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Abstract—Modern methods of metagenomics, including those based on long reads of nanopore sequencing,
are especially relevant for environmental-monitoring tasks, in particular, for assessing the anthropogenic
impact on natural communities of microorganisms. These include algal-bacterial communities that live in
water-treatment plants and participate in the biological treatment of wastewater from excess organic waste
and nutrients (phosphorus and nitrogen). Metagenomic analysis shows changes in the taxonomic composi-
tion and functional profile of the algal-bacterial community when simulating the release of drugs into waste-
water: broad-spectrum antibiotics (for example, ceftriaxone) and nonsteroidal anti-inflammatory drugs
(for example, diclofenac). The results of metagenomic analysis based on long reads of nanopore sequencing
and classical methods of environmental monitoring, including metabarcoding based on short reads on a sec-
ond-generation sequencing platform, are compared. Nanopore sequencing of the entire metagenome shows
a greater biodiversity of samples compared to the DNA metabarcoding of short reads, makes it possible to
determine the taxonomic affiliation of particular organisms more accurately, identify groups of eukaryotic
oxygenic phototrophs, and also reveal the presence of antibiotic-resistance genes in the community. It is
shown that under the influence of medicinal substances, the algal-bacterial community is enriched with anti-
biotic-resistant bacteria. At the same time, despite maintaining the rate of phosphorus removal, the commu-
nity’s potential for the removal of nutrients is reduced, which is expressed in a two-order reduction in the rel-
ative representation of inorganic-nutrient metabolism genes. Simultaneous exposure to ceftriaxone and
excess nutrients in the wastewater leads to the maximum enrichment of antibiotic-resistant organisms, as well

as the replacement of cyanobacteria originally present in the community with eukaryotic microalga.

DOI: 10.1134/52635167624600470

INTRODUCTION

Municipal and industrial wastewater in water-
treatment plants (WTPs) even after a three-
stage wastewater-treatment system may contain
organic waste and inorganic compounds with bio-
genic properties (bioavailable inorganic forms of
nitrogen and phosphorus) that exceed the maximum
permissible concentrations (MPCs) which may
induce eutrophication of water bodies when released
into the environment. In addition, other specific
classes of micropollutants, such as medicinal com-
pounds, i.e., antibiotics, lipid-lowering medications,
anti-inflammatory drugs, B-blockers, mood-stabiliz-
ing agents, increase the anthropogenic load [1, 2].

The availability of natural light and substrates for
growth triggers the formation of algal-bacterial com-
munities (ABCs) in WTPs, in which oxygenic-pho-
totrophic microorganisms (OPMs), i.e., eukaryotic

green microalgae and cyanobacteria, act as edificators
[3]. It is known that OPMs in ABCs in activated sludge
are capable of reducing the macronutrient concentra-
tion in wastewater due to their biomediated removal
[4—6], as well as the biodegradation of harmful micro-
pollutants [7—9]. The role of the bacterial component
in an ABC may be associated with the promotion of
OPM growth by MGP bacteria (microalgal-growth-
promoting bacteria) [10, 11] as these bacteria produce
cofactors and vitamins [12, 13] or enhance macronu-
trient bioavailability (nitrogen and phosphorus) [14].
Furthermore, the bacteria of ABCs may absorb mac-
ronutrients from wastewater, including via the
enhanced biological phosphorus removal (EBPR)
mechanism or anaerobic ammonium oxidation (ana-
mmox), i.e., processes that were proven to occur in
ABCs in [15, 16]. To increase the stability and effi-
ciency of ABCs in wastewater treatment, it is import-
ant to develop tools for analyzing and monitoring
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these systems, including based on the multiomics
approach that employs metagenomic analysis [17—
20]. Metagenomics is the use of DNA-sequencing
techniques to investigate the genetic diversity of spe-
cies and represents a powerful tool for studying the
microbial world. Metagenomics is a popular approach
in environmental assessment, the investigation of
environmental disasters, and the search for strains of
microorganisms for ecological remediation [21, 22].

A major advantage of metagenomics is that it is a
culture-independent method and it enables the
researcher to study the hidden microbial diversity
from uncultivated microbial samples, which is espe-
cially relevant for algal-bacterial communities that
change under anthropogenic impact. Since metage-
nomics does not provide comprehensive information
about the physiological state of an ABC and the pro-
cesses occurring in it, the metagenomic approach
needs to be combined with other methods of environ-
mental monitoring, such as microscopy, functional
monitoring of the photosynthetic apparatus, analysis
of the chemical composition of the environment, and
others.

The classic metagenomics methods, such as DNA
metabarcoding and complete metagenome sequenc-
ing by next-generation sequencing (NGS), have a lim-
ited DNA read length, which leads to coarse taxo-
nomic resolution in metabarcoding and the incom-
plete assembly of metagenomes [23]. In addition, in
contrast to analysis of the complete metagenome,
metabarcoding does not allow the researchers to sug-
gest the physiological and metabolic potential of the
sample. Indirect predictions in terms of these issues
may be inferred using the PICRUSt2 and Tax4Fun2
algorithms [24, 25], but their accuracy is far from
ideal.

In recent years, third-generation sequencing has
been progressing rapidly, which includes nanopore
sequencing [26]. This was made successfully commer-
cially available by the Oxford Nanopore Technologies
(ONT). Nanopore sequencing enables generation of
long-read sequences (100000 bases and longer) and
the sequencing of single molecules without measuring
the average signal in a group of molecules. It also
means DNA may be sequenced directly without
sequencing DNA intermediates, which reduces the
risk of systematic error because of selective enrich-
ment at specific parts of the genome and/or certain
microorganisms [21, 27]. Although nanopore
sequencing was initially less accurate than other
sequencing technologies, modern sample-preparation
protocols and algorithms of data analysis have reduced
the error rate to an acceptable 0—-5% [28, 29].
Nanopore sequencing offers real-time rapid insight
into samples and on-demand sequencing, thus
enabling analysis even in field conditions [27, 30].

Whole metagenome sequencing is the gold stan-
dard for metagenomic studies of different community
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samples as it makes it possible to generate large
amounts of sequence data that enables researchers to
comprehensively analyze communities. Metagenom-
ics offers the accurate taxonomic identification of
eukaryotic and prokaryotic species in communities,
confirms the presence or absence of functionally sig-
nificant genes, enables the search for new effective and
stable enzymes, as well as metabolic-model recon-
struction directly from metagenomes [31—33]. The
technologies and methods used in metagenomics
allow the direct analysis of raw sequence reads: phylo-
typing of organisms based on the direct counting of
their genetic markers from raw sequencing reads with-
out alignment [34, 35], more accurate taxonomic
identification using BLAST, MEGAN, or TAXAssign
[35—37], or profiling of species-level genome bins
using the MetaPhlan computational tool [38].
Although these approaches to processing metage-
nomic data are focused on prokaryotes, new algo-
rithms are being developed for eukaryotic microor-
ganisms, including for the microalgae of ABCs [39,
40]. The analysis of raw sequence reads may also be
used to detect functionally significant genes in the
search for certain metabolic pathways, such as the
degradation of harmful micropollutants, i.e., genes of
polyethylene terephthalate hydrolase (PETase) and
mono—2-hydroxyethyl  terephthalate hydrolase
(MHETase) involved in plastic degradation [40];
genes of chromium reductase and genes responsible
for the bioaccumulation of iron and manganese in the
phycoremediation of heavy metals [41, 42]; nitrilase
genes in xenobiotic degradation and others [43—47].
For the rapid analysis of ABCs in environmental mon-
itoring, the significant factors are free availability and
fast analysis provided by a gradually increasing num-
ber of online platforms such as BugSeq and MGnify
[47, 48]. The long-read direct analysis of raw
nanopore sequence reads is faster and more accurate
compared with metagenome assembly using short
reads [47].

The purpose of this work is to study the evident and
hidden changes in the structure and properties of the
ABC microbiome when exposed to drugs, including
antibiotics (using ceftriaxone, a common antibiotic,
and a group of cephalosporins as an example) and
nonsteroidal anti—inflammatory drugs (diclofenac as
an example). Furthermore, we compare the observed
changes in the morphophysiological properties of
ABCs with changes in their metagenomes revealed by
the reference method of NGS-metabarcoding and
nanopore sequencing.

MATERIALS AND METHODS

Samples of communities and cultivation conditions.
The samples of ABCs from activated sludge and
wastewater were collected at the Municipal Water
Supply Service of Zvenigorod in June 2021. Samples
were taken from wastewater-filled secondary settling
Vol. 19
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Table 1. Composition of wastewater*
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Parameter Units of measurement Value MPC
Hydrogen indicator units of pH 7.54 £ 0.20 6.5-8.5
Ammonium nitrogen mg of N/L 0.29 £ 0.07 0.40
Nitrite ion mg of N/L <0.06 0.08
Nitrate ion mg of NO3 /L 30.02 40.0
Phosphate ion mg ofPOf[/L 15.25—1.53 0.05—-0.15
Anionic surface-active agents mg/L 0.404 £ 0.129 0.5
Chloride ion mg of CI7/L 114.60—11.46 300.0
Sulphate ion mg SO?‘_/L 55.21-5.52 100
Petroleum products mg/L 0.005 £0.03 0.05
Total iron mg/L 0.136 £ 0.049 0.10
Suspended substance mg/L 1442 £ 17.3 +0.75 to the back-

ground concentration

Dichromate oxidation mg of O,/L 17.6—5.3 5.0
(Chemical oxygen demand, COD)

*According to the data obtained at the Accredited Analytical Laboratory “Certification Center and Ecological Monitoring of the

Moskovskii Agrochemical Agency”.

tanks into a common clean nonsterile container.
Wastewater was collected at WTPs after tertiary treat-
ment: after post-treatment, but before the disinfection
stage. Experiments with activated sludge and wastewa-
ter (Table 1) were performed on the day of sample col-
lection.

To model the stress associated with the effect of
drugs on the ABC of activated sludge upon standard
and elevated concentrations of inorganic phosphate
(P;) for wastewater, cultivation was carried out under
steady-state conditions similar to those in the second-
ary settling tanks. Cultivation was carried out in 75 mL
sterile plastic culture vials (Eppendorf, Germany) with
a filter under illumination by LED lamps (white light,
5500 K) with an intensity of 50 wmol of PAR/m?/s
(measured with an L1250 light sensor, LICOR, United
States), at room temperature for 31 days. A total of
5 mL of raw biomass of ABC from activated sludge was
added to each vial and brought to 40 mL with wastewa-
ter. Solutions of ceftriaxone (CTA, Biosynthesis LLC,
Russia) or diclofenac (DF, Chemopharm A.D., Ser-
bia) were added to the sludge beds, and in some vari-
ants supplementary sources of phosphorus and nitro-
gen were added (K,HPO, and KNO,) (Table 2). As a
control of the drug effect, the ABC biomass of waste-
water was used without the addition of drugs, but it
contained the supplementary sources of phosphorus
and nitrogen. Wastewater without biomass and addi-
tives was used as the control in metagenomic analysis.
Each experimental variant was incubated in triplicate.

During the experiment, the state of the photosyn-
thetic apparatus of the OPMs from the studied com-
munities was monitored by analyzing chlorophyll-a-
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fluorescence induction curves. At the end of incuba-
tion, biomass samples were taken for the extraction of
metagenomic DNA and morphological analysis by
optical microscopy, and culture liquid samples were
used to determine the residual content of P; by spec-
trophotometry using molybdenum blue [49].

Extraction of metagenomic DNA. To isolate the total
DNA for each experimental variant, biomass samples
(0.3—0.5 mL) were collected. Before the start of
extraction, the cell sediments were frozen in liquid
nitrogen and ground to a fine powder using homoge-
nization pestles (SSIBio, United States) in a 1.5-mL
microcentrifuge tube. The freeze—homogenization
procedure was performed trice. The total DNA from
the samples was extracted using the DNeasy Plant Pro
Kit (QIAGEN, Germany) as recommended by the
manufacturer.

Nanopore sequencing of samples and bioinformatic
analysis of the results. The nanopore sequencing of

Table 2. Design of experiment

Experim ental Additives (final concentration, mg/L)
variant
Wastewater
+P+N K,HPO, (50), KNO; (100)
+CTA CTA (5)
+DF DF (5)
+P+N+CTA K,HPO, (50), KNO; (100), CTA (5)
+P+N+DF K,HPO, (50), KNO; (100), DF (5)
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samples was performed according to the Oxford
Nanopore Technologies (ONT, United Kingdom)
genomic DNA sequencing technology using the
Native barcoding genomic DNA protocol (SQK-
LSK109) and the MinlION sequencer (ONT, United
Kingdom) using an R9.4.1 flow cell (ONT, United
Kingdom). The first stage included DNA repair and
preparation of the ends for the ligation of barcodes and
adapters using the NEBNext Companion Module for
Oxford Nanopore Technologies Ligation Sequencing
E7180S (New England Biolabs, United States). DNA
was purified using Agencourt AMPure XP magnetic
beads (Beckman Coulter, United States). At the sec-
ond stage, unique barcodes from the Native barcoding
Expansion 1—12 kit (EXP-NBD104, ONT) were
added, and the ligation reaction was run using the
Blunt/TA Ligase Master Mix (New England Biolabs).
Barcoding reagents with numbers 3—8 were used.
DNA purification using the Agencourt AMPure XP
magnetic beads (Beckman Coulter, United States) was
repeated. After purification, barcode amplicons were
mixed in equimolar proportions. At the third stage,
adapters from the SQK-LSK 109 kit (ONT, United
Kingdom) were ligated using the Quick T4 DNA
Ligase (New England Biolabs). DNA cleanup steps
were performed using Agencourt AMPure XP mag-
netic beads (Beckman Coulter), the samples were
washed with buffer to bind long DNA fragments, and
the elution step was performed using a buffer from the
SQK-LSK 109 kit (ONT, United Kingdom) resulting
in a ready-to-use DNA library. At the last stage, the
library was prepared for the start of sequencing using
the SQK-LSK 109 kit (ONT, United Kingdom) and
the constructed libraries were loaded into the R9.4.1
flow cell (ONT). The flow cell was placed in the
sequencer and the sequencing process was initiated. As
the dataset was accumulated, sequencing was discon-
tinued. The flow cell was washed with Flow Cell Wash
reagents (ONT, United Kingdom). The primary
nanopore-sequencing data were written into FASTS
files and converted into FASTQ format.
The primary raw data were converted using Guppy
basecaller software (ONT). The samples were
debarcoded using Guppy basecaller software during
the raw-data post-processing. The Q < 8 read accuracy
datasets of Guppy basecaller were discarded from sub-
sequent analysis.

For bioinformatic analysis of the data, all FASTQ
output files from the directory of the astq_pass files
were merged into one file with the same format for
each sample. The generated reads were analyzed with
the BugSeq online bioinformatics platform
(https://bugseq.com) using the NCBI nt database and
the sample type “environmental.”

Profiling of the taxonomic composition of communi-
ties by the 165 rRNA locus. The microbiome composi-
tion was analyzed by DNA metabarcoding based on
the hypervariable V4 region of the 16S rRNA gene
using primers F515 and R806 (GTGCCAGCMGC-
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CGCGGTAA and GGACTACVSGGGTATCTAAT)
[50] with the Illumina MiSeq system. The libraries
were prepared as recommended by the MiSeq Reagent
Kit Preparation Guide (Illumina, United States). For
this, PCR was run as follows: 94°C, 30 s; 55°C, 30 s;
72°C, 30s; 25 cycles, primary denaturation at 94°C for
60 s; the final stage of elongation was run for 3 min at
a temperature of 72°C. The PCR products were puri-
fied as recommended by Illumina using AMPureXP
(Beckman Coulter, United States).

The libraries were sequenced with a generation of
pair-end reads (2 X 300 bp run). The primary
sequences were processed using Illumina software.
Subsequent processing steps, in particular, sequence
merging into ASV (Amplicon sequence variant), were
carried out using the software packages: dada2 [51],
phyloseq [52], and DECIPHER [53].
Taxonomic profiling was performed using QIIME
tools [54]. The SSU 16s rRNA SILVA database,
release 132 [55], was used as the reference-sequence
database.

During the analysis of DNA metabarcoding data-
sets, unclassified reads, plastid and mitochondrial
DNA reads, as well as the taxonomic groups with one
unpaired read, were removed from the samples.
During analysis, biological replicates were combined
for each experimental variant, and the read numbers
for all ASVs were summed. For the obtained datasets
corresponding to the biological replicates of the exper-
iment, the mean values of the read numbers for all
ASVs were calculated. The Shannon—Weaver (1) and
Simpson (2) diversity indices, as well as the Morisita
B-diversity index (3) were calculated using the formu-
las [56]:

N
H =Y (-pIn(p)) (1)
i=l

N
D=YSp, (2
i=l
where p; is the proportion of short reads corresponding
to taxon i of the total number of short reads for the
sample, N is the total number of taxa in the sample;

Xij 2Zk l(n nk) , (3)
> ( n) Zk ( n) VN
(N')? (N')’

where N;and N, are the total number of taxa in samples
iandj, respectlvely, S'is the number of taxa common
for samples / and j, and n,; and ny; are the number of
short reads that correspond to the common taxa k in
samples i and j, respectively.

The Morisita B-diversity index was also used for
the pairwise comparison of taxonomic datasets
obtained based on metabarcoding and sequencing
Vol. 19
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data of the complete metagenome on the Oxford
Nanopore platform. The values of the diversity indices
were visualized using an algorithm in the Python pro-
gramming language (version 3.7.1) using the Matplot-
lib library.

Functional annotation of the metabarcoding
results was performed using the PICRUSt2 algorithm
for taxonomic profiles at the level of genera without
additional options [24].

Determination of the inorganic phosphate concentra-
tion. To determine the residual concentration of P; in
the medium, a reagent containing 1.2 g of ammonium
paramolybdate ((NH,)¢Mo,0,,; Sigma Aldrich,
United States), 12 g of potassium antimonyl tartrate
(K,Sb,(C,H,04),; Sigma Aldrich, United States),
32 mL of dilute sulfuric acid (concentrated sulfuric
acid : bidistilled water = 1 : 1), bidistilled water (up to
100 L) was prepared according to the method [49].
The measurement was carried out in a 96-well trans-
parent flat bottom plate (Eppendorf, Germany).
A total of 200 pL of culture liquid containing P;, 8 uLL
of ammonium paramolybdate reagent, 2 uL of 7.2%
(weight : volume) ascorbic-acid solution (CzHgOg;
Sigma Aldrich, United States) was added to each well.
Afterwards, the solution was incubated for 20 min at
room temperature, and the optical density was
recorded at A = 880 nm using the Tecan Infinite M200
Pro plate spectrophotometer (Tecan, Switzerland).
The P, concentration was calculated using the formula

3Dggo
= 20880 4
0.13 @

where Cp; is the concentration P; in the medium
(mg/L) and Dy is the optical density at 880 nm.

Pi

The state of the photosynthetic apparatus was
assessed by analyzing the induction curves of chloro-
phyll-a fluorescence using a FluorCam FC 800-C
pulsed fluorimeter (Photon Systems Instruments,
Czech Republic). The parameters for the OPMs were
recorded directly in the culture beds after adapting the
samples to the dark for 15 min. To record the curves,
the manufacturer’s NPQ protocol was used: a
saturation flash intensity of 4000 umol of PAR/m?/s,
the wavelength of the excitation light is 400—450 nm,
detection at 620 nm, and the flash time is 2 s. During
image processing, an area of interest was manually
selected for each sample, from which the mean fluo-
rescence value was obtained after the subtraction of
background fluorescence. To assess the state of the
photosynthetic apparatus of OPMs, the maximum
quantum yield parameters of photosystem II (PSII)
were calculated using the formula

_Q_Fm_E)
o, R

m m

(%)

where Q, is the maximum potential photochemical
quantum yield of PSII, F, and F,, are the minimal and
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maximal level of chlorophyll-a fluorescence after the
saturation flash, respectively.

Optical microscopy. Morphological analysis of the
ABCs was performed using bright-field microscopy
on a Leica DM2500 (Leica Microsystems, Germany)
equipped with a DFC 7000T camera (Leica Microsys-
tems, Germany). Eukaryotic microalgal cells were
visualized by recording the autofluorescence of chlo-
rophyll a. To visualize the remaining cells in the
ABC:s, a solution of the fluorescent dye 4',6-diamid-
ino-2-phenylindole (DAPI) dissolved in dimethyl
sulfoxide at a concentration of 1 mg/mL was used.
A total of 10 uL of the initial DAPI solution was added
to 90 uL of the cell suspension and incubated for
20 min in the dark. Fluorescence images were
obtained using the Leica DM2500 microscope (Leica
Microsystems, Germany) with the Leica DFC700T
camera. Fluorescence was excited by irradiation with
an HXP 120 UV lamp (Leica Microsystems, Ger-
many) equipped with a D filter (Leica Microsystems,
Germany), in the range of 355—425 nm. Fluorescence
emission was detected in the range of 455—700 nm.
The appearance of ABCs in the culture beds was
recorded using a digital camera.

RESULTS AND DISCUSSION

Appearance and morphology of the studied communi-
ties. In laboratory conditions, stress was modeled for
ABC activated sludge samples associated with the
inclusion of medicinal substances (CTA or DF) into
wastewater at concentrations typical for wastewater of
5 ug/L. Herein, the samples were incubated with drugs
and excess macronutrient concentrations for these
wastewaters in order to assess the effect of the drugs on
the ability of ABCs to remove biogenic elements.
By the end of the experiment, the appearance and
morphology of the ABCs incubated with various addi-
tives (Table 1) differed in different experimental vari-
ants (Fig. 1a). In the sample with only nitrogen and
phosphorus added, moderate flocculation of the bio-
mass with a characteristic blue-green color was
observed, indicating the presence of cyanobacteria in
the floccules. In all samples incubated with the addi-
tion of DF, biomass flocculation was more noticeable,
and their color changed (Fig. 1a). In all samples incu-
bated with the addition of CTA, a more homogeneous
biomass with a characteristic green color for microal-
gae was observed.

Based on the results of optical microscopy,
microalgae developed more strongly in ABCs when
incubated with CTA than in other samples (Fig. 1b).
This was confirmed by images in the mode of chloro-
phyll-a-fluorescence imaging (Fig. 1c). In the sam-
ples incubated with the addition of DF, similar to the
control, the biomass mainly included filamentous
cyanobacteria and bacterial aggregates (Fig. 1b).
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Fig. 1. Morphological features of the ABC samples from the Zvenigorod water-treatment plants after 31 days of incubation in
wastewater with additives of drugs and/or nitrogen and phosphorus sources (Table 1): (a) the appearance of the ABC suspension,
(b) transmission-electron-microscopy images of the ABCs, (c) fluorescence-microscopy images of ABC samples in the range of

455—700 nm.

Dynamics of the state of the photosynthetic apparatus
during incubation. The physiological state of microal-
gae and cyanobacteria in the studied samples of ABCs
was assessed by the functional parameters of their
photosynthetic apparatus (Fig. 2). In all samples, a
day after the start of incubation, the value of the max-
imum quantum yield of PSII, i.e., O,, increased
slightly. This was probably due to acclimation to new,
more favorable conditions (with better availability of

NANOBIOTECHNOLOGY REPORTS

nitrogen and phosphorus). Further, the Q, values
decreased (in all samples as well) regardless of the
additives. In the case of samples incubated without the
addition of drugs, as well as samples with the addition
of DF, the Q, value continued to decrease throughout
the experiment to values in the range of 0.2—0.3. This
may be explained by an increase in the cyanobacterial
component in the ABCs.
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Fig. 2. Dynamics of the maximum potential photochemical quantum yield (Q), max) of photosystem 11 of the ABC samples from
Zvenigorod water-treatment plants during incubation in wastewater with the addition of biogenic elements and/or drugs
(Table 2). The graph shows the arithmetic mean values (# = 6) and the standard deviation.

During incubation of the samples with the addition
of CTA, the Q, values decreased during the first
10 days, after which Q, increased again and reached a
steady-state level of ~0.50. Thus, at least some photo-
autotrophic microorganisms in the composition of
ABC:s succeeded to adapt to the antibiotic action and
became dominant in the community. Based on the
values of Q,, as well as the results of morphological
analysis, the abundance of microalgae increased in the
samples incubated with CTA.

Due to the absence of a significant difference
between the dynamics of Q, values in the control sam-
ple (+P+N) and samples with DF, it is assumed that
the different effects of the drugs on ABCs result from
the development of one group of OPMs, i.e., microal-
gae upon the addition of CTA and cyanobacteria with
the addition of DF, rather than being a consequence of
direct action on PSII. Generally, the quantum yield of
PSII in microalgae is higher than in cyanobacteria
[57]. According to [45, 58], both cyanobacteria and
microalgae are tolerant to CTA and DF in the concen-
trations used in the study and are able to reduce the
activity of these compounds in solutions. However, a
comparative analysis revealed that microalgae have
higher growth rates upon the addition of CTA and cya-
nobacteria upon the addition of DF [59, 60]. The pat-
tern of the Q, dynamics curve upon the addition of
CTA was also consistent with the pattern obtained ear-
lier using the microalgae Lobosphaera sp., in which Q,
increased 10 days after adaptation [45].

Bioremoval of inorganic phosphate by communities of
microorganisms. Upon completion of the incubation of
ABCs with the studied drugs, the ability of communi-
ties to remove P; from wastewater was evaluated. The
measurement of the residual P; content in the culture
fluid samples showed that the communities consumed
most of the P; initially contained in wastewater. In
samples with a low initial P, content (5 mg/L), the
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bioremoval rate was 70%, and when the initial P, con-
centration was increased to 50 mg/L, it reached 95%
(Fig. 3). In the case of a low initial concentration of P,,
the components of the community experienced stress
due to a lack of bioavailable nitrogen, which weakened
their ability to absorb P; [61]. It is noted that the sensi-
tivity limit of the P; assay used in this work is 1 mg/L;
therefore, the exact determination of the P; residual
concentrations of ~1—2 mg/L (hence, the percentage
of bioremoval) in cultures with a low P; content is a
complicated task.

An important result is the lack of significant differ-
ences between the abilities to remove P; by ABC sam-
ples incubated with or without the addition of drugs.
Apparently, the concentrations of drugs used in the
work did not have a significant effect on phosphorus
metabolism in the cells of microorganisms that form
the basis of ABCs. It is also possible that microorgan-
isms susceptible to the action of drugs were quickly
replaced in the community by more tolerant compo-
nents, while the integral indicator (absorption of P,)
remained at the level of ABCs that were not incubated
with drugs.

Effect of incubation with drugs on the microbiome
structure. Amplicon sequence data of the hypervari-
able fragment V4 of the 16S rRNA gene using the I1lu-
mina NGS sequencing platform were obtained for all
the studied samples, with an average of 15 000 forward
and reverse reads for each sample. For samples
“wastewater”, “+P+N”, “+CTA”, “+DF”,
“+P+N+CTA”, and “+P+N+DF”, the data in the
FASTQ file for forward and reverse reads are available
in the NCBI database under the BioProject number
PRINA1101684 and the BioSamples numbers
SAMN40996167—SAMN40996172, respectively.
Based on the data, the composition and relative quan-
tity of microorganisms were determined (Fig. 4a). The
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Fig. 3. Degree of phosphate removal from wastewater (light
gray) and the residual phosphate content in the wastewater
(dark gray) in the ABC samples from Zvenigorod water-
treatment plants by the end of the month of incubation in
wastewater with micropollutants.

taxonomic composition of the samples had many gen-
era in common not only with each other, but also with
the control sample of wastewater without the addition
of biomass.

The following features are characteristic of ABCs:
in samples incubated with drugs (+DF, +CTA), cya-
nobacteria of the Limnothrix genus were replaced by
representatives of the Leptolyngbya and Nodosilinea
genera; in the samples incubated without the addition
of macronutrients, cyanobacteria of the Leptolyngbya
genus developed; in the DF+N+P sample cyanobac-
teria of the Leptolyngbya genus were replaced by repre-
sentatives of the Nodosilinea genus; bacteria from the
Alphaproteobacteria class (the Shingomonas, Brevundi-
monas, and Roseomonas genera) were more abundant
in the CTA samples, while cyanobacteria were less
diverse (Pseudanabaena genus). In general, the Cya-
nobacteria class was more abundant in the samples
with DF, but their content decreased during incuba-
tion of the community with CTA, which confirms the
results of the morphophysiological features of the
samples. Representatives of Alphaproteobacteria from
the Shingomonas, Brevundimonas, and Roseomonas
genera are known for their tolerance to different
groups of antibiotics and other drugs, participate in
their degradation in different systems, as well as
include pathogenic species with an antibiotic-resistant
phenotype [1, 2, 62]. It is noted that cyanobacteria of
the Leptolyngbya genus develop in samples with drugs
without additives of macronutrients (+DF, +CTA),
which are characteristic of wastewater having a high
level of organic and inorganic contamination [63]. Itis
possible that the addition of drugs to wastewater drives
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selection among microorganisms not only towards
antibiotic resistance, but also in terms of general toxi-
cological resistance to various micropollutants.

An assessment of the effect of incubation with
drugs on the biodiversity of microbial ABC compo-
nents showed that the drugs did not affect the Shan-
non—Weaver index, whose value fluctuated near 2.5
(Fig. 4b). At the same time, there was a slight decrease
in the direct Simpson index from 2.0 to 1.5 in the CTA
samples, which may indicate a shift in the community
structure upon selective pressure caused by CTA. A
pairwise assessment of the similarity between the
microbiomes of the samples using the Morisita index
revealed low similarity for all samples except those
incubated with CTA, whose index was 0.57 (Fig. 4c).
Thus, despite the similarity of the microbiome
between the studied samples (some genera were found
in each sample), individual drugs in concentrations
comparable to those routinely detected in the environ-
ment and wastewater [5, 64] are able to change the
abundance of taxa. At the same time, the addition of
CTA causes similar changes in the microbiome,
regardless of macronutrient availability.

Analysis of the microbiome structure in communities
using nanopore sequencing. In nanopore sequencing,
the following volumes of data were obtained for each
sample: “wastewater,” 0.22 GB; “+P+N,” 0.53 GB;
“+CTA,” 039 GB; “+DF,” 0.24 GB;
“+P+N+CTA,” 0.50 GB; “+P+N+DF,” 0.43 GB.
For the listed samples, data in FASTQ file are avail-
able in the NCBI database under the BioProject num-
ber PRINA1101684 and the BioSamples numbers
SAMN40996167—SAMN40996172, respectively.

The results of 16S gene metabarcoding were com-
pared with the rapid sequencing of the complete
metagenome using the same DNA samples by
nanopore technology. The results of identification of
the most represented genera of microorganisms in
ABC:s by the direct analysis of raw nanopore reads and
NGS-metabarcoding coincided in many ways
(Fig. 5a). However, due to direct calculation of the
reads and absence of an amplification stage in prepa-
ration of the libraries, the quantitative distribution of
microorganisms according to nanopore-sequencing
data more accurately reflects the structure of ABCs.
Thus, despite the common array of microorganisms in
all ABCs, in samples with CTA and the addition of
macronutrients, there is a gradual development of het-
erotrophic bacteria (from the Shingomonas, Brevundi-
monas, Sphingomonas, and Tabrizicola genera) and a
decrease in the abundance of cyanobacteria (from the
Pseudanabaena and Leptolyngbya genera).

The analysis of the reads obtained by sequencing
the complete metagenome also made it possible to
search for eukaryotic microalgae in samples of ABCs,
the presence of which was difficult to confirm based
on 16S gene metabarcoding data. It was found that the
number of reads corresponding to representatives of
Vol. 19

No. 3 2024



COMPARATIVE METAGENOMICS FOR MONITORING

401

(a)
100
90} = _ Aquiflexum ¥ Roseobacter
_§ 80| - B Roseimaritima ® Microcella
© 70 W Silanimonas W Sphingomonas
p= L
g 60 B Roseomonas B Pseudanabaena
2 50
8 40 B Nodosilinea W Limnothrix
E Actinobacterium Leptolyngbya
o 30 B
I 20+ m Cyanobium W Brevundimonas
10+
0 ——
5 st NS st NG
&5 QX% & BY & %XO
xS X
& o e
XQ x
(b) (©) 0
3.5 10.25 -
‘Wastewater
5 3.0
S H0.20 0.8
= < +P+ N - 0.32
=~ 2.5F Q
5 i
< . o
o 20F 0.15-3 +CTA -0.6
BI 2
- o
5 15 40.10 £ DF
=) A -0.4
§ Lo
%) 10.05 +P+ N -
0.5 + CTA 0.2
+P+ N
+
DF 0
<
&S T ST S
<& XQ X X ‘T\
4@% X‘é X
&8

Fig. 4. Microbiome structure of the ABC samples from Zvenigorod water-treatment plants by the end of the month of incubation
in wastewater with micropollutants described by 16S rRNA NGS metabarcoding: (a) the content of short reads of dominant
microorganisms (>1%) in the microbiome at the level of genera, (b) calculated Shannon—Weaver o diversity (blue) and Simpson
indices (orange), (c) a heat map of the values of the Morisita B-diversity index.

the Chlorophyta division (mainly the 7Tetradesmus,
Desmodesmus, and Chlorella genera) was the highest in
samples of biomass incubated with the addition of
macronutrients, as well as macronutrients and CTA,
and it ranged from 2 to 3% of the total number of
reads. Meanwhile, cyanobacteria developed most
strongly in the sample with macronutrients and DF,
reaching 30% of the total number of reads (Fig. 5b).
Although these results do not completely coincide
with the data of traditional methods, they appear more
solid, since calculations of raw reads are directly
related to the ABC structure, in contrast to indirect
estimates based on the general microscopy of complex
structured samples (Fig. 1). Finally, the analysis of
No. 3
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long reads from nanopore sequencing made it possible
to classify microorganisms in ABCs with greater accu-
racy and identify such species as Staphylococcus epi-
dermis, S. haemolyticus, etc., which are potential car-
riers of antibiotic resistance [65] that developed in the
sample with the addition of macronutrients and CTA.

A quantitative comparison of the results obtained
using two different platforms and sequencing genera-
tions was performed using metrics for evaluating
diversity (Fig. 5b). Although it is not correct to apply
these estimations for the analysis of raw reads during
sequencing of the complete metagenome due to the
lack of normalized genome length, they outline com-
munity differences. Thus, the values of the Shannon—
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(ONT) and 16S rRNA metabarcoding (NGS) for each sample.

Weaver index of all samples in nanopore sequencing
exceeded the values in metabarcoding and ranged
from 3.0 to 4.2, which may indicate an advantage of
nanopore sequencing in studying the hidden microbial
diversity of low abundant species in a community. This
may be due to the fact that the direct classification of
raw reads by their taxonomic affiliation lacks a stage of
ASV or OTU (operational taxonomic unit) formation,
which combines sequences of closely related organ-
isms. Among the samples, the values of the Shannon—
Weaver index for ABCs with the addition of CTA and
DF+N+P were notable, which were lower than all
others and amounted to 3.2 and 3.0, respectively. At
the same time, the values of the direct Simpson index

NANOBIOTECHNOLOGY REPORTS

for the same samples were higher than the other sam-
ples, which is consistent with the metabarcoding
results and indicates the active selection of microor-
ganisms under these conditions. The pairwise similar-
ity of samples between the two sequencing technolo-
gies was evaluated using the Morisita index calculated
for the dominant genera (abundance >1%) (Fig. 5d).
The results show no significant similarity between the
sequencing methods for all samples, and the samples
+N+P, DF+N+P, and CTA+N+P revealed the least
similarity between the results of metabarcoding and
nanopore sequencing, and the index was in the range
of 0.25—0.26. Despite the different possible nature of
Vol. 19
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Fig. 6. Functional review of the representation of metabolic pathways in the ABC samples from Zvenigorod water-treatment
plants after 31 days of incubation in wastewater with drugs: (a) pathways of substrate degradation, (b) pathways of biosynthesis.
The number of pathways found for this superclass is shown in parentheses. (*It is assumed that antibiotic resistance is associated
with induction of the biosynthesis pathway of bacterial cell-wall components).

such differences, they only emphasize the dependence Impact of drugs on the potential functional profile of
of the metagenomic results on the choice of the the community. Based on 16S rRNA metabarcoding
sequencing method of a biological sample. data, a quantitative assessment of the potential repre-
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sentation of genes encoding metabolic pathways at the
superclass level was performed using the PICRUSt2
algorithm and the MetaCyc database classification
[66]. Herein, it was predicted that a total of 201 meta-
bolic pathways combined into 32 superclasses may be
present in the studied ABCs (Fig. 6). This variety was
divided into two parts: pathways involved in the degra-
dation of substrates (Fig. 6a) and pathways responsible
for the biosynthesis of various compounds (Fig. 6b).
The representation of superclasses of metabolic path-
ways in ABC samples incubated with drugs was ana-
lyzed versus the samples incubated without the addi-
tion of drugs, but with supplementary macronutrients.

It was established that incubation with drugs
reduced the representation of genes in the metage-
nome of the community that encode the degradation
pathways of a range of substrates: aldehydes, octane,
nylon-6 oligomers, and cyclitols. These compounds,
as well as the related molecules, are often detected in
municipal wastewater as organic pollutants, mainly in
industrial wastewater [67]. Similarly, incubation with
drugs reduced the representation of genes encoding
the metabolic pathways of mineral macronutrients by
2 orders of magnitude, such as microbial sulfur oxida-
tion, nitrification, denitrification, and the degradation
of methylphosphonate. It is expected that such
changes will reduce the potential of a community
regarding its ability to remove macronutrients from
wastewater.

At the same time, incubation of communities in the
presence of drugs and high concentrations of bioavail-
able nitrogen and phosphorus increased the represen-
tation of pathways involved in catabolism and the bio-
synthesis of nucleotides and nucleosides in their
metagenome by 2 orders of magnitude. Apparently,
the potential of ABC components to involve inorganic
nitrogen and phosphorus in metabolism remains par-
tially. For amino acids, carbohydrates, and biopoly-
mers, the representation of catabolism genes increased
to a greater extent as compared to biosynthesis genes.

The studied drugs had different effects on certain
metabolic pathways in the community metagenome.
Thus, the relative representation of pathways associated
with resistance to CTA increased four orders of magni-
tude (by the mechanism of the repair of cell-wall
defects, since CTA interferes with the synthesis of cell-
wall components) [68]. In addition, CTA in contrast to
DF reduced the representation of siderophore biosyn-
thesis pathways by an order of magnitude, which may
be an indirect indicator of microalgal proliferation in
ABC samples incubated with the antibiotic.

In order to clarify the potential functional profile of
ABC samples from the Zvenigorod wastewater-treat-
ment plants, markers of certain metabolic pathways
were sought for in raw long reads obtained by
nanopore sequencing. We used the algorithms of
BugSeq classifier, which was originally developed to
search for markers of antibiotic resistance in microbial
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communities, to detect relevant genes in the studied
ABC samples. The ABC samples incubated with the
addition of only macronutrients possessed the arr rifa-
mycin-resistance gene involved in ADP-ribosylation
[69]. The bla family genes encoding enzymes from the
family of B-lactamases capable of inactivating [B-lac-
tam antibiotics and nonspecific for CTA were found in
samples incubated with CTA [70]. Representatives of
the Brevundimonas and Sphingopyxis genera are carri-
ers of the bla family genes as well. It is noted that in the
sample incubated with DF and macronutrients, copies
of the bla family genes were found, as well as of the
mph(F) gene involved in the development of resistance
to macrolide-group antibiotics, including azithromy-
cin, erythromycin, and clarithromycin [69]. There-
fore, under the influence of drugs entering wastewater,
microorganisms from wastewater-treatment-plant
communities may develop nonspecific and cross-
(multiple) drug resistance, including to antibiotics.

CONCLUSIONS

The effect of medicinal substances on the morpho-
physiological properties and metagenomes of ABCs
from water-treatment plants consisting of microalgae
and/or cyanobacteria has been studied. The metage-
nomic results obtained using 16S rRNA amplicon
short-read sequencing and long-read metagenomics
sequencing of the complete community metagenome
were compared, as well as traditional methods of the
morphophysiological monitoring of ABCs were used.

It was shown that incubation of the ABCs for
31 days with drugs causes enrichment of the ABCs
with antibiotic-resistant bacteria. Despite the fact that
the rate of phosphorus removal was retained, the
genetically determined potential of the community in
terms of its ability to remove nutrients tended to
decrease. In parallel, cyanobacteria originally present
in the community were replaced with eukaryotic
microalgae.

Despite the significant amount of data on changes
in the metabolism of the studied ABCs obtained using
the PICRUSt2 algorithm, they do not allow us to
unambiguously judge the direction of changes in the
metabolic potential of the communities. The reason is
the limited accuracy of microorganism identification
using the DNA metabarcoding method on NGS plat-
forms, the results of which are used by the PICRUSt2
algorithm.

In contrast, the analysis of raw long reads (using
BugSeq algorithms) revealed that the representation of
antibiotic-resistance markers increased in ABCs incu-
bated with antibiotic. It is noted that there was an
increase in the representation of resistance genes to
other types of antibiotics that were not used in this
work. Thus, the study confirms the fundamental pos-
sibility of the gradual formation of nonspecific and/or
cross-(multiple) drug resistance, including to antibi-
Vol. 19
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otics, in microorganisms from wastewater-treatment-
plant communities under the action of drugs entering
municipal wastewater. The results also indicate that
metagenomic sequencing is a more convenient, accu-
rate, and informative method for monitoring of
microbial communities.
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