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Abstract

Prokaryotic communities play a pivotal role in maintaining ecosystem balance through their 
involvement in essential processes including carbon fixation, nutrient cycling,  and the decomposition of 
organic matter. Despite the importance of prokaryotic communities in wastewater treatment plants and 
rivers, their diversity and distribution in these environments in Egypt are not well understood. To bridge 
this gap, the study utilized next-generation 16S rRNA amplicon sequencing based on PacBio technology 
to investigate the composition and diversity of these microbial communities in wastewater treatment 
plant (inlet and outlet) and the Nile River. The principal coordinate analysis showed that the microbial 
community structure varied significantly between the three habitats, indicating the wastewater treatment 
process effectively removes pollutants and facilitates the growth of diverse microbial communities. 
Proteobacteria increased in outlet and surface water (>50%) versus inlet (45%), while Actinobacteria 
increased in surface water (>20%). Firmicutes and Campilobacteria decreased significantly (P≤0.05) in 
outlet versus inlet, and Chloroflexi were only found in outlet (<2%). Environmental factors such as EC 
and NH4-N were the most significant variables in explaining the variation in microbial communities. It’s 
worth noting that the final effluent from the Zenin WWTP aligns with the standards set by the Egyptian 
ministerial decree 48/1982 for discharging in surface water bodies. Understanding the composition  
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Introduction

Water is essential for life because it supports and 
sustains all forms of life. Without water, no living 
thing on the planet could survive. Moreover, water 
is crucial for residential and commercial purposes in 
human civilization [1]. The presence of both organic 
and inorganic substances in water provides an ideal 
environment for microbial growth. Prokaryotes 
distribution could be differing in aquatic regions 
according to different environmental parameters  
in different habitats [2]. Prokaryotes can be found in 
a wide range of environments, including water, land, 
deep-sea sediments, etc. Prokaryotic communities are 
essential in various ecosystems, including both man-
made environments such as wastewater treatment plants 
and natural habitats like rivers. These communities are 
involved in critical processes such as nutrient cycling, 
carbon fixation, and decomposition of organic matter, 
which maintain ecosystem health and function [3].  
For example, in wastewater treatment plants, prokaryotic 
communities are responsible for the removal of organic 
and inorganic pollutants from wastewater, making them 
crucial in ensuring the quality of treated water before 
discharge into the environment [4]. 

The characterization of prokaryotic communities is 
critical in understanding their structure and function 
in these environments. In recent years, advances in 
sequencing technologies have revolutionized the field 
of microbial ecology, allowing for the identification 
and quantification of prokaryotic communities in 
both man-made and natural habitats. Advanced high-
throughput sequencing technologies, particularly next-
generation sequencing (NGS), have revolutionized our 
ability to analyze entire prokaryotic communities within 
a sample. This has facilitated a more thorough and 
nuanced understanding of the structure and diversity of 
these communities [5]. 

Several studies have characterized prokaryotic 
communities in both man-made and natural habitats. 
For example, a study by Jiang et al. [6] investigated the 
prokaryotic community composition in a wastewater 
treatment plant using high-throughput sequencing 
(HTS). The study revealed the dominance of 
Proteobacteria, Bacteroidetes, and Actinobacteria phyla, 
which are commonly found in such environments. 
Another study by Liu et al. [7] analyzed the prokaryotic 
community composition in the Yangtze River, China, 
using 16S rRNA gene sequencing. The study identified 
a high diversity of prokaryotes, with Proteobacteria and 
Bacteroidetes being the dominant phyla.

Moreover, comparisons between prokaryotic 
communities in man-made and natural habitats have 
highlighted significant differences in their diversity 
and composition. For instance, a study by Li et al. [8] 
compared the prokaryotic community compositions 
in a wastewater treatment plant and a river using 
metagenomic sequencing. The study identified a higher 
diversity of prokaryotic communities in the river, with 
Actinobacteria and Cyanobacteria dominating. In 
contrast, the wastewater treatment plant had a lower 
diversity of prokaryotic communities, dominated by 
Proteobacteria and Bacteroidetes.

Microorganisms are the backbone of anaerobic 
processes and sewage treatment systems, where they 
are in charge of removing pathogens and contaminants, 
recovering nutrients, and creating safe water [9]. 
During wastewater treatment, prokaryotes are primarily 
responsible for eliminating carbon (C) molecules and 
biologically active chemicals in soluble forms [10, 11]. 
Additionally, prokaryotic bacteria can be employed 
to boost the effectiveness of treating wastewater, 
particularly in terms of nitrogen removal [12]. 
Heterotrophic aerobic Gram-negative bacteria are very 
powerful in the degradation process of xenobiotic and 
aerobic sewage treatment. Cyanobacteria and oxygenic 
prokaryotic phototrophs are employed to effectively 
remove nitrogen and phosphorus from wastewater used 
in the food processing industry. Additionally, sulfur-
oxidizing chemolithotrophic bacteria are utilized to 
mitigate the presence of harmful H2S in water and 
wastewater by oxidizing reduced sulfur compounds. 
Iron-oxidizing bacteria can oxidize Fe(II) in acidic 
or neutral conditions. They eliminate iron from water 
for drinking [13]. HTS technology is an advanced 
technology applied to characterize various prokaryotes 
in water and wastewater, which could help to understand 
their roles in water treatment [14, 15].

The Nile River, as Egypt's primary freshwater source, 
is integral for drinking, agricultural, and industrial 
activities. Consequently, the river's water quality 
directly impacts the health of the local population. 
The main source of water pollution of the Nile River is 
wastewater [16]. Few studies about prokaryotes diversity 
in natural water in Egypt limit the understanding of  
the microbial ecosystem’s aspects within these habitats. 
In environmental remediation, prokaryotes can be 
employed to remove contaminants like agrochemicals 
that seep into water from the soil. Biological treatment 
is another method that can be used to get rid of some 
hazardous metals from water, like selenium and arsenic 
compounds. Additionally, prokaryotes can be used to 
eliminate oil spills [17, 18]. There is limited information 

of microbial communities is critical for maintaining ecosystem function, including nutrient cycling and 
decomposition of organic matter. 
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on the characterization of prokaryotic community 
compositions in man-made (wastewater treatment 
plant) and natural habitats (Nile River) in Egypt [19-
21]. While studies have been conducted in other parts 
of the world, the specific environmental conditions and 
anthropogenic activities in Egypt may result in unique 
microbial communities. Additionally, there is a lack of 
comprehensive studies that compare the prokaryotic 
communities in both man-made and natural habitats in 
Egypt. Thus this study aimed to apply HTS technology 
to characterize and compare the prokaryotic composition 
in surface water of the Nile River as well as the inlet and 
outlet of Zenin wastewater treatment plant.

Material and Methods 

Study Area and Sample Collection

Three habitats, including the inlet and outlet of 
Zenin wastewater treatment plant (WWTP) and an 
urban location at the Nile River, were screened using 
next-generation high-throughput 16S rRNA sequencing. 
Zenin WWTP is based on activated sludge technology 
and the actual capacity of the station is from 400000 
to 500000 m3/day. The station discharges its effluent 
in Libyan discharge then to Al Rahway discharge and 
finally to the Rosetta branch. Triplicate samples were 
collected from each habitat and filtered by 0.2 μm 
Isopora membrane filters  (Millipore, Bedford, MA, 
USA) for prokaryotic community analysis. The surface 
water sample volume was about 1000 mL and the 
wastewater sample volume was about 500 mL for inlet 
and outlet samples. The filters were stored at −80ºC 
until DNA extraction.

DNA Extraction, 16S rRNA Gene Full-Length
 High-Throughput Sequencing

Environmental DNA was extracted from this study’s 
samples using the DNeasy PowerLyzer PowerSoil 
Kit (QIAGEN, USA), and quantified using the Qubit 
2.0 fluorometer with Qubit dsDNA BR assay kit (Life 
Technologies, Grand Island, NY, USA). The full length 
of 16S rRNA genes were amplified by using the primer 
pair; 27F (5’-AGRGTTYGATYMTGGCTCAG-3’) 
and 1492R (5’-RGYTACCTTGTTACGACTT-3’) [22]. 
PCR reactions were performed in 25 μL in triplicate 
containing 5 μL TransStart FastPfu Buffer (5×), 2 μL 
dNTPs (2.5 mM), 0.5 μL TransStart FastPfu DNA 
Polymerase (2.5 units/μL, TransGen Biotech, Beijing, 
China) and 0.4 μM of forward and reverse primers, 
and 10 ng of template DNA. The PCR amplification 
cycle was set as 95ºC for 5 min for initial denaturation, 
followed by 30 cycles of 95ºC for 30 s, 55ºC for 45 s, 
and 72ºC for 90 s, and followed by a final extension at 
72ºC for 10 min. PCR reactions were performed for each 
sample, and the PCR products were purified using the 
QIAquick@ Gel Extraction Kit (Qiagen, Santa Clarita, 

CA, USA). Sequencing libraries were generated using 
SMRTbellTM Template Prep Kit (Pacific Biosciences, 
Menlo Park, CA, USA) following the manufacturer’s 
recommendations, and then sequenced on a PacBio 
Sequel II platform (Creative-proteomics, NY, USA). 

Sequence Analysis

The full-length 16S rRNA gene sequences were 
quality trimmed by using PacBio SMRT portal v2.3.0. 
Briefly, sequences not meeting the following criteria 
were discarded: (i) a minimum pass ≥3; (ii) a minimum 
predicted accuracy ≥90%; (iii) a sequence length 
<1340 bp or >1640 bp. The high-quality reads 
were used for chimera-checking and clustered into 
operational taxonomic units (OTUs) at the cutoff of 
97% identity using UPARSE v7.0.1001 [23]. Each 
OTU’s representative sequence was classified using  
the RDP classifier with the SILVA database v138 [24] at 
a confidence threshold of 80%. In order to standardize 
the uneven sequencing effort, all samples were randomly 
subsampled to the smallest library sizes with 6800 reads 
for prokaryotic communities and respectively. 

Physicochemical Analyses

Environmental variables were determined according 
to the International Standard Methods for Water and 
Wastewater [25]. Briefly, an AD 360 DO meter (Adwa 
Instruments, Inc, Europe) was used to determine the 
temperature, dissolved oxygen (DO) and DO saturation 
of the water samples in situ. pH was measured using 
bench pH meter Hach (Hach Sension 1) method 4500 
H+B. Electric conductivity (EC) and total dissolved 
solids (TDS) were measured by Hach (Hach Sension 5) 
conductivity meter method 2510 B. Chemical oxygen 
demand (COD) was measured according to dichromate 
method 5210-D using digestion for two hours  
at 150ºC by spectrophotometer Hach DR 5000. 
Total Kjeldahl Nitrogen (TKN) was measured using 
mercuric sulfate digestion method followed by titration 
method (4500-Norg), ammonium nitrogen (NH4-N) 
was measured by Ion  Metrohm Omnis Titrator & 940 
Professional Ic Vario Ion Chromatography System, 
nitrite nitrogen (NO2-N) was detected according to 
a colorimetric method (4500-B) and nitrate nitrogen 
(NO3-N) by modified sodium salicylate method 
according to Scheiner [26]. Total nitrogen was calculated 
as the sum of TKN, NO2-N, NO3-N, and NH4-N.  
Total phosphorous (TP) was measured according  
to the method (4500-C) [27]. 

Statistical Analysis

Principal coordinate analysis (PCoA) based on the 
Bray-Curtis distance index was used to map prokaryotes 
in different environments. Distance-based redundancy 
analysis (dbRDA) was used to show the relationship 
between the prokaryotic community (response group) 
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and physicochemical parameters (explanatory group) 
in different habitats. The permutational multivariate 
analysis of variance (PERMANOVA) and the analysis of 
similarity (ANOSIM) were used to test the significance 
of differences for the prokaryotic communities among 
different habitats. Statistical analyses and visualization 
were performed using R v4.1.0 (https://www.r-project.
org/) and PRIMER v.7.0.21 (Quest Research Limited, 
Auckland, New Zealand).

Results and Discussion

An environmental comparison study was conducted 
to examine the differences in microbial communities 
between three settings: the entrance and outlet of the 
Zenin WWTP, as well as an urban site at the Nile River. 
The PCoA plot showed that the microbial population 
structure varied between the three settings as depicted 
in (Fig. 1a). Prokaryotic populations dramatically 
varied according to habitat. The observed patterns were 
statistically validated by PERMANOVA and ANOSIM 
results (P<0.01). Cluster Analysis further corroborated 
these findings, as depicted in Fig. S1. The Venn 
diagram in Fig. 1d), illustrating shared percentages 
of 0.06% (n = 15) among the three tested habitats, 
further reinforces these results. While, 0.16% (n = 39) 
was the shared percentage between surface water and 
outlet stage, 0.74% (n = 179) was the shared percentage 
between inlet and outlet stages and 0.13% (n = 32) was 
the shared percentage between inlet and surface water.  
The habitats contained a large unique species as follows, 
outlet (n = 10079), inlet (n = 6960), and surface water 
(n = 6680).  It is important to note that the microbial 
communities in the surface water of the river can vary 
due to multiple factors, including natural processes, land 
use patterns, and seasonal variations [28, 29]. However, 
the distinct differences observed between the inlet 
and outlet of WWTP and the river water indicate the 
substantial influence of wastewater treatment processes 
on the microbial composition [30-32]. The wastewater 
treatment plant’s outlet showed higher microbial 
diversity than inlet as well as the surface water from the 
Nile River (Fig. 1b). The higher diversity of microbial 
communities in the outlet of the wastewater treatment 
plant indicates that the treatment process effectively 
removes pollutants and facilitates the growth of diverse 
microbial communities [33, 34]. Previous studies have 
reported similar findings, supporting the idea that 
wastewater treatment processes can enhance microbial 
diversity in effluent. For instance, a study by Płaza et al. 
[33] investigated the microbial communities in WWTP 
and found that the treated effluent displayed different 
microbial diversity compared to the influent. The 
higher microbial diversity observed in the outlet of the 
wastewater treatment plant has significant implications 
for ecosystem health. Diverse microbial communities 
play essential roles in various ecological processes, 
including nutrient cycling and pollutant degradation. 

The presence of diverse microbial populations in the 
treated effluent suggests that the treatment process not 
only removes pollutants but also supports the growth 
of beneficial microbial species capable of performing 
important ecosystem functions. 

In the current study, the abundance of different phyla 
in different tested habitats were illustrated in Fig. 1c), 
where Proteobacteria slightly increased in outlet and 
surface water (>50%) compared to inlet (45%). This 
finding suggests that the treatment process employed 
in the wastewater treatment plant effectively removes 
pollutants and creates conditions that favor the growth 
and persistence of Proteobacteria. Proteobacteria are 
known to possess diverse metabolic capabilities and 
play crucial roles in various biogeochemical cycles, 
including nutrient cycling and pollutant degradation. 
According to existing literature, municipal WWTPs are 
predominantly populated by the phylum Proteobacteria. 
Additionally, other groups such as Bacteroidetes, 
Actinobacteria, and Firmicutes are also commonly 
found in these environments. However, the relative 
abundance of these groups can vary depending on 
multiple factors, including the type of sewage treatment 
plants, employed technology, influent composition, 
and hydraulic configuration [35-38]. Actinobacteria 
have the highest abundance (>20%) in surface water 
compared to the other habitats. Actinobacteria are 
well-known for their ability to produce bioactive 
compounds and play important roles in organic 
matter decomposition [39]. The higher abundance of 
Actinobacteria in the surface water suggests that this 
habitat provides favorable conditions for their growth, 
potentially due to the availability of specific resources 
or unique physicochemical parameters. Firmicutes and 
Campilobacteria decreased in outlet stage compared 
to their abundance in inlet phase. Additionally, 
Chloroflexi could be seen in the outlet stage only with 
a small percentage (2%). The decrease in the relative 
abundance of these phyla suggests that the treatment 
process in the wastewater treatment plant may have 
selective effects on certain microbial groups. The 
removal of pollutants and changes in environmental 
conditions during the treatment process could contribute 
to the decrease in the abundance of Firmicutes [40]. 
Betaproteobacteria was the most common class in all 
habitats (i.e., inlet, outlet and surface water), where 
it typically showed the highest abundance (48%) in 
surface water (Fig. S2). Betaproteobacteria are known 
to encompass various ecologically important groups, 
including nitrifiers, denitrifiers, and iron oxidizers [41, 
42]. Their prevalence in all tested habitats indicates 
their adaptability and ecological importance in these 
habitats. Bacteroidia class has a relative abundance of 
12% of inlet followed by Gammaproteobacteria (10%), 
Falvobacteria (9%) and Camplyobacteria (5%) and these 
percentages were significantly reduced in the outlet 
level. However, it could be noticed that the relative 
abundance of Betaproteobacteria and Planctomycetacia 
slightly elevated in the outlet compared to the inlet 
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Desertimonas were the most common genera in surface 
water. While, Cloacibacteriumm, Macellibacteroides, 
and Acidovorax were the most dominant genera in inlet 
of the WWTP. However, a two genera including Thauera 
(1-3%) and Thermomonas were dominant in the outlet 
stage (Fig. S2).  It is well known that different habitats 
exhibited distinct microbial communities compositions 
[43-45].

The distance-based linear model (DistLM) 
indicated that EC and NH4-N were the most significant 
variables in explaining the variation in microbial 
communities. The results also showed that pH, DO%, 
COD, NO2-N, and TN had lesser impacts on the 
microbial communities (Table 1). Kaestli et al., [46] 
and Kim et al., [47] reported that EC explained a large 
proportion of microbial communities variations in 
different environments. In this study, the influence of 
environmental factors on prokaryotic families across 
three groups of samples (inlet, outlet, and surface water) 
was elucidated using RDA, as shown in Fig. 2. The RDA 
axes, RDA1 and RDA2, accounted for 65.7% and 21.7% 
of the total community variation, respectively. It could 

stage. Besides, the relative abundance of Falvobacteria 
was highest in the inlet compared to outlet and surface 
water (Fig. S2).

In this investigation, the order of Burkholderiales 
was the most abundant order (40%) in surface water 
followed by Flavobacteriales, Pirellulales (5%), 
and Acidimicrobiales (4%). It could be noticed that 
Burkholderiales, Bacteriodales, Campylobacrerales, and 
Rhodocyclals were the most abundant orders in the outlet 
samples. While, Burkholderiales and Bacteriodales were 
the abundant in inlet stage (Fig. S2). Comamonadacea 
was the most abundant family (25%) in the surface 
water group in this work. While, Weeksekkaceae, 
Arcobacteraceae, Porphyromonadaceae and 
Moraxellaceae families dramatically decreased (P≤0.05) 
in the outlet stage of the tested treatment plant compared 
to the inlet stage. Comamonadaceae, Zoogloeaceae 
and Chitinophagaceae families were significantly 
elevated in the outlet relative to inlet stage (Fig. S2). 
A heatmap showed the predominance of the top 20 
prokaryotic genera in the analyzed specimens of three 
habitats, where Limnohabitans, Flavobacterium, and 

Fig. 1. a) PCoA based on Bray-Curtis similarity for mapping prokaryotes in different habitat. b) Alpha diversity indices for prokaryotes. 
c) Bar plot showing the relative abundance of the prokaryotes phyla in different habitats. d) Venn diagram showed the unique and shared 
prokaryotic OTUs. 
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be noticed that Prophyromonadaceae was correlated 
positively with the nutrients (e.g., NO2-N). The dbRDA 
plot showed that the three habitats clustered separately, 
indicating dissimilarity in the microbial communities 
between these habitats. The dbRDA environmental 
vectors revealed a strong association between the outlet 
microbial communities and EC. Conversely, the inlet 
microbial communities exhibited a strong association 
with organic pollution factors (COD) as well as 
inorganic pollution factors (NO2-N and NH4-N) (Fig. 2). 
The analysis of environmental parameters and microbial 
structure through RDA confirms the impact of TN, 
NH4-N, and NO3-N pollution on microbial communities 
[48]. In the present study, Linear discrimination analysis 
(LDA) effect size (LEfSe) is particularly useful in 
microbiome research as it allows for the identification 
of microbial biomarkers that are indicative of specific 
conditions. Bacteroidia and Bacteroidales was enriched 
in polluted condition as in the inlet of WWTP, when 
the condition become better, Protobacteria was the most 

abundant in the outlet of WWTP. While the LDA score 
for Burkholderiales and Comamonadaceae was the 
highest in surface water (Fig. 3). 

Conclusions

Employing next-generation sequencing technology 
facilitated a deeper and more comprehensive insight into 
the structure of microbial communities and the influence 
of environmental factors Moreover, the study highlights 
the importance of environmental factors such as EC and 
NH4-N in shaping the microbial community structure. 
LDA indicated that Bacteroidia and Bacteroidales were 
enriched in polluted inlet conditions of WWTP, while 
Protobacteria dominated the outlet. Burkholderiales 
and Comamonadaceae had the highest LDA score in 
surface water. Overall, this study has contributed to the 
understanding of the microbial ecology of wastewater 
treatment plants and river in Egypt and provides 

Variable Pseudo-F P Prop. Cumul.

+EC 1.84 0.010 0.21 0.208

+NH4-N 1.76 0.001 0.18 0.388

+pH 1.06 0.507 0.11 0.495

+DO% 1.02 0.510 0.10 0.598

+COD 1.03 0.481 0.10 0.700

+NO2-N 1.02 0.467 0.10 0.802

+TN 1.04 0.463 0.10 0.901

Prop. The proportion of variation in the microbial communities
Cumul. Cumulative variation

Table 1. Sequential tests showed the cumulative proportion of the variation of the microbial communities explained using forward 
selection by fitting the variables sequentially with 9999 permutations.

Fig. 2. a) RDA revealing the relationship between the environmental factors and prokaryotic community at family level. b) The ordination 
plot dbRDA showing of the prokaryotes community-environment factors relationships in different habitats.
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valuable information for the maintenance of ecosystem 
function.

Acknowledgments

The authors thank the Deputyship for Research and 
Innovation, “Ministry of Education” in Saudi Arabia for 
the support.

Conflict of Interest

The author confirms that they have no conflict of 
interest.

Funding 

The authors extend their appreciation to the 
Deputyship for Research and Innovation, “Ministry of 
Education” in Saudi Arabia for funding this research 
(IFKSUOR3-202-2). 

References 

1.	 EL-KOWRANY S.I., EL- ZAMARANY E.A.,  
EL-NOUBY K.A., EL-MEHY D.A., ALI E.A., OTHMAN 
A.A., SALAH W., EL-EBIARY A.A. Water pollution in 
the Middle Nile Delta, Egypt: An environmental study. 
Journal of Advanced Research, 7, 781, 2016.

Fig. 3. Linear discrimination analysis (LDA) effect size (LEfSe) was performed on the microbial community abundance data.



Gad M., et al.1666

2.	 GIOVANNELLI D., D’ERRICO G., FIORENTINO F., 
FATTORINI D., REGOLI F., ANGELETTI L., BAKRAN-
PETRICIOLI T., VETRIANI C., YÜCEL M., TAVIANI 
M., MANINI E. Diversity and Distribution of Prokaryotes 
within a Shallow-Water Pockmark Field. Front. Microbiol., 
7, 941, 2016. 

3.	 BATTIN T.J., BESEMER K., BENGTSSON M.M., 
ROMANI A.M., PACKMANN A.I. The ecology and 
biogeochemistry of stream biofilms. Nature Reviews 
Microbiology, 14 (4), 251,  2016.

4.	 ZHAN C., TIAN F., ZHANG M., ZHANG Z., BAI 
M., GUO G., ZHENG W., WANG Q., SHI Y.,  WANG 
L. Endotoxin contamination, a potentially important 
inflammation factor in water and wastewater: A review. 
Science of The Total Environment, 681, 365, 2019 .

5.	 CAPORASO J. G., LAUBER C. L., WALTERS W. A., 
BERG-LYONS D., HUNTLEY J., FIERER N. Ultra-high-
throughput microbial community analysis on the Illumina 
HiSeq and MiSeq platforms. The ISME journal, 6 (8), 
1621, 2012.

6.	 JIANG Y., LEI Y., QIN W., KORPELAINEN H. C. 
Revealing microbial processes and nutrient limitation in 
soil through ecoenzymatic stoichiometry and glomalin-
related soil proteins in a retreating glacier forefield. 
Geoderma, 338, 313, 2019. 

7.	 LIU S., WANGH., CHEN L., WANG J., ZHENG M., 
LIU S., CHEN Q.N.J. Comammox Nitrospira within the 
Yangtze River continuum: community, biogeography, and 
ecological drivers. The ISME journal, 14, 2488, 2020. 

8.	 LI D., VAN DE WERFHORST L.C., RUGH M.B., 
FERAUD M., HUNG W.C., JAY J., HOLDEN P.A. 
Limited bacterial removal in full-scale stormwater 
biofilters as evidenced by community sequencing  
analysis. Environmental science & technology, 55 (13), 
9199, 2021.

9.	 JAROMIN-GLEŃ K., BABKO R., KUZMINA T., 
DANKO Y., ŁAGÓD G., POLAKOWSKI C., SZULŻYK-
CIEPLAK J., BIEGANOWSKI, A. Contribution of 
prokaryotes and eukaryotes to CO2 emissions in the 
wastewater treatment process, PeerJ, 8, e9325, 2020. 

10.	  KONG Q., WANG Z.B., NIU P.F., MIAO M.S. Greenhouse 
gas emission and microbial community dynamics during 
simultaneous nitrification and denitrification process. 
Bioresource Technology, 210, 94, 2016. 

11.	 BABKO R., KUZMINA T., ŁAGÓD G., JAROMIN-
GLEŃ K., DANKO Y., PAWŁOWSKA M., PAWŁOWSKI 
A. Short-term Influence of drilling fluid on ciliates from 
activated sludge in sequencing batch reactors. Journal of 
Environmental Quality, 46 (1), 193, 2017. 

12.	WANG M., KEELEY R., ZALIVINA N., HALFHIDE T., 
SCOTT K., ZHANG Q., VAN DER STEEN P., SARINA 
J. Advances in algal-prokaryotic wastewater treatment: A 
review of nitrogen transformations, reactor configurations 
and molecular tools, Journal of Environmental 
Management, 217, 845, 2018. 

13.	 IVANOV V. Aerobic Prokaryotes Environmental 
Microbiology for Engineers, CRC Press10eBook 
ISBN9780429317156, 2020.

14.	 HU Y.O., NDEGWA N., ALNEBERG J., JOHANSSON 
S., LOGUE J.B., HUSS M., KÄLLER M., LUNDEBERG 
J., FAGERBERG J., ANDERSSON A.F. Stationary 
and portable sequencing-based approaches for tracing 
wastewater contamination in urban storm water systems. 
Scientific reports, 8 (1), 11907, 2018. 

15.	 HEM S., WYRSCH E.R., DRIGO B., BAKER D. 
J., CHARLES I.G., DONNER E., JAROCKI V.M., 

DJORDJEVIC S.P. Genomic Analysis of Carbapenem-
Resistant Comamonas in Water Matrices: Implications  
for Public Health and Wastewater Treatments. Applied  
and environmental microbiology, 88 (13), e0064622,  
2022. 

16.	 ABU EL ELLA E.M., ELNAZER A.A., SALMAN S.A. 
The effect of human activities on the pollution of water in 
southwest Giza area, Egypt. Water Supply, 17 (5), 1368, 
2017. 

17.	 SAHA L., TIWARI J., BAUDDH K., MA Y. Recent 
Developments in Microbe-Plant-Based Bioremediation 
for Tackling Heavy Metal-Polluted Soils. Frontiers in 
Microbiology, 12, 731723, 2021. 

18.	 MATHEW M.M., KHATANA K., VATS V., DHANKER 
R., KUMAR R., DAHMS H.U., HWANG J.S. Biological 
Approaches Integrating Algae and Bacteria for the 
Degradation of Wastewater Contaminants-A Review. 
Frontiers in Microbiology, 12, 801051, 2022. 

19.	 MAHMOUD M., ABDO S., GALAL G.,  ABOUELNAGA 
M. Microbial Communities and Bacterial Pathogens 
in Wastewater Treatment Plants: A Review. Journal of 
Advanced Veterinary and Animal Research, 8 (2), 131, 
2021.

20.	ELMEKAWY A., HEGAZI N.A., EL-SHEEKH M. 
Microbial Diversity and Community Composition in 
Egyptian Wastewater Treatment Plants. Biocatalysis and 
Agricultural Biotechnology, 33, 101994, 2021.  

21.	 EL-SHEEKH M., ELMEKAWY A., HEGAZI N. A. 
Deciphering Microbial Community Composition and 
Diversity in the Egyptian Nile River Water Using Next-
Generation Sequencing. Environmental Science and 
Pollution Research, 28 (16), 20147, 2021.

22.	CALLAHAN B.J., WONG J., HEINER C., OH, S., 
THERIOT C.M., GULATI A.S., DOUGHERTY M.K. 
High-throughput amplicon sequencing of the full-length 
16S rRNA gene with single-nucleotide resolution. Nucleic 
acids research, 47 (18), e103, 2019.

23.	EDGAR R.C. UPARSE: Highly accurate OTU sequences 
from microbial amplicon reads. Nature Methods, 10 (10), 
996, 2013 .

24.	QUAST C., PRUESSE E., YILMAZ P., GERKEN J., 
SCHWEER T., YARZA P., GLÖCKNER F.O. The SILVA 
ribosomal RNA gene database project: Improved data 
processing and web-based tools. Nucleic Acids Research, 
41 (D1), 590, 2013 .

25.	APHA. Standard Methods for the Examination of Water 
and Wastewater (24th ed.). Washington DC: American 
Public Health Association, 2023.

26.	SCHEINER D.A. modified version of the sodium 
salicylate method for analysis of wastewater nitrates. 
Water Research, 8, 10,835, 1974.

27.	 MA J., WU S., SHEKHAR N.V.R., BISWAS S., SAHU 
A.K. Determination of Physicochemical Parameters 
and Levels of Heavy Metals in Food Waste Water with 
Environmental Effects. Bioinorganic chemistry and 
applications, 8886093, 2020. 

28.	UMWALI E.D., KURBAN A., ISABWE A., MIND’JE 
R., AZADI H., GUO Z. Spatio-seasonal variation of water 
quality influenced by land use and land cover in Lake 
Muhazi. Scientific Reports, 11 (1), 17376, 2021.

29.	 GUAN X., HE R., ZHANG B., GAO C., LIU F. Seasonal 
variations of microbial community structure, assembly 
processes, and influencing factors in karst river. Frontiers 
in Microbiology, 14, 1133938, 2023. 

30.	GARCÍA-ARMISEN T., İNCEOĞLU Ö., OUATTARA 
N.K., ANZIL A., VERBANCK M.A., BRION N., 



PacBio Sequencing Reveals Microbial Community... 1667

SERVAIS P. Seasonal variations and resilience of bacterial 
communities in a sewage polluted urban river. PLoS One., 
9 (3), e92579, 2014.

31.	 WEI Z., LIU Y., FENG K., LI S., WANG S., JIN D. The 
divergence between fungal and bacterial communities in 
seasonal and spatial variations of wastewater treatment 
plants. Science of the Total Environment, 628, 969, 2018.

32.	CAOP QIRONG Z., TENG Z., YANG W., QIN Z., 
BOMING F., FANG F., QIAN F., JINGYANG L. 
Distribution patterns of microbial community and 
functional characteristics in full-scale wastewater 
treatment plants: Focusing on the influent types. 
Chemosphere, 281, 130899, 2021.

33.	 PŁAZA G., JAŁOWIECKI Ł., GŁOWACKA D., 
HUBENY J., HARNISZ M., KORZENIEWSKA E. 
Insights into the microbial diversity and structure in a full-
scale municipal wastewater treatment plant with particular 
regard to Archaea. PLoS One, 16 (4), e0250514, 2021. 

34.	LI D., QI R., YANG M., ZHANG Y., YU T. Bacterial 
community characteristics under long-term antibiotic 
selection pressures. water research, 45 (18), 6063, 2011.

35.	 IBARBALZ F.M., ORELLANA E., FIGUEROLA E.L., 
ERIJMAN L., Shotgun Metagenomic Profiles Have a High 
Capacity To Discriminate Samples of Activated Sludge 
According to Wastewater Type. Applied Environmental 
Microbioliology, 82 (17), 5186, 2016.

36.	FERRERA I., SÁNCHEZ O. Insights into microbial 
diversity in wastewater treatment systems: How far have 
we come? Biotechnology Advanced, 34 (5), 790, 2016.

37.	 ELNAKER N.A., ELEKTOROWICZ M., NADDEO V., 
HASAN S.W., YOUSEF A.F. Assessment of Microbial 
Community Structure and Function in Serially Passaged 
Wastewater Electro-Bioreactor Sludge: An Approach to 
Enhance Sludge Settleability. Scientific Reports, 8 (1), 
7013, 2018. 

38.	OLUSEYI OSUNMAKINDE C., SELVARAJAN R., 
MAMBA B.B., MSAGATI T.A.M. Profiling bacterial 
diversity and potential pathogens in wastewater treatment 
plants using high-throughput sequencing analysis. 
Microorganisms, 7 (11), 506, 2019.

39.	 BAO Y., DOLFING J., GUO Z., CHEN R., WU M., LI Z., 
LIN X., FENG Y. Important ecophysiological roles of non-
dominant Actinobacteria in plant residue decomposition, 
especially in less fertile soils. Microbiome, 9 (1), 84, 2021.

40.	NUMBERGER D., GANZERT L., ZOCCARATO L. 
MÜHLDORFER K., SAUER S., GROSSART H.P., 
GREENWOOD A.D. Characterization of bacterial 
communities in wastewater with enhanced taxonomic 
resolution by full-length 16S rRNA sequencing. Scientific  
Reports, 9, 9673, 2019. 

41.	 MORGAN-SAGASTUME F.,  NIELSEN J.L.,  NIELSEN 
P.H. Substrate-dependent denitrification of abundant 
probe-defined denitrifying bacteria in activated sludge. 
FEMS Microbiology Ecology, 66, 447, 2008.

42.	NIELSEN P.H., MIELCZAREK A.T., KRAGELUND C., 
NIELSEN J.L., SAUNDERS A.M., KONG Y., HANSEN 
A.A., VOLLERTSEN J. A, conceptual ecosystem model of 
microbial communities in enhanced biological phosphorus 
removal plants. Water Research, 44 (17), 5070, 2010.

43.	 GAD M., HOU L., CAO M., ADYARI B., ZHANG 
L., QIN D., YU, C.P., SUN Q., HU A.Tracking 
microeukaryotic footprint in a peri-urban watershed, 
China through machine-learning approaches. Science of 
the Total Environment, 806, 2022.

44.	GAD M., HOU L., LI J., WU Y., RASHID A., CHEN 
N., HU A., 2020. Distinct mechanisms underlying the 
assembly of microeukaryotic generalists and specialists in 
an anthropogenically impacted river. Science of the Total 
Environment 748, 1, 2020.

45.	 YI  Y., CHUQIAO L., WENJUN W., JIE S.  Habitat and 
seasonal variations in bacterial community structure 
and diversity in sediments of a Shallow lake. Ecological 
Indicators, 120, 106959, 2021.

46.	KAESTLI M., SKILLINGTON A., KENNEDY K., 
MAJID M., WILLIAMS D., MCGUINNESS K., 
MUNKSGAARD N., GIBB K. Spatial and Temporal 
Microbial Patterns in a Tropical Macrotidal Estuary 
Subject to Urbanization. Frontiers of Microbiology, 8, 
1313, 2017.

47.	 KIM K., SAMADDAR S., CHATTERJEE P., TONGMIN 
S.A.  Structural and functional responses of microbial 
community with respect to salinity levels in a coastal 
reclamation land. Applied Soil Ecology, 137 (2), 2019.

48.	LU S., SUN Y., ZHAO X., WANG L., DING A., ZHAO 
X. Sequencing Insights into Microbial Communities in the 
Water and Sediments of Fenghe River, China. Archives of 
environmental contamination and toxicology, 71 (1), 122, 
2016. 



Gad M., et al.1668

Supplementary Material

Fig. S1. Cluster analysis for prokaryotes in different habitats. 

Fig. S2. a) Barplot showing the relative abundance of the prokaryote’s classes. b) Barplot showing the relative abundance of the 
prokaryote’s orders. c) Bar plot showing the relative abundance of the prokaryote’s families. d) Heatmap showing the relative abundance 
of top 20 prokaryotic genera in different habitats.


