerobic stage, air supply was terminated, and 0.5 L of
the culture was removed from the bioreactor. The
residual volume in the reactor was 1.5 L.

Thus, the average specific growth rate of the cul-
ture was 0.29 1/day, corresponding to the culture age
of 3.4 days in the quasi-stationary state (generation
time of 2.4 days).

To prevent microbial growth in the medium reser-
voir and the feeding pipes, they were washed daily with
sterile tap water heated to 95°C.

The bioreactor was inoculated with activated
sludge from an aeration basin of the Lyubertsy waste-
water treatment plant (Moscow, Russia).

The medium composition adjusted according to
the generalized experience of laboratory PAO cultiva-
tion (Onuki et al., 2002; Welles et al., 2017) contained
the following (g/L tap water): CH;COONa (3H,0),
0.708; (NH,),SO,, 0.046; KH,PO,, 0.109; yeast
extract, 0.009; MgSO, - 7H,0, 0.135. Acetate was used
as the major carbon and energy source (Artan et al.,
2005, Tchobanoglous et al., 2014).

Analytical techniques. The pH of the medium was
measured using an Expert-001 pH meter-ion meter
(Econix-Expert, Russia). During cultivation, pH was
within the range of 8.5—8.7.

The cultivation temperature was maintained at 18—
20°C using a Haake® WKL 26 thermostat (Thermo
Fisher Scientific, United States).

Suspended matter was determined gravimetrically
after filtration and drying of the sample (PNDF
14.1:2:4.254-09).

Phosphates were determined photometrically with
ammonium molybdate both in the inflowing medium
and in the effluent after the oxic and anoxic stages of
cultivation (PNDF 14.1:2:4.248-07).

Dissolved oxygen was determined using an Oxi 197
meter (WTW, Germany).

Investigation of the cultures of phosphate-accumu-
lating bacteria. Cell morphology was examined under
an Olympus CX41 phase contrast microscope (Olym-
pus, Japan).

Phosphate-accumulating bacteria were
identified based on the presence of intracellular gran-
ules containing phosphorus compounds (as estab-
lished by X-ray microanalysis).

The percentage of the cells containing various
inclusions was determined using the average values for
80 microscope fields.

Electron microscopy of total cell preparations was
carried out under a JEM 100 (JEOL, Japan) as
described previously (Vasilyeva et al., 2006). The cells
were fixed with 2.5% glutaraldehyde and postfixed
with the OsO, solution.

X-ray microanalysis was carried out on a JEM-
1400 microscope (JEOL, Japan) equipped with an X-
ray microanalyzer (Oxford Instruments, United King-
dom), at 80 keV and sample slope of 15°. The spectra
were analyzed using AZtec (Oxford Instruments).
This software package was also used for elemental
charting of the samples.

The samples for X-ray microanalysis were prepared
by applying native cells on Formvar-coated, carbon-
covered copper grids.

Statistical processing was carried out using Micro-
soft Office Excel 2007.

Analyzed samples. Four activated sludge samples
were collected in order to investigate the composition
of the microbial consortium:

(1) activated sludge from an industrial bioreactor
for OM, ammonium, and phosphorus removal, which
implemented the Cape Town University technology
(Tchobanoglous et al., 2014) based on alternation of
one oxic and two anoxic zones rotary aeration tank.
This sample was used to inoculate the laboratory bio-
reactor;

(2) activated sludge collected from a laboratory
bioreactor on day 8 of its operation;

(3) activated sludge collected from a laboratory
bioreactor on day 15 of its operation; and

(4) activated sludge collected from a laboratory
bioreactor on day 22 of its operation.

DNA isolation for metagenomic analysis, amplifica-
tion and sequencing of the 16S rRNA gene fragments.
DNA was isolated using the DNeasy PowerSoil Kit
(Qiagen, Germany) according to the manufacturer’s
protocol. The variable V3—V4 region of the 16S rRNA
genes was amplified using the universal primers 341F
(CCTAYGGGDBGCWSCAG) and 806R (GGAC-
TACNVGGGTHTCTAAT) (Frey et al., 2016).
Obtained PCR fragments were used to prepare the
sequencing libraries with the Nextera XT DNA
Library Prep Kit (Illumina) according to the manu-
facturer’s protocol. Multiplexing was carried out with
the Nextera XT Index Kit v2. The PCR fragments
were sequences using [llumina MiSeq. At least 8000
16S rRNA gene fragments were obtained for each
sample.
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Fig. 2. Soluble phosphates in the bioreactor: P-POy in the inflowing medium (7) and in the effluent (2); and concentration of

suspended matter (3).

The reads from all samples were pooled together,
and low-quality reads, singletons, and chimeras were
excluded from analysis. The remaining reads were
clustered into OTUs with identity of at least 97%. To
determine the OTU shares in each sample, original
reads (including low-quality and singleton ones) with
at least 97% identity along the read length were super-
imposed over the representative OTU sequences using
the usearch software package (Edgar, 2010). Taxo-
nomic identification according th the 16S rRNA gene
sequences was carried out using usearch and the Silva
database.

RESULTS AND DISCUSSION

PAO cultivation. The method for PAO cultivation
was developed, which was based on periodic (cyclic)
changes of cultivation conditions. Suspended matter
content in the bioreactor after inoculation with acti-
vated sludge was 3.43 g/L, pH was 8.5. During the first
15 days suspended matter content decreased to 0.2 g/L
due to washout, and pH increased slightly (to 8.9).
During this period the amount of coarse suspended
particles decreased,and suspended matter became
almost completely represented by microbial biomass.
During days 15—22 both the concentration of micro-
bial biomass and pH of the liquid phase did not
change, indicating stable operation of the reactor. At
the same time, the concentration of dissolved phos-

phates decreased gradually. The difference between
phosphate concentrations in the medium and in the
effluent was 4.9 mg/L on day 5, increased to 7.2 mg/L
on day 8 and reached 11—12 mg/L on day 22, which
corresponded to 50% phosphorus removal from the
inflowing medium (Fig. 2).

In order to determine the nature of phosphate
removal, phosphate concentrations in the medium
were measured during one cycle of operation (the oxic
and anoxic phases). The data on phosphate concen-
trations during a cycle of cultivation on days 8, 15, and
22 are listed in Table 1. It should be noted that accord-
ing to the biochemical reactions carried out by PAO,
phosphate is released form the cells under anoxic con-
ditions in the absence of oxidants and the presence of
acetate. Under oxic conditions PAO oxidize the car-
bon substrates and consume phosphate from the
medium (Terashgima et al., 2016).

Our results indicated that a microbial community
containing physiologically active PAO developed in
the laboratory bioreactor inoculated with activated
sludge from a wastewater treatment plant. Impor-
tantly, phosphate concentration in the effluent was
always lower than in the inflowing medium.

Investigation of PAO cells by microscopy and X-ray
microanalysis. Microscopy of the bioreactor microbial
community revealed morphologically diverse bacteria.
Most of the cells (up to 85%) contained inclusions

Table 1. Phosphate concentrations during a single cultivation cycle of the microbial community on days 8, 15, and 22

P-PO,, mg/L
Cultivation time, days A
cycle onset end of anoxic phase end of oxic phase mg}L
8 14.6 + 1.18 17.0 £ 1.19 14.0 = 1.35 3.0
15 12.3 £ 1.18 14.7 + 1.19 11.4 £ 1.35 3.3
22 13.0 £ 1.18 153+ 1.19 12.1 £ 1.35 3.2

A indicates the difference between phosphate concentrations in the medium between the anoxic and oxic phases.

MICROBIOLOGY Vol.90 No.1 2021
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Fig. 3. Bacterial diversity in the bioreactor microbial community: phase contrast, X 1000 (a—c); electron microscopy, X800 (d);
electron microscopy, 1700 (e). Arrows indicate the cells with inclusions.

(Fig. 3). In general, elongated rounded cells (1—1.5) %
(2—3.5) um in size predominated, which contained
refractive structures of diverse size located along the
cell axis (Fig. 3a). Large rod-shaped cells, (2—3) X (3—
5) um in size, contained small dense dark inclusions
(Fig. 3b). Apart from rod-shaped cells, coccoids
2.4 X 3.3 um in size occurred, which contained bright
round intracellular structures distributed uniformly
throughout the cell volume (Fig. 3c). Electron
microscopy confirmed occurrence of the cells with
various inclusions (Figs. 3d, 3e).

Mapping of the microbial community using X-ray
microanalysis, as well as pointwise analysis of the ele-
mental composition of microbial cells, were used to
determine the chemical composition of inclusions.
X-ray microanalysis provides for rapid determination
of elemental composition of both individual cells and
cell aggregates, making it possible to obtain informa-
tion on the relative content of phosphorus and other
elements of interest. The mapping mode implemented
in the AZtec software package makes it possible to
obtain a visual picture of elements distribution in the
sample.

Mapping revealed different distribution of chemi-
cal elements, including phosphorus, among commu-
nity members. Some elements were concentrated

within the cells, while some were sorbed in the inter-
cellular space on the cell surfaces. Carbon, potassium,
sulfur, and calcium were uniformly distributed in the
rod-shaped cells, (1-1.5) X (2—3.3) um in size, while
phosphorus, sodium, and magnesium occurred both
in the cells and in the intercellular space (Fig. 4). Rod-
shaped cells 0.5 X 2 um in size were found to contain
electron-dense structures, which were identified as
phosphorus inclusions (Figs. 5a, 5b). To confirm the
results of general mapping of the microbial commu-
nity, pointwise elemental analysis of individual cells
was carried out. The most characteristic spectra are
shown on Fig. 5c. The percentage of chemical ele-
ments at the analyzed points is presented in Table 2.
Pointwise analysis revealed higher phosphorus con-
centration in the sells (spectra 51—54) compared to the
background level of this element. Phosphorus inclu-
sions (spectra 51 and 52) in rod-shaped cells contained
10 times more phosphorus than the control. Inclu-
sions in curved cells (spectrum 53) contained 8 times
more of this element. The highest amount of phos-
phorus was accumulated in coccoid cells
(spectrum 54).

Thus, phosphorus was shown to be present both on
the cell surface and inside the cells. Intracellular dis-
tribution of this element varied. Some members of the
No. 1
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Fig. 4. Elemental composition of the microbial community determined by mapping with X-ray microanalysis. Location of indi-
vidual chemical elements is marked by color. Electron microscopy (a) and distribution of carbon (b), phosphorus (c¢), sodium (d),
potassium (e), magnesium (f), sulfur (g), and calcium (h). Accumulation of chemical elements in the intercellular space is indi-

cated by arrows.

microbial community contained phosphorus-
enriched granules and probably belonged to PAO.

Changes in the taxonomic composition of the micro-
bial consortium in the course of cultivation. Members of
the Bacteria and Archaea domains were revealed in the
microbial community at the initial stage of operation
of the bioreactor. The share of archaea was low (1.17%
of the total sequence number). Predominant archaeal
sequences belonged to methanogens of the order
Methanosarcinales and to the uncultured candidate
phylum Wosearchaeota. The closest relatives of the
revealed 16S rRNA gene sequences were found in the
treatment facilities fermenting the sludge under anoxic
conditions and in anaerobic digesters
(Kirkegaard et al., 2017).

Bacterial sequences belonged to 19 phyla, with pre-
dominance of members of the phyla Bacteroidetes
(22.4%), Proteobacteria (22.3%), Patescibacteria
(8.8%), Chloroflexi (27.2%), and Nitrospirae (4.7%).
They were responsible for 85.4% of the 16S rRNA
gene sequences. The phyla Acidobacteria, Planctomy-

cetes, Verrucomicrobia, etc. were the minor compo-
nents of the community (Fig. 6).

About 4.8% of all the 16S rRNA gene sequences
belonged to unknown deep lineages and were not
identified even at the phylum level.

Most of identified phyla have been previously
detected in wastewater treatment bioreactors (Wu
et al., 2019).

In the course of cultivation of the community, its
composition changed and its taxonomic diversity
decreased. Thus, the share of archaea in the commu-
nity decreased to 0.01% (Fig. 6). The shares of the
phyla predominant at the bioreactor onset, Patescibac-
teria (8.8%), Chloroflexi (27.2%), and Nitrospirae
(4.7%), decreased to 2.66, 2.63, and 0.15%, respec-
tively. The phylum Patescibacteria has been described
recently based on molecular data (Hug et al., 2016;
Parks et al., 2018), and none of its members have been
isolated in pure cultures. The metabolism of members
of this phylum was predicted based on the metage-
nomic analysis of microbial communities. Patescibac-

Table 2. Content of chemical elements at analysis points expressed as % of the total elements content

Control
Spectrum no. (arids without cells) 51 52 53 54
Phosphorus, % 0.15 1.63 1.59 1.31 3.16
Phosphorus concentration at the studied 1 10.87 10.6 8.73 21.07
point relative to the control

MICROBIOLOGY Vol.90 No.1 2021
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Fig. 5. Pointwise analysis of the elemental composition of bacterial cells in the phosphate-accumulating community determined
by mapping with X-ray microanalysis: electron micrograph of the cells (a); phosphorus distribution in the cells, with phosphor-
rich granules indicated by arrows (b); and X-ray spectra of the control (background phosphorus distribution) and concentrations
of the elements in the granules of rod-shaped bacteria (spectra 51 and 52), curved cells (spectrum 53), and coccoid cells

(spectrum 54) (c). Phosphorus peaks are indicated by arrows.

teria usually have small genomes, with a number of
metabolic pathways absent or incomplete. They are
therefore considered possible parasites or symbionts.

Most of the minor groups were eliminated from the
reactor during its operation,including members of the
phyla Fusobacteria, Ca. Margulisbacteria, Ca. Latesci-
bacteria, Spirochaetes, Elusimicrobia, Gemmatimona-
detes, Armatimonadetes, and Omnitrophica. The shares
of other minor groups decreased as well (Fig. 6).

The number of detected OT Us decreased from 445
to 184. At the final stage 61% of all reads belonged to
10 most abundant OTUs, which constituted only 1%
of the community during the initial stage.

The shares of two phyla predominant in the inocu-
lum, Bacteroidetes (22.4%) and Proteobacteria
(22.3%), increased during cultivation under cyclic
conditions. The percentage of Bacteroidetes, which are
capable of degrading complex organic compounds,
increased almost twofold, to 42.8% (Thomas et al.,

MICROBIOLOGY  Vol. 90
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2011; Ferndndez-Gémez et al., 2013; Hahnke et al.,
2016). Members of the orders Chitinophagales,
Cytophagales, and Sphingobacteriales were mostly
responsible for this increase.

The share of proteobacteria increased from 22.3 to
43.2% due to increased abundance of members of two
classes, Alpha- and Betaproteobacteria from 2.7 to
14.8% and from 10.7 to 27.3%, respectively, while the
shares of Gamma-, Delta-, and Epsilonproteobacteria
decreased from 9.5 to 1.4%. Among alphaproteobac-
teria, the share of microorganisms of the order
Microvibrionales increased significantly (from 0.28 to
7.4%). Related 16S rRNA gene sequences have previ-
ously been detected in the biofilm of an anoxygenic
hybrid reactor for nitrogen and phosphorus removal
from wastewater (the sequence JN391746, with 98%
identity to OTU1). Relative abundance of the genus
Gemmobacter, comprising facultatively anaerobic het-
erotrophs (Rothe et al., 1987), also increased from
0.04t0 3.7%.

Betaproteobacteria, which predominated in most
studied activated sludge microbial communities (Yu
MICROBIOLOGY Vol. 90

No.1 2021

and Zhang, 2012; Wu et al., 2019), were represented in
the bioreactor by the family Rhodocyclaceae. Relative
abundance of the genera belonging to this family
change significantly in the course of development of
the community. Thus, the share of the genus Thauera
decreased from 3.6 to 0.1% of the total reads number.
These microorganisms are known to degrade a broad
spectrum of organic acids and aromatic compounds
(Mechichi et al., 2002; Mao et al., 2010). At the same
time, abundance of the genus Zoogloea, which occurs
in most of the activated sludge communities (Zhang
etal., 2012; Wu et al., 2019), increased from 0.09 to
11.5%, as well as abundance of the genus Dechloro-
monas (family Rhodocyclaceae), from 0.74 to 11.1% of
all 16S rRNA gene sequences. Related sequences have
been detected in microbial communities of diverse
plants, including an aerobic bioreactor in China
(LT841763 and LT842295 with 99% identity)
(Dasgupta et al., 2019). The family Rhodocyclaceae
includes phosphate-accumulating organisms, includ-
ing the species “Ca. Accumuliacter” phosphatis,
which predominates in most microbial communities
of industrial installations for phosphorus removal
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from wastewater (Bond et al., 1995; Mao et al., 2015;
Barr et al., 2016; Dorofeev et al., 2019). As could be
expected, Ca. Accumulibacter were identified in the
bioreactor upon its inoculation with activated sludge.
They were represented by two OTUSs (0.01 and 0.2% of
the total sequences number) with high similarity to the
16S rRNA gene sequences revealed in a phosphorus-
removing SBR reactor (HM046420, 96% identity)
and in wastewater treatment bioreactors (LR637422,
99% identity) (Bond et al., 1995; Mao et al., 2015).
However, the share of these organisms decreased in
the course of cultivation, so that they were not
detected in the community by the end of the bioreac-
tor operation. Thus, the PAO developing in the labo-
ratory bioreactor during cyclic cultivation were not
those typically found in large-scale facilities (Artan
and Orhon, 2005).

In conclusion, it should be noted that sequential
batch cultivation resulted in formation of a phosphate-
accumulating community, differing from the commu-
nity of flocculated activated sludge, which was used
for inoculation in its higher homogeneity and low
population density. Quantitative changes in phosphate
concentration during the oxic and anoxic stages and
the final decrease of phosphorus concentration in the
medium indicated development of bacteria responsi-
ble for phosphorus removal in the processes similar to
those occurring in the activated sludge of wastewater
treatment facilities. The usual phosphorus concentra-
tion in wastewater is 4—8 mg/L (Qasim and Zhu, 2017)
and is decreased to the concentrations below 1 mg/L
after activated sludge treatment. The activated
sludge concentration in industrial bioreactors is usu-
ally 2—4 g/L. In our experiments, the biomass concen-
tration was an order of magnitude lower (0.2 g/L),
while phosphorus removal was 12 mg/L, i.e., specific
phosphorus removal per unit of activated sludge bio-
mass was an order of magnitude higher. These
results indicate the efficiency of sequential batch cul-
tivation of activated sludge, which in a laboratory bio-
reactor resulted in development of a microbial com-
munity with high content of phosphate-accumulating
bacteria.

Microscopic studies revealed phosphorus accumu-
lation as granules in the cells of diverse morphology,
which indicated the presence of diverse PAO in the
community. Molecular biological techniques not only
confirmed occurrence of phosphate-accumulating
bacteria, but made it possible to monitor the dynamics
of PAO community and to reveal the dominant mem-
bers of this microbial group. The activated sludge used
for inoculation was found to contain members of the
family Rhodocyclaceae, Ca. Accumulibacter, which
are considered typical inhabitants of waste treatment
facilities. They were represented by two OTUs related
to the 16S rRNA gene sequences previously revealed
in an SBR reactor for phosphorus removal
(HMO046420, 96% identity) and in wastewater treat-
ment bioreactors (LR637422, 99% identity) (Bond

et al., 1995; Mao et al., 2015; Barr et al., 2016; Welles
et al., 2017; Dorofeev et al., 2019). The relative abun-
dance of these organisms decreased in the course of
operation of the laboratory bioreactor. By the time of
the most efficient phosphorus removal by the commu-
nity, Candidatus “Accumulibacter phosphatis” was
not detected. During this period the dominant groups
were members of the family Rhodocyclaceae belonging
to the genera Dechloromonas and Zoogloea; the shared
of their 16S rRNA gene sequences increased to the
greatest extent compared to those of other bacteria.

Members of the genus Zoogloea often occur in acti-
vated sludges (Barr et al., 2016; Wu et al., 2019). Some
works reported accumulation of both Zoogloea and
Dechloromonas in bioreactors for phosphorus removal
under denitrifying conditions (Bond et al., 1995). Zoo-
gloea were hypothesized to be potential PAO (Shao
et al., 2009). Thus, intracellular volutin granules were
found only in Zoogloea ramigera (Roinestad and Yall,
1970). Microorganisms related to Dechloromonas were
detected in microbial communities of various waste
treatment facilities. Thus, the 16S rRNA gene
sequences most closely related to this genus were
found in an aerobic bioreactor in China (LT841763
and LT842295, both 99% identity) (Bond et al., 1995;
Mao et al., 2015; Welles et al., 2017; Dasgupta et al.,
2019).

Thus, the operation mode with cyclic sequential
batch cultivation of the activated sludge microbial
community was unfavorable for development of Can-
didatus “Accumulibacter phosphatis” (family Rhodo-
cyclaceae), which are common in waste treatment
plants, and favored development of other members of
this physiological group. Members of two genera of
this family (Dechloromonas and Zoogloea) efficiently
removed phosphorus from the medium.
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