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Introduction
Freshwater ecosystems harbor complex, highly dynamic 
microbial communities that are strongly influenced by 
local environmental conditions and biota (1). Freshwater 
microorganisms play a substantial functional role in 
the global carbon cycle (2-4). They are responsible 
for most of the uptake and emission of greenhouse 
gases (GHGs), such as carbon dioxide and methane, in 
freshwater systems (5), and thus affect climate change 
by controlling the carbon balance (6). The incremental 
increase in city populations and urbanization alters 
freshwater ecosystems by affecting land cover and use, 
aquatic systems, biodiversity, and climate conditions 
(7). In addition, anthropogenic activities, such as the 
introduction of sewage water containing fecal bacteria, 
as well as industrial wastewater containing heavy metals, 

into natural water systems, cause eutrophication, along 
with biological and chemical pollution that may alter 
the composition of the natural microbial community in 
water courses (1). These new microbial communities may 
also favor the proliferation of pathogens, whereas natural 
communities in less contaminated, nutrient-deficient 
waters may inhibit their growth (8). 

The freshwater microbiome has been widely studied, 
with bacterial communities correlated with the water’s 
physicochemical parameters (9). Most studies have been 
conducted on temperate lakes or streams, while studies 
on other watercourses in different geographical regions 
are scarce (10). The available studies mainly focus on 
bacteria rather than the entire freshwater microbiome, 
which includes archaea and eukaryotes (11). Although 
freshwater microbes across habitats can be structurally 
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Abstract
Introduction: Seasonal variation of physicochemical parameters and metal concentrations in 
water sources can affect the type and density of microorganisms. These microorganisms might 
include pathogenic bacteria, parasites, and viruses. This study aims to investigate contamination 
of Nile River water at Greater Cairo sites by examining the type of microbiome, physicochemical 
characteristics, and heavy metal concentrations. 
Methods: Nile water samples were seasonally collected and centrifuged, and their total DNA 
was extracted and amplified by polymerase chain reaction (PCR) for qualitative detection of 
eubacteria, eukaryotes, and adenoviruses. Heavy metals were analyzed in water samples using 
an atomic absorption spectrometer.
Results: No adenoviruses were detected; 97.92% of the samples were positive for eukaryotes, 
93.75% for Gram-positive bacteria, and 6.25% for Gram-negative bacteria. Although iron, 
cadmium, calcium, and copper concentrations were within permissible limits, lead and zinc 
exceeded the limits at certain sites, with maxima of 93.4 µg/L and 100 mg/L, respectively. 
Principal component analysis indicated that eukaryotes and Gram-positive bacteria showed 
positive correlations with temperature and pH, and negative correlations with Zn, Cd, Ca, and 
Fe. On the other hand, Gram-negative bacteria were positively correlated with dissolved oxygen, 
and negatively correlated with temperature, pH, total dissolved solids, and Pb. 
Conclusion: Nile River water in Greater Cairo may be contaminated with pathogenic bacteria, 
parasites, and fungi. In addition, the physicochemical characteristics and metal pollution of Nile 
River water correlated with the microbiome type and density in the investigated sites.
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similar, pronounced differences may occur (12).
There are a few studies on the effects of human activities 

on the microbiome of freshwater systems (13-15,1). This 
study represents a recent addition to the previously 
published papers in this field, especially those on the Nile 
River. Hence, the present work aims to determine the 
extent of Nile River water contamination by investigating 
the type of microbiome, physicochemical characteristics, 
and heavy metal concentrations at Greater Cairo sites, in 
addition to the correlation between these parameters. 

Materials and Methods
Investigated area
This study was carried out on Nile River water samples 
collected seasonally from 12 sites representing Greater 
Cairo from 2019 to 2020. These sites were Kobry El-
Maraziq, Helwan Water Station, El-Hwamdeya, El-
Maady, El-Manial, El-Andalos, Rod El-Farag, Gezeret El-
Warraq, Ring Road-Warraq, West Cairo Electric Station, 
Gezeret El-Qurateyeen, and El-Kanater.

Physicochemical parameters
Temperature, pH, total dissolved solids (TDS), dissolved 
oxygen (DO), and electrical conductivity (EC) were 
measured in situ using portable HANNA™ instruments. 
The heavy metals in water samples, including lead (Pb), 
iron (Fe), zinc (Zn), cadmium (Cd), copper (Cu), and 
calcium (Ca), were analyzed using an atomic absorption 
spectrometer (GBC AVANTA™).

Quantitative and qualitative PCR analysis of the water 
microbiome
Different water samples (50 ml each) were centrifuged 
at 2560 rpm for 15 min. The total DNA was extracted 
using a commercial kit (Favogen Soil DNA Isolation Mini 
KitTM) following the manufacturer’s instructions. The 
purified DNA was dissolved in 50 µL water, measured 
on a Nanodrop ND-2000c (Thermo Fisher Scientific, 
Waltham, MA, USATM), and stored at -20 ˚C for further 
analysis. Genomic DNA was quantified, and then 
PCR-amplified for qualitative detection of eubacteria, 
eukaryotes, and adenoviruses using specific primers (16-
19). The primer sequences are listed in Table S1. The 
detailed program for eukaryotes was as follows: an initial 
denaturation step for 3 min at 93 °C; then, 35 cycles, 30 s 
each, at 93 °C, annealing for 30 s at 55 °C, extension for 
1 min at 72 °C, and a final elongation step for 10 min at 
72 °C. For eubacteria and adenoviruses, the annealing 
temperatures were 60 °C and 62 °C, respectively. The 
reactions were performed at a 25 μL volume. PCR products 
were resolved on an agarose gel, electrophoresed in a Bio-
Rad electrophoresis chamber using 5 μL of 100-1000 bp 
DNA ladder RTU as a marker, and visualized by ethidium 
bromide staining. The gel image was analyzed using the 
Cleaver Micro DOC Gel Documentation System.

Statistical analysis
Minimum, median, maximum, 25%, and 75% percentile 

values of heavy metals, as well as principal component 
analysis, Eigenvalues, and percentages of variance, 
were calculated and illustrated using GraphPad Prism 
(version 9).

Results 
Physicochemical parameters
Figure (S1) shows that generally, the highest temperature 
was recorded in summer in all the investigated sites, 
except Kobry El-Maraziq, Helwan Water Station, and 
El-Kanater, where the highest temperature was observed 
in spring. The maximum temperature values were 31.5 
°C and 31 °C in Gezeret El-Warraq and Rod El-Farag, 
respectively. Regarding pH, the highest value (8.2) was 
noticed in Gezeret El-Warraq in winter, followed by Ring 
Road-Warraq (7.9) in autumn and El-Hwamdeya (7.8) in 
spring (Figure S1). Total dissolved solids (TDS) were the 
highest in Helwan Water Station (397 mg/L), El-Andalos 
(367 mg/L), and El-Manial (338 mg/L) in autumn, winter, 
and summer, respectively. As for electrical conductivity 
(EC), the highest value was recorded in El-Hwamdeya 
(795 μmohs/cm), followed by El-Manial (480 μmohs/cm) 
and El-Andalos (475 μmohs/cm) in winter (Figure S1). 
The dissolved oxygen (DO) results (Figure S1) indicated 
that the lowest values (4.25 mg/L to 5.92 mg/L) were 
observed in all sites during summer. The highest DO 
values were detected in Kobry El-Maraziq (12.2 mg/L) 
and Helwan Water Station (11.7 mg/L) during spring.

Heavy metals
The concentrations of 6 metals (Pb, Fe, Zn, Cd, Cu, and 
Ca) were investigated at 12 sites along the Nile River. 
Figure 1 shows that the highest median Pb concentration 
was observed at Helwan Water Station (43.80 µg/L), 
followed by Gezeret El-Qurateyeen (33.10 µg/L). Also, 
the highest maximum concentration of Pb was observed 
at Helwan Water Station (93.40 µg/L), followed by 78.10 
µg/L at West Cairo Electric Station. In the last two sites, Pb 
concentrations exceeded the permissible limit (50 µg/L). 
Regarding Fe, the highest median value was observed in 
El-Kanater (402.5 µg/L), followed by Ring Road-Warraq 
(373 µg/L). The highest maximum concentrations were 
500 and 490 µg/L at Helwan Water Station and El-
Manial, respectively (Figure 1). The highest median Zn 
concentration was recorded at Helwan Water Station, 
followed by El-Kanater, at 19 and 19.5 mg/L, respectively. 
On the other hand, the highest maximum concentration 
was 100 mg/L in both Kobry El-Maraziq and El-Kanater 
(Figure 1).

Figure 2 shows that the highest median and maximum 
concentrations of Cd were recorded in Kobry El-Maraziq, 
0.14 µg/L and 0.55 µg/L, respectively. Also, El-Andalos 
recorded a high median Cd concentration (0.126 µg/L), 
while Gezeret El-Qurateyeen recorded a maximum 
concentration of 0.45 µg/L. For Cu, the highest median 
and maximum concentrations were observed in Rod El-
Farag: 25.80 and 40.5 µg/L, followed by El Maady (25.40 
µg/L) and Ring Road-Warraq (40 µg/L). Regarding 
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Figure 1. Minimum, median, and maximum concentrations of Pb, Fe, and Zn in Nile River water samples collected from Greater Cairo sites. The lowest line in 
the arm represents the minimum concentration, the highest line in the arm represents the maximum concentration, and the line inside the box represents the 
median concentration

Figure 2. Minimum, median, and maximum concentrations of Cd, Cu, and Ca in Nile River water samples collected from Greater Cairo sites. The lowest line 
in the arm represents the minimum concentration, the highest line in the arm represents the maximum concentration, and the line inside the box represents the 
median concentration
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Ca, Kobry El-Maraziq showed the highest median 
concentration (33.3 mg/L), followed by El-Andalos, Rod 
El-Farag, and El-Kanater (31.2 mg/L). In addition, the 
highest maximum Ca concentration was observed in El-
Manial (41.4 mg/L), followed by El-Andalos (40.5 mg/L) 
(Figure 2).

Figure (3) shows seasonal variation of Pb, Fe, and Zn 
concentrations, as spring and winter witnessed the highest 
median and maximum concentrations of Pb, which were 
35.5 and 34.4 µg/L, respectively, as median values, and 78.1 
and 93.4 µg/L, respectively, as maximum concentrations. 
For Fe, the highest concentrations were observed in 
summer and spring, as the median concentrations were 
380 and 362.9 µg/L, while the maximum concentrations 
were 500 and 490 µg/L, respectively. Regarding Zn, the 
highest median was recorded in summer (20 mg/L), 
followed by spring (15 mg/L), whereas the highest 
maximum concentration was 100 mg/L in summer, 
followed by 46 mg/L in the autumn. Seasonal variations 
of Cd, Cu, and Ca concentrations are shown in Figure 4. It 
was found that the highest median Cd concentration was 
observed in autumn (0.12 µg/L), followed by spring (0.055 
µg/L), while the highest maximum concentrations were 
detected in winter (0.55 µg/L) and autumn (0.45 µg/L). 
For Cu, the highest median concentration was recorded 
in spring (25.1 µg/L), followed by autumn (24.25 µg/L). 
On the other hand, the highest concentrations were 
observed in autumn (40.5 µg/L), followed by winter (33.2 
µg/L). Regarding Ca, autumn followed by winter showed 
the highest median concentrations (35.2 and 31.8 mg/L) 
and maximum concentrations (41.4 and 34.4 mg/L), 
respectively.

Microbiome composition
Table 1 shows that amongst 96 examined water samples, 
no adenoviruses were detected. On the other hand, 97.92% 
of the investigated samples were positive for eukaryotes, 

including microscopic fungi, microalgae, and parasites. 
In addition, 93.75% of samples contained Gram-positive 
bacteria, and 6.25% contained Gram-negative bacteria 
(Table 1). The largest number of positive  Gram-positive 
bacteria samples were recorded in summer and autumn, 
while the richest season for Gram-negative bacteria was 
spring. The highest percentage of positive eukaryotic 
samples was observed in summer (26.67%) (Table 2).

DNA concentrations in different Nile River sites in the 
four seasons of the study are shown in Figure 5. The highest 
DNA concentration in summer was observed in Gezeret 
El-Qurateyeen (6 ng/µL), followed by El-Hwamdeya (2.8 
ng/µL). In autumn, El-Kanater and El-Manial witnessed 
the highest DNA concentrations: 8.4 and 7.6 ng/µL, 
respectively (Figure 5). Gezeret El-Qurateyeen (16.3 ng/
µL) and West Cairo Electric Station (13.3 ng/µL) showed 
the highest DNA concentrations in winter, whereas 
Gezeret El-Warraq and Ring Road-Warraq were the 
highest in DNA concentrations in spring; 19.3 and 19.2 
ng/µL, respectively (Figure 5). On the other hand, the 
lowest DNA concentrations in summer, autumn, winter, 
and spring of the present work were recorded in West 
Cairo Electric Station (0.4 ng/µL), El-Hwamdeya (1.5 ng/
µL), El-Andalos (5.4 ng/µL), and Helwan Water Station 
(7.7 ng/µL), respectively (Figure 5).

Figure 6 shows that the highest total DNA concentration 
was observed in Gezeret El-Qurateyeen (40.7 ng/µL), 
followed by Ring Road-Warraq (37.2 ng/µL) and Gezeret 
El-Warraq (34.7 ng/µL). In comparison, Helwan Water 
Station showed the lowest total DNA concentration (24.4 
ng/µL) throughout the study year. Seasonal variation in 
total DNA concentration is shown in Figure 7, with spring 
recording the highest value (168 ng/µL) and summer the 
lowest (26.4 ng/µL). 

Figure S2 and Table 3 show that the correlation 
between the variables of the study was extracted into 
11 principal components (PC), but six PCs that had 

Figure 3. Seasonal variation of minimum, median, and maximum concentrations 
of Pb, Fe, and Zn in Nile River water samples collected from Greater Cairo 
sites. The lowest line in the arm represents the minimum concentration, the 
highest line in the arm represents the maximum concentration, and the line 
inside the box represents the median concentration

Figure 4. Seasonal variation of minimum, median, and maximum 
concentrations of Cd, Cu, and Ca in Nile River water samples collected 
from Greater Cairo sites. The lowest line in the arm represents the minimum 
concentration, the highest line in the arm represents the maximum 
concentration, and the line inside the box represents the median concentration
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eigenvalues greater than 1 were selected. The first PC 
(PC1) contained temperature (0.9214) and pH (0.8682), 
which showed strong negative correlation with Zn 
(−0.7400), Cd (−0.5808), Ca (−0.5359), and Pb (−0.4110) 
and positive correlation with electrical conductivity 
(0.6958) and eukaryotes (0.4472). Eukaryotes showed 
negative correlations with Pb (−0.411), Zn (−0.7400), 

Cd (−0.5808), Ca (−0.5359), and Fe (−0.2087) (Figure S2 
and Table 3). Additionally, PC2 contained Gram-positive 
bacteria (−0.7926), which were negatively correlated with 
Gram-negative bacteria (0.7926), eukaryotes (0.6020), 
Fe (0.2962), Zn (0.2358), Cd (0.081), and Ca (0.2283). 
Although Gram-positive bacteria showed a strong positive 
correlation with total dissolved solids (TDS) (−0.5084) 

Table 1. Numbers and percentages of positive and negative water samples for eukaryotes, adenoviruses, and Gram-positive and Gram-negative eubacteria from 
Nile River sites at Greater Cairo (July 2019 to June 2020)

 Samples
Site

Samples examined  for Eubacteria 
(200b.p.) (n= 96)

Samples examined for Eukaryotes (400- 
900b.p.) (n=96)

Samples examined for adenoviruses 
(301b.p.) (n=96)

Gram Positive
n=90 (93.75 %)

Gram Negative
n=6 (6.25%)

Positive
n= 94 (97.92%)

Negative
n= 2 (2.08 %)

Positive
n= 0 (0 %)

Negative
n= 96 (100 %)

No % No % No % No % No % No %

KobryEL-Maraziq 6 6.67 2 33.33 8 8.5 0 0 0 0 8 8.33

Helwan Water Station 8 8.89 0 0 6 6.38 2 100 0 0 8 8.33

EL-Hwamdeya 6 6.67 2 33.33 8 8.5 0 0 0 0 8 8.33

El-Maady 8 8.89 0 0 8 8.5 0 0 0 0 8 8.33

El-Manial 8 8.89 0 0 8 8.5 0 0 0 0 8 8.33

El-Andalos 8 8.89 0 0 8 8.5 0 0 0 0 8 8.33

Rod El Farag 8 8.89 0 0 8 8.5 0 0 0 0 8 8.33

Gezeret El-Warraq 8 8.89 0 0 8 8.5 0 0 0 0 8 8.33

Ring road-Warraq 6 6.67 2 33.33 8 8.5 0 0 0 0 8 8.33

West Cairo Electric Station 8 8.89 0 0 8 8.5 0 0 0 0 8 8.33

Gezeret El Qurateyeen 8 8.89 0 0 8 8.5 0 0 0 0 8 8.33

El Kanater 8 8.89 0 0 8 8.5 0 0 0 0 8 8.33

Table 2. Numbers and percentages of positive and negative water samples for eukaryotes, adenoviruses, and Gram-positive and Gram-negative eubacteria from 
Nile River sites at Greater Cairo in each season (July 2019 to June 2020)

Samples
Season

Samples examined for eubacteria (200 b.p.) 
(n = 96)

Samples examined for eukaryotes (400–900 
b.p.)(n = 96)

Samples examined for adenoviruses (301 b.p.)
(n = 96)

Gram Positive
n = 90 (93.75 %)

Gram Negative
n = 6 (6.25%)

Positive
n = 94 (97.92%)

Negative
n = 2 (2.08 %)

Positive
n = 0 (0 %)

Negative
n = 96 (100 %)

No. % No. % No. % No. % No. % No. %

Summer 24 26.67 0 0 24 25.53 0 0 0 0 24 25

Autumn 24 26.67 0 0 22 23.4 2 100 0 0 24 25

Winter 22 24.44 2 33.33 24 25.53 0 0 0 0 24 25

Spring 20 22.22 4 66.67 24 25.53 0 0 0 0 24 25

Figure 5. DNA concentration (ng/µL) in water samples representing the Nile River at Greater Cairo
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and Pb (−0.5517), Gram-negative bacteria and eukaryotes 
were negatively correlated with these two parameters 
(Figure S2 and Table 3).

In PC3, there was a positive correlation between 
Gram-positive bacteria (0.5744) and both temperature 
(0.0264) and pH (0.1622), whereas Gram-negative 
bacteria (−0.5744) were negatively correlated with both. 
The correlation between dissolved oxygen (−0.5089) and 
Gram-negative bacteria (−0.5744) was positive, while 
it was negative with Gram-positive bacteria (0.5744), as 
observed in PC3 (Figure S2 and Table 3).

Discussion
Generally, the highest temperatures were recorded in 
summer at most of the investigated sites, with maximum 
values of 31.5 °C and 31 °C. Similarly, Saad et al. (20) and 
Okasha et al. (21) recorded the highest water temperatures 
in water bodies of Giza Governorate in summer, with 

maximum values of 27.3 °C and 27.5 °C, respectively. In 
addition, Abdel-Satar et al. (22) reported that the highest 
mean temperature (27.4 °C) in Nile River water occurred 
in summer. The temperature rise observed in the 
current study, compared with previous work on Egypt’s 
watercourses, indicates the impact of climate change. 
Regarding pH, the highest value (8.2) was recorded in 
autumn and spring. In the same vein, Abdel-Satar et 
al. (22) observed high pH values, averaging 8.3, in Nile 
River water in autumn. However, our results contradict 
those reported in previous studies on water canals in Giza 
Governorate, which reported near-neutral pH values at all 
sites (21,23,24). 

Total dissolved solids (TDS) in the current work 
were the highest in autumn and winter. As for electrical 
conductivity (EC), the highest value was recorded in 
winter. Our results are in line with those of Abdel-Satar 
et al. (22), Okasha et al. (21), and Abdel-Wareth and 

Figure 6. Total DNA concentration (ng/µL) in water samples representing 
the Nile River at Greater Cairo

Figure 7. Seasonal variation of total DNA concentration (ng/µL) from water 
samples representing the Nile River at Greater Cairo

Table 3. Principal components of variables

Variable PC1 PC2 PC3 PC4 PC5 PC6

Gram-P 0.0807 −0.7926 0.5744 −0.0424 −0.0126 −0.1022

Gram-N −0.0807 0.7926 −0.5744 0.0424 0.0126 0.1022 

EUK 0.4472 0.6020 0.3209 −0.3391 −0.1117 −0.2283 

Temp 0.9214 0.0834 0.0264 −0.2823 −0.0006 0.0609

pH 0.8682 0.2217 0.1622 0.1395 −0.0059 −0.2275 

DO −0.5290 −0.1018 −0.5089 0.3836 −0.0297 −0.3397 

EC 0.6958 −0.0886 −0.2983 −0.4132 0.32513 0.1192 

TDS 0.4278 −0.5084 −0.3227 0.1339 0.4890 0.0726

Pb −0.4110 −0.5517 −0.2890 −0.5583 −0.0393 0.0291

Fe −0.2087 0.2962 0.3389 0.0739 0.7173 0.4471 

Zn −0.7400 0.2358 0.4124 0.0761 0.4237 −0.0959

Cd −0.5808 0.0810 −0.2919 −0.6579 0.11044 0.0114 

Cu 0.0657 −0.0968 −0.0326 0.1910 −0.4392 0.8411

Ca −0.5359 0.2283 0.4392 −0.3327 −0.2739  0.0897

Eigenvalue 4.1523 2.4679 1.8899 1.4568 1.3345 1.1891

Proportion of variance 
(%)

29.66 17.63 13.50 10.41 9.53 8.49

Cumulative proportion 
of variance (%)

29.66 47.29 60.79 71.19 80.73 89.22

The six selected principal components are those with eigenvalues > 1; Gram-P: Gram positive bacteria, Gram-N: Gram negative bacteria, EUK: eukaryotes, Temp: 
temperature, DO: dissolved oxygen, EC: electrical conductivity, TDS: total dissolved solids, Pb: lead, Fe: iron, Zn: zinc, Cd: cadmium, Cu: copper and Ca: calcium
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Sayed (24), in which the highest EC and TDS values were 
detected in Nile River water and Giza canals in winter 
and autumn. Mostly, EC and TDS are related, and EC is 
a good indicator of the total amount of dissolved mineral 
salts in water (25). It was reported that high EC values 
might indicate that these watercourses receive substantial 
discharge from land runoff or industrial effluents (26,27). 
Dissolved oxygen (DO) results indicated that the lowest 
values were observed in all sites during summer, whereas 
the highest DO values were detected during spring. It was 
reported that low temperatures promote greater oxygen 
dissolution, while high temperatures (as observed in 
summer) favor a lower dissociation coefficient of oxygen 
in aquatic ecosystems (28).

In addition, higher temperatures favor decomposers, 
which also consume a significant portion of dissolved 
oxygen. This may be the cause of lower DO levels 
during the summer. On the contrary, in previous studies 
conducted in watercourses in Egypt, the highest DO 
values were recorded in autumn (20) and winter (22,24). 
Generally, the changes observed in the values of different 
physicochemical parameters and the seasons that showed 
the highest values, as compared to previous studies 
in Egypt, are expected as the years pass, for two main 
reasons. These include increased urbanization, which in 
turn leads to more anthropogenic activities contaminating 
water sources, and global warming, which threatens the 
environment worldwide and affects different ecological 
systems, including aquatic ecosystems.

Heavy metals pose a health threat because they are 
non-biodegradable and accumulate in the tissues of 
different organisms. Regular monitoring of surface 
waters is mandatory to protect aquatic fauna and human 
beings (29). In the current study, the highest median Pb 
concentration was observed at Helwan Water Station, 
followed by Gezeret El-Qurateyeen. Also, the highest 
maximum Pb concentration was observed at Helwan 
Water Station, followed by West Cairo Electric Station. 
In 2016, Abdel-Satar et al. (22) reported a maximum Pb 
concentration of 51.4 µg/L from Nile River samples. they 
reported that lead sources include municipal sewage and 
industrial waste, as well as ship effluents discharged into 
the Nile River (30,31). The consequences of exposure 
to high lead concentrations include inhibition of 
hemoglobin synthesis, dysfunction of the reproductive 
and renal systems, and teratogenic effects (32,33). 

Regarding Fe, the highest median value was detected in 
El-Kanater, followed by Ring Road-Warraq. In contrast, 
the highest maximum concentrations were observed at 
Helwan Water Station and El-Manial. The detected Fe 
levels were within the permissible limit (1000 µg/L). By 
the same token, Abdel-Khalek et al. (34) recorded Fe 
concentration of 230 µg/L in the Nile River at El-Kanater, 
whereas Abdel-Satar (35) and Abdel-Satar et al. (22) 
reported high Fe concentrations in Nile samples, 1180 
and 2211 µg/L, respectively. It was found that different 
metallurgical industries, pigments, paints, and textile 
industries, in addition to fertilizers, herbicides, and 

corrosion of iron pipes, are the main sources of Fe in water 
(30). Iron contamination can cause stomach problems, 
nausea, diarrhea, vomiting, gastrointestinal tract damage, 
liver disorders, and brain damage (36).

The highest median Zn concentration in the present 
work was recorded at Helwan Water Station, followed 
by El-Kanater. On the other hand, the highest maximum 
concentration was observed in both Kobry El-Maraziq 
and El-Kanater. The detected Zn concentrations 
exceeded the permissible limit (5 mg/L). In the same vein, 
Abdel-Satar et al. (22) recorded high Zn concentrations 
(115 µg/L) in many sites along the Nile River. It was 
demonstrated that the major sources of Zn in water 
are electroplating, smelting and refining, biocides and 
fertilizers, batteries, pigments, and paint industries (30). 
High Zn concentrations result in vomiting, diarrhea, 
jaundice, and liver and kidney damage (32,33).

The highest median and maximum Cd concentrations 
were recorded in Kobry El-Maraziq. Also, El-Andalos 
had the highest median Cd concentration, while Gezeret 
El-Qurateyeen had the highest concentration. For Cu, 
the highest median and maximum concentrations were 
observed in Rod El-Farag, followed by El Maady (second-
highest median) and Ring Road-Warraq (second-highest 
maximum). Regarding Ca, Kobry El-Maraziq showed 
the highest median concentration, followed by El-
Andalos, Rod El-Farag, and El-Kanater. In addition, the 
highest maximum Ca concentration was observed in 
El-Manial, followed by El-Andalos. Fortunately, these 
concentrations were within the accepted limits for Cd (5 
µg/L), Cu (2000 µg/L), and Ca (200 mg/L). Our results 
match those of Abdel-Satar et al. (22), who reported Cu 
and Ca concentrations within permissible levels, with a 
maximum Cu concentration of 50.5 µg/L. At the same 
time, the Ca concentration in Nile River water was 41.16 
mg/L; however, they detected Cd concentrations above 
the permissible limit (8.1 µg/L). The main sources of Cd 
in water are anthropogenic activities, metal smelting and 
refining, fossil fuel burning, phosphate fertilizers, and 
sewage sludge (30). High concentrations of Cd lead to 
hepatic, pulmonary, reproductive, and renal disorders 
(32,33). Copper, on the other hand, comes from biocides, 
fertilizers, fuel, the electroplating industry, smelting, 
refining, and pigment, paint, and alloy industries (30). 
Increased Cu concentration can lead to headache, nausea, 
vomiting, diarrhea, and kidney dysfunction (32,33).

The present work demonstrated seasonal variation in 
Pb, Fe, and Zn concentrations, with spring and winter 
showing the highest median and maximum concentrations 
of Pb. In contrast, the highest concentrations of Fe were 
observed in summer and spring. Regarding Zn, the 
highest median was recorded in summer, followed by 
spring, whereas the highest maximum concentration was 
observed in summer, followed by autumn. 

The highest median Cd concentration was observed in 
autumn, followed by spring, while the highest maximum 
concentrations were observed in winter and autumn. 
For Cu, the highest median concentration was recorded 
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in spring, followed by autumn. On the other hand, the 
maximum concentrations were observed in autumn, 
followed by winter. Regarding Ca, autumn followed 
by winter showed the highest median and maximum 
concentrations. In the same vein, Abdel-Satar et al. (22) 
observed the highest Ca concentrations in autumn (41.16 
mg/L) and winter (28.62 mg/L), and a pronounced increase 
in Cd concentrations in winter. Generally, temporal and 
spatial variations in metal concentrations in water bodies 
depend on factors such as weathering, climate conditions, 
soil type, pH, redox potential, and dilution capacity 
(37). Moreover, water flow may determine increases or 
decreases in metal concentrations in a given season (22).

Amongst 96 examined water samples, no adenoviruses 
were detected. Adenoviruses are among the best-studied 
DNA viruses; they are usually more abundant than 
RNA viruses in surface waters, making them a suitable 
indicator of viral contamination in aquatic systems (38). 
Fortunately, they were not detected in Nile River samples 
from the sites we investigated. However, they had been 
previously detected in rivers and other surface waters 
in New Zealand (39), South Korea (40), the USA (41), 
Benin (42), and Japan (43). This indicated that there 
were no emerging viral pollutants in the investigated sites 
of the current work. On the other hand, 97.92% of the 
investigated samples in the present work were positive for 
eukaryotes, including microscopic fungi, microalgae, and 
parasites. These results coincide with the findings of El-
Khayat et al. (44), who reported that 100% of the samples 
collected from Nile River water at Greater Cairo sites 
were positive for Naegleria sp., 52.08% for Acanthamoeba 
sp., and 33.33% for Cryptosporidium oocysts. Also, in 
our study, 93.75% of samples contained Gram-positive 
bacteria, while 6.25% were positive for Gram-negative 
bacteria. These results are in line with those of El-Khayat 
et al. (44), who reported the occurrence of coliforms 
at all investigated sites in the Nile River, with five sites 
exceeding the permissible limit for total coliforms in 
surface water (500 MPN/100 mL) (45). It was reported 
that Gram-negative bacteria are among the top human 
bacterial pathogens and exhibit the highest resistance. 
The most critical group on this list includes members 
of Enterobacteriaceae (i.e., Klebsiella, Escherichia coli, 
Serratia, and Proteus), Acinetobacter, and Pseudomonas. 
They could cause health problems such as bloodstream 
infections and pneumonia, which can lead to mortality 
(46). 

The current study indicated that the highest number 
of positive Gram-positive samples was recorded in 
summer and autumn, while the richest season for Gram-
negative bacteria was spring. This matches the findings 
of El-Khayat et al. (44), who reported the highest mean 
total coliform count, including Gram-negative bacteria 
belonging to the Enterobacter, Klebsiella, and Citrobacter 
genera, as well as E. coli, in Nile River samples collected 
in spring. Furthermore, Reittera et al. (47) postulated 
that summer had a higher number of detected coliform 
bacteria than winter, and they attributed this to the role of 

high temperatures, which enhance bacterial proliferation. 
The highest percentage of positive eukaryotic samples in 
the current study was observed in summer. This coincides 
with the results of Miranda and Krishnakumar (48), who 
demonstrated that microalgal density increased in the 
dry months, characterized by lower water levels due to 
evaporation, thereby increasing nutrient concentration 
and promoting an increase in the diversity and density 
of microalgae. Moreover, Kumar and Datta (49) reported 
that algal growth was highest in summer. Only two 
samples in the autumn of the current study were negative 
for eukaryotes. These two samples were collected from 
Helwan Water Station. This station was shown to be 
negative for Acanthamoba sp. and Cryptosporidium 
oocysts in the study of El-Khayat et al. (44) on parasites of 
Nile River at Greater Cairo. 

Seasonal variations of DNA concentrations in different 
Nile River sites were investigated. The highest DNA 
concentration in summer was observed in Gezeret El-
Qurateyeen, followed by El-Hwamdeya. Similarly, El-
Khayat et al. (44) found that Gezeret El-Qurateyeen 
witnessed the highest number of total coliforms (1100 
MPN/100 mL) in summer. In the autumn of the present 
study, El-Kanater, followed by El-Manial, witnessed the 
highest DNA concentrations. Also, El-Khayat et al. (44) 
reported a high number of total coliforms in El-Manial 
in autumn. In the current study, Gezeret El-Qurateyeen 
and West Cairo Electric Station showed the highest DNA 
concentrations in winter. In contrast, Gezeret El-Warraq 
and Ring Road-Warraq showed the highest in spring. 
These results are in line with those of Saad et al. (50) and 
El-Khayat et al. (44), who recorded high total coliform 
in Nile River samples from Warraq in spring. On the 
other hand, the lowest DNA concentrations in summer, 
autumn, winter, and spring of the present work were 
recorded at West Cairo Electric Station, El-Hwamdeya, El-
Andalos, and Helwan Water Station. By the same token, 
El-Khayat et al. (44) showed low total coliform numbers 
in El-Andalos and Helwan Water Station in winter and 
spring, respectively. Also, Reittera et al. (47) found lower 
coliform bacterial counts in winter and reported that 
low temperatures are not suitable for the growth of most 
bacteria. 

The highest total DNA concentration in the present 
study was observed in Gezeret El-Qurateyeen, followed 
by Ring Road-Warraq and Gezeret El-Warraq. At the 
same time, Helwan Water Station showed the lowest total 
DNA concentration during the study year. These results 
are consistent with those of El-Khayat et al. (44), who 
demonstrated that Gezeret El-Qurateyeen was among the 
most contaminated sites for total coliforms. In contrast, 
Helwan Water Station was the least contaminated site 
for coliforms and parasites. The Gezeret El-Qurateyeen 
and El-Warraq areas are crowded with casinos and boats 
that discharge their wastewater directly into the Nile 
River. Furthermore, fishermen at Gezeret El-Qurateeyeen 
use fermented tree waste as bait to catch fish, thereby 
contaminating the Nile’s water with more bacteria and 
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parasites (44). 
Our results on seasonal variation in total DNA 

concentration indicated that spring had the highest 
concentration, while summer had the lowest. El-Khayat 
et al. (44) reported a similar result, with spring as the 
richest season for total coliforms (633.42 MPN/100 
mL), Acanthamoeba sp. (18.75% positive samples), 
Cryptosporidium oocysts (12.5% positive samples), and 
Naegleria sp.

The correlation matrix for the study variables was 
divided into 11 principal components (PCs). The positive 
correlation between temperature and eukaryotes in the 
current work matches the findings of Saad et al. (20), 
who reported a strong positive correlation between 
temperature and one of the most ubiquitous fungal 
genera in watercourses of Gharbeya Governorate, Egypt: 
Aspergillus sp. Moreover, Abdel-Wareth and Sayed (24) 
demonstrated that most fungal genera that were isolated 
from water bodies in the same governorate were positively 
correlated with temperature. This can be explained by 
the ability of filamentous fungi to tolerate a wide range 
of temperatures (16.05 °C–30.75 °C) (20). In addition, 
as temperature increases, evaporation rates increase, 
concentrating nutrients in the water, which eventually 
leads to enhanced microalgal productivity (51). 

The observed positive correlation between pH and 
eukaryotes in the present study is consistent with the 
findings of Saad et al. (20), who reported a positive 
correlation between pH and a group of fungi known as 
phycomycetes. Similarly, Abdel-Wareth and Sayed (24) 
reported a positive relationship between Mucor sp. and 
Rhizopus sp. (phycomycetes) and pH in water canals in 
Giza Governorate, Egypt. Also, Asan et al. (52) observed a 
positive correlation between waterborne fungal abundance 
and pH. Eukaryotes in the current work showed negative 
correlations with Pb, Zn, Cd, Ca, and Fe. This might be 
attributed to the toxicity of these metals to fungi and 
microalgae, or to the ability of these microorganisms to 
sequester them via specific mechanisms (21,53).

Additionally, PC2 contained Gram-positive bacteria, 
which were negatively correlated with Gram- negative 
bacteria, eukaryotes, Fe, Zn, Cd, and Ca. Gram-positive 
bacteria are more sensitive to xenobiotics than Gram-
negative bacteria (54); hence, the latter can coexist with 
different heavy metals without being affected. Although 
Gram-positive bacteria in the current study showed a 
strong positive correlation with total dissolved solids 
(TDS) and Pb, Gram-negative bacteria and eukaryotes 
were negatively correlated with these two parameters. 
A similar positive correlation was observed between 
fecal streptococci (Gram-positive bacteria) and TDS, 
whereas E. coli (Gram-negative bacterium) was negatively 
correlated with TDS in Nile River water samples (55). 
The negative correlation between eukaryotes and TDS 
can be explained by the fact that, as TDS increases, it acts 
as a barrier to light penetration into the water, thereby 
preventing photosynthetic microalgae from growing well 
and decreasing their density (48). 

In PC3, there was a positive correlation between Gram-
positive bacteria and both temperature and pH, whereas 
Gram-negative bacteria were negatively correlated with 
those. In the same context, Abdel Rahim et al. (55) 
recorded a positive correlation between temperature 
and fecal streptococci, but a negative relation with E. 
coli. It was found that higher temperatures increase 
the productivity of a water body by boosting bacterial 
metabolism and nutrient cycling rates (56). The 
correlation between dissolved oxygen and Gram-negative 
bacteria in our study was positive, while dissolved oxygen 
and Gram-positive bacteria were negatively correlated. 
By the same token, Abdel Rahim et al. (55) observed a 
negative correlation between DO and Gram-positive fecal 
streptococci, whereas a positive correlation was observed 
between DO and E. coli in Nile River samples from Sohag 
Governorate, Egypt.

The main limitations of this study are the unavailability 
of cheap, rapid tools that can detect microbiome 
composition both qualitatively and quantitatively, and 
the lack of sensitive, cost-effective heavy-metal detectors 
that can determine the concentrations of multiple heavy 
metals in situ simultaneously.

Conclusion
Microbiome type and density varied during the year of 
the study. Eukaryotes were not detected in one of the 
investigated sites, and Gram-positive bacteria were more 
dominant than Gram-negative bacteria. The detection 
of these bacteria indicated biological pollution of the 
Nile’s water at the investigated sites. Moreover, the 
dominance of eukaryotes might indicate the presence 
of pathogenic fungi and parasites. Also, changes in the 
physicochemical characteristics of Nile River water, along 
with contamination with high concentrations of Pb and 
Zn, demonstrated that Nile water was exposed to excessive 
effluents. The correlation between physicochemical 
parameters and the microbiome showed that the observed 
seasonal variations might favor the proliferation of 
existing pathogenic microorganisms or the emergence 
of new pathogens. Regular monitoring of surface water 
is necessary to collect recent data. Also, urbanization 
should be regulated by law so that socioeconomic 
activities are reduced, and their impact on water quality 
and, consequently, on human health is controlled. Future 
studies should focus on enhancing monitoring and data 
collection methods, studying interactions among various 
parameters, developing more advanced detection and 
analytical techniques for the microbiome, and developing 
predictive models that incorporate physicochemical and 
biological factors to address the future status of Nile River 
water quality.

Acknowledgments
The authors are thankful to Theodor Bilharz Research Institute, 
Giza, Egypt. 

Authors’ Contribution
Conceptualization: Hanaa M. M. El-Khayat



El-Khayat et al

Environ Health Eng Manag 2026;13:166510

Data curation: Hanaa M. M. El-Khayat, Mohamed A. Shemis, 
Samah Mamdouh, Wafaa A. Mohammed
Formal analysis: Marwa Tamim A. Abdel-Wareth, Wafaa A. 
Mohammed
Investigation: Hanaa M. M. El-Khayat, Mohamed A. Shemis, Wafaa 
A. Mohammed
Methodology: Hanaa M. M. El-Khayat, Mohamed A. Shemis, Wafaa 
A. Mohammed
Project administration: Hanaa M. M. El-Khayat
Resources: Hanaa M. M. El-Khayat, Mohamed A. Shemis
Supervision: Hanaa M. M. El-Khayat
Validation: Hanaa M. M. El-Khayat
Visualization: Marwa Tamim A. Abdel-Wareth, Samah Mamdouh
Writing–original draft: Marwa Tamim A. Abdel-Wareth, Samah 
Mamdouh
Writing–review & editing: Marwa Tamim A. Abdel-Wareth

Competing Interests 
The authors declare that there are no competing interests.

Ethical Approval 
The authors hereby certify that all data collected during the study 
are as stated in the manuscript, and no data from the study have 
been or will be published separately elsewhere.

Funding
This work was supported by Theodor Bilharz Research Institute 
(grant number: 104 C).

Supplementary Files 
Supplementary File 1 contains Table S1, and Figures S1 and S2. 

References
1.	 Numberger D, Zoccarato L, Woodhouse J, Ganzert L, Sauer 

S, Márquez JR, et al. Urbanization promotes specific bacteria 
in freshwater microbiomes including potential pathogens. 
Sci Total Environ 2022;845:157321. doi:10.1016/j.
scitotenv.2022.157321

2.	 del Giorgio PA, Duarte CM. Respiration in the open ocean. 
Nature 2002;420(6914):379-84. doi:10.1038/nature01165

3.	 Raymond PA, Hartmann J, Lauerwald R, Sobek S, McDonald 
C, Hoover M, et al. Global carbon dioxide emissions from 
inland waters. Nature 2013;503(7476):355-9. doi:10.1038/
nature12760

4.	 Crevecoeur S, Ruiz-González C, Prairie YT, Del Giorgio PA. 
Large-scale biogeography and environmental regulation of 
methanotrophic bacteria across boreal inland waters. Mol 
Ecol 2019;28(18):4181-96. doi:10.1111/mec.15223

5.	 Aufdenkampe AK, Mayorga E, Raymond PA, Melack JM, 
Doney SC, Alin SR, et al. Riverine coupling of biogeochemical 
cycles between land, oceans, and atmosphere. Front Ecol 
Environ 2011;9(1):53-60. doi:10.1890/100014

6.	 Gudasz C, Bastviken D, Steger K, Premke K, Sobek S, Tranvik 
LJ. Temperature-controlled organic carbon mineralization in 
lake sediments. Nature 2010;466(7305):478-81. doi:10.1038/
nature09186

7.	 Grimm NB, Faeth SH, Golubiewski NE, Redman CL, Wu J, 
Bai X, et al. Global change and the ecology of cities. Science 
2008;319(5864):756-60. doi:10.1126/science.1150195

8.	 Wang H, Edwards MA, Falkinham JO 3rd, Pruden A. Probiotic 
approach to pathogen control in premise plumbing systems? 
A review. Environ Sci Technol 2013;47(18):10117-28. 
doi:10.1021/es402455r

9.	 Premke K, Wurzbacher C, Felsmann K, Fabian J, Taube 
R, Bodmer P, et al. Large-scale sampling of the freshwater 
microbiome suggests pollution-driven ecosystem 
changes. Environ Pollut 2022;308:119627. doi:10.1016/j.
envpol.2022.119627

10.	 Veach AM, Troia MJ, Cregger MA. Assessing biogeographic 

survey gaps in bacterial diversity knowledge: a global 
synthesis of freshwaters. Freshw Biol 2021;66(8):1595-605. 
doi:10.1111/fwb.13777

11.	 Wurzbacher C, Attermeyer K, Kettner MT, Flintrop C, 
Warthmann N, Hilt S, et al. DNA metabarcoding of 
unfractionated water samples relates phyto-, zoo- and 
bacterioplankton dynamics and reveals a single-taxon 
bacterial bloom. Environ Microbiol Rep 2017;9(4):383-8. 
doi:10.1111/1758-2229.12540

12.	 da Silva GVR, Castañeda-Ruiz RF, Malosso E. Comparison 
of aquatic hyphomycetes communities between lotic 
and lentic environments in the Atlantic rain forest of 
Pernambuco, Northeast Brazil. Fungal Biol 2019;123(9):660-
8. doi:10.1016/j.funbio.2019.05.013

13.	 McLellan SL, Fisher JC, Newton RJ. The microbiome 
of urban waters. Int Microbiol 2015;18(3):141-9. 
doi:10.2436/20.1501.01.244

14.	 Newton RJ, McLellan SL, Dila DK, Vineis JH, Morrison 
HG, Eren AM, et al. Sewage reflects the microbiomes of 
human populations. mBio 2015;6(2):e02574. doi:10.1128/
mBio.02574-14

15.	 Ibekwe AM, Ma J, Murinda SE. Bacterial community 
composition and structure in an urban river impacted by 
different pollutant sources. Sci Total Environ 2016;566-
567:1176-85. doi:10.1016/j.scitotenv.2016.05.168

16.	 Cacciò SM, De Giacomo M, Aulicino FA, Pozio E. Giardia 
cysts in wastewater treatment plants in Italy. Appl Environ 
Microbiol 2003;69(6):3393-8. doi:10.1128/aem.69.6.3393-
3398.2003

17.	 Webster G, Newberry CJ, Fry JC, Weightman AJ. Assessment 
of bacterial community structure in the deep sub-seafloor 
biosphere by 16S rDNA-based techniques: a cautionary tale. 
J Microbiol Methods 2003;55(1):155-64. doi:10.1016/s0167-
7012(03)00140-4

18.	 Alexandrino M, Grohmann E, Szewzyk U. Optimization of 
PCR-based methods for rapid detection of Campylobacter 
jejuni, Campylobacter coli and Yersinia enterocolitica serovar 
0:3 in wastewater samples. Water Res 2004;38(5):1340-6. 
doi:10.1016/j.watres.2003.10.036

19.	 Lemarchand K, Berthiaume F, Maynard C, Harel J, Payment P, 
Bayardelle P, et al. Optimization of microbial DNA extraction 
and purification from raw wastewater samples for downstream 
pathogen detection by microarrays. J Microbiol Methods 
2005;63(2):115-26. doi:10.1016/j.mimet.2005.02.021

20.	 Saad AA, Ragab FM, Mekawey AA, Abdel-Wareth MT. Seasonal 
variations of fungi associated with some freshwater snails in 
four Egyptian governorates. J Environ Sci 2014;28(4):27-51.

21.	 Okasha H, Abdel-Motleb A, Abdel-Wareth MT. Metallothionein 
expression in Aspergillus exposed to environmentally relevant 
concentrations of heavy metals at different pH levels. Environ 
Sci Pollut Res Int 2021;28(36):49936-48. doi:10.1007/
s11356-021-14237-2

22.	 Abdel-Satar AM, Ali MH, Goher ME. Indices of water quality 
and metal pollution of Nile River, Egypt. Egypt J Aquat Res 
2017;43(1):21-9. doi:10.1016/j.ejar.2016.12.006

23.	 El Deeb FA, El-Shenawy NS, Soliman MF, Mansour SA. 
Freshwater snail distribution related to physicochemical 
parameters and aquatic macrophytes in Giza and Kafr El-
Shiekh governorates, Egypt. Int J Vet Sci Res 2017;3(1):8-13. 
doi:10.17352/ijvsr.000015

24.	 Abdel-Wareth MT, Sayed SS. Association pattern between 
freshwater snails and fungi in relation to water quality 
parameters in two Egyptian governorates. Egypt J Aquat Biol 
Fish 2023;27(1):179-201. doi:10.21608/ejabf.2023.284650

25.	 Warrence NJ, Bauder JW, Pearson KE. Basics of Salinity and 
Sodicity Effects on Soil Physical Properties. Bozeman, MT: 
Departement of Land Resources and Environmental Sciences, 
Montana State University; 2002.

26.	 Ezzat SM, Mahdy MA, Abo-State MA, Abd El-Shakour EH, 

https://doi.org/10.1016/j.scitotenv.2022.157321
https://doi.org/10.1016/j.scitotenv.2022.157321
https://doi.org/10.1038/nature01165
https://doi.org/10.1038/nature12760
https://doi.org/10.1038/nature12760
https://doi.org/10.1111/mec.15223
https://doi.org/10.1890/100014
https://doi.org/10.1038/nature09186
https://doi.org/10.1038/nature09186
https://doi.org/10.1126/science.1150195
https://doi.org/10.1021/es402455r
https://doi.org/10.1016/j.envpol.2022.119627
https://doi.org/10.1016/j.envpol.2022.119627
https://doi.org/10.1111/fwb.13777
https://doi.org/10.1111/1758-2229.12540
https://doi.org/10.1016/j.funbio.2019.05.013
https://doi.org/10.2436/20.1501.01.244
https://doi.org/10.1128/mBio.02574-14
https://doi.org/10.1128/mBio.02574-14
https://doi.org/10.1016/j.scitotenv.2016.05.168
https://doi.org/10.1128/aem.69.6.3393-3398.2003
https://doi.org/10.1128/aem.69.6.3393-3398.2003
https://doi.org/10.1016/s0167-7012(03)00140-4
https://doi.org/10.1016/s0167-7012(03)00140-4
https://doi.org/10.1016/j.watres.2003.10.036
https://doi.org/10.1016/j.mimet.2005.02.021
https://doi.org/10.1007/s11356-021-14237-2
https://doi.org/10.1007/s11356-021-14237-2
https://doi.org/10.1016/j.ejar.2016.12.006
https://doi.org/10.17352/ijvsr.000015
https://doi.org/10.﻿21608/ejabf.2023.284650


Environ Health Eng Manag 2026;13:1665 11

El-Khayat et al

El Bahnasawy MA. Water quality assessment of River Nile at 
Rosetta branch: impact of drains discharge. Middle East J Sci Res 
2012;12(4):413-23. doi:10.5829/idosi.mejsr.2012.12.4.1694

27.	 Shammi M, Karmakar B, Rahman MM, Islam MS, Rahaman R, 
Uddin MK. Assessment of salinity hazard of irrigation water 
quality in monsoon season of Batiaghata Upazila, Khulna 
district, Bangladesh and adaptation strategies. Pollution 
2016;2(2):183-97. doi:10.7508/pj.2016.02.007

28.	 Ravindra K, Ameena, Meenakshi, Monika, Rani, Kaushik A. 
Seasonal variations in physico-chemical characteristics of 
River Yamuna in Haryana and its ecological best-designated 
use. J Environ Monit 2003;5(3):419-26. doi:10.1039/
b301723k

29.	 Mason CF. Biology of freshwater pollution. London: Longman 
Scientific and Technical Group; 1991.

30.	 Zaidi J, Pal V. Review on heavy metal pollution in major lakes 
of India: remediation through plants. Afr J Environ Sci Technol 
2017;11(6):255-65. doi:10.5897/AJEST2017.2299

31.	 Ibrahim SA, Tayel SI. Effect of heavy metals on gills of Tilapia 
zillii inhabiting the River Nile water (Damietta branch) and El-
Rahawy drain. Egypt J Aquat Biol Fish 2005;9:111-28.

32.	 Malik D, Singh S, Thakur J, Singh RK, Kaur A, Nijhawan S. 
Heavy metal pollution of the Yamuna River: an introspection. 
Int J Curr Microbiol Appl Sci 2014;3(10):856-63.

33.	 Jana S, Mahanti B, Sur D. Presence and source of 
toxic heavy metals in Camellia sinensis shoot. Int 
J Pharm Sci Res 2017;8(6):2402-7. doi:10.13040/
IJPSR.0975-8232.8(6).2402-07

34.	 Abdel-Khalek AA, Elhaddad E, Mamdouh S, Marie MA. 
Assessment of metal pollution around sabal drainage in 
River Nile and its impacts on bioaccumulation level, metals 
correlation and human risk hazard using Oreochromis niloticus 
as a bioindicator. Turk J Fish Aquat Sci 2016;16(2):227-39. 
doi:10.4194/1303-2712-v16_2_02 

35.	 Abdel-Satar AM. Water quality assessment of River Nile from 
Idfo to Cairo. Egypt J Aquat Res 2005;31(2):200-23.

36.	 Sarkar A, Shekhar S. Iron contamination in the waters of Upper 
Yamuna basin. Groundw Sustain Dev. 2018; 7: 421-429.  :doi ‏
10.1016/j.gsd.2017.12.011

37.	 Sarkar A, Shekhar S. Iron contamination in the waters of 
Upper Yamuna basin. Groundw Sustain Dev 2018;7:421-9. 
doi:10.1016/j.gsd.2017.12.011

38.	 Islam MS, Proshad R, Ahmed S. Ecological risk of heavy 
metals in sediment of an urban river in Bangladesh. Hum Ecol 
Risk Assess 2018;24(3):699-720. doi:10.1080/10807039.201
7.1397499

39.	 Pina S, Puig M, Lucena F, Jofre J, Girones R. Viral pollution in 
the environment and in shellfish: human adenovirus detection 
by PCR as an index of human viruses. Appl Environ Microbiol 
1998;64(9):3376-82. doi:10.1128/aem.64.9.3376-3382.1998

40.	 Greening GE, Hewitt J, Lewis GD. Evaluation of integrated cell 
culture-PCR (C-PCR) for virological analysis of environmental 
samples. J Appl Microbiol 2002;93(5):745-50. doi:10.1046/
j.1365-2672.2002.01741.x

41.	 Lee SH, Lee C, Lee KW, Cho HB, Kim SJ. The simultaneous 
detection of both enteroviruses and adenoviruses in 
environmental water samples including tap water with an 
integrated cell culture-multiplex-nested PCR procedure. J 
Appl Microbiol 2005;98(5):1020-9. doi:10.1111/j.1365-
2672.2004.02496.x

42.	 Choi S, Jiang SC. Real-time PCR quantification of human 

adenoviruses in urban rivers indicates genome prevalence but 
low infectivity. Appl Environ Microbiol 2005;71(11):7426-33. 
doi:10.1128/aem.71.11.7426-7433.2005

43.	 Verheyen J, Timmen-Wego M, Laudien R, Boussaad I, Sen 
S, Koc A, et al. Detection of adenoviruses and rotaviruses 
in drinking water sources used in rural areas of Benin, 
West Africa. Appl Environ Microbiol 2009;75(9):2798-801. 
doi:10.1128/aem.01807-08

44.	 Haramoto E, Kitajima M, Katayama H, Ohgaki S. Real-
time PCR detection of adenoviruses, polyomaviruses, 
and torque teno viruses in river water in Japan. Water Res 
2010;44(6):1747-52. doi:10.1016/j.watres.2009.11.043

45.	 El-Khayat HM, El-Wakil ES, Abdel-Motleb A, Abdel-Aziz 
W, Abdel-Wareth MT. Bacteriological, parasitological and 
chemical pollution of Nile River water at some Greater Cairo 
sites. Int J Environ Stud 2022;79(4):731-47. doi:10.1080/0020
7233.2021.1954454

46.	 Saliba L. Legal and economic implication in developing 
criteria and standards. In: Kay D, Hanbury R, eds. Recreational 
Water Quality Management. Chichester: Ellis Horwood; 
1993. p. 57-73.

47.	 World Health Organization (WHO). Global Priority List of 
Antibiotic-Resistant Bacteria to Guide Research, Discovery, 
and Development of New Antibiotics. Geneva: WHO; 2017

48.	 Reitter C, Petzoldt H, Korth A, Schwab F, Stange C, Hambsch 
B, et al. Seasonal dynamics in the number and composition of 
coliform bacteria in drinking water reservoirs. Sci Total Environ 
2021;787:147539. doi:10.1016/j.scitotenv.2021.147539

49.	 Miranda J, Krishnakumar G. Microalgal diversity in relation 
to the physicochemical parameters of some industrial 
sites in Mangalore, South India. Environ Monit Assess 
2015;187(11):664. doi:10.1007/s10661-015-4871-1

50.	 Kumar S, Datta SP. Studies on phytoplanktonic population 
dynamics in Kunjwani pond, Jammu. Hydrobiologia 
1991;7:55-9.

51.	 Saad AA, Mostafa BB, Saad El-Din S, El-Magd ED, Azzam AM. 
Studies on some bacterial species in certain River Nile sites at 
Great Cairo, Egypt. J Environ Sci 2012;10(1):25-37.

52.	 Yusuf ZH. Phytoplankton as bioindicators of water quality in 
Nasarawa reservoir, Katsina State Nigeria. Acta Limnol Bras 
2020;32:e4. doi:10.1590/S2179-975X3319

53.	 Asan A, Kirgiz T, Sen B, Camur-Elipek B, Guner U, Guher H. 
Isolation, identification and seasonal distribution of airborne 
and waterborne fungi in Terkos Lake (Istanbul-Turkey). J Basic 
Microbiol 2003;43(2):83-95. doi:10.1002/jobm.200390017

54.	 Chugh M, Kumar L, Shah MP, Bharadvaja N. Algal 
Bioremediation of heavy metals: an insight into removal 
mechanisms, recovery of by-products, challenges, and future 
opportunities. Energy Nexus 2022;7:100129. doi:10.1016/j.
nexus.2022.100129

55.	 Exner M, Bhattacharya S, Christiansen B, Gebel J, Goroncy-
Bermes P, Hartemann P, et al. Antibiotic resistance: what is 
so special about multidrug-resistant gram-negative bacteria? 
GMS Hyg Infect Control 2017;12:Doc05. doi:10.3205/
dgkh000290

56.	 Abdel Rahim KA, Hassanein AM, Younis MS, Heikal AA. 
Correlation between physico-chemical and microbiological 
characteristics of River Nile water in Sohag governorate, 
Egypt. J Pure Appl Microbiol 2013;7:63-77.

57.	 Klapper H. Control of Eutrophication in Inland Waters. West 
Hughes: Ellis Hord Wood Ltd; 1991.

https://doi.org/10.5829/idosi.mejsr.2012.12.4.1694
https://doi.org/10.7508/pj.2016.02.007
https://doi.org/10.1039/b301723k
https://doi.org/10.1039/b301723k
https://doi.org/10.5897/AJEST2017.2299
https://doi.org/10.13040/IJPSR.0975-8232.8(6).2402-07
https://doi.org/10.13040/IJPSR.0975-8232.8(6).2402-07
https://doi.org/10.4194/1303-2712-v16_2_02
https://doi.org/10.1016/j.gsd.2017.12.011
https://doi.org/10.1080/10807039.2017.1397499
https://doi.org/10.1080/10807039.2017.1397499
https://doi.org/10.1128/aem.64.9.3376-3382.1998
https://doi.org/10.1046/j.1365-2672.2002.01741.x
https://doi.org/10.1046/j.1365-2672.2002.01741.x
https://doi.org/10.1111/j.1365-2672.2004.02496.x
https://doi.org/10.1111/j.1365-2672.2004.02496.x
https://doi.org/10.1128/aem.71.11.7426-7433.2005
https://doi.org/10.1128/aem.01807-08
https://doi.org/10.1016/j.watres.2009.11.043
https://doi.org/10.1080/00207233.2021.1954454
https://doi.org/10.1080/00207233.2021.1954454
https://doi.org/10.1016/j.scitotenv.2021.147539
https://doi.org/10.1007/s10661-015-4871-1
https://doi.org/10.1590/S2179-975X3319
https://doi.org/10.1002/jobm.200390017
https://doi.org/10.1016/j.nexus.2022.100129
https://doi.org/10.1016/j.nexus.2022.100129
https://doi.org/10.3205/dgkh000290
https://doi.org/10.3205/dgkh000290

