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Abstract
Background  Groundwater is a vital freshwater resource, especially in rural areas; however, its microbial communities 
remain largely unexplored beyond traditional culture-dependent strategies. This study aimed to comprehensively 
analyze microbial communities in groundwater, with a focus on bacterial indicators of fecal pollution, pathogenic 
microorganisms, the antimicrobial resistome, virulence factors (VFs), and mobile genetic elements (MGEs). Nine 
groundwater samples comprising three replicates from three different hand pumps, representing different locations 
with different levels of contamination in Toukh, Qalyubia, Egypt, were analyzed by shotgun metagenomics.

Results  Taxonomic analysis identified Pseudomonadota as the dominant phylum across all pumps. Interestingly, 
species richness was significantly higher in pump 3 than in either pump 1 or 2. Besides, non-metric multidimensional 
scaling analysis showed distinct microbial community compositions across the three pumps. Bacterial indicators 
of fecal pollution, including Escherichia coli and Salmonella enterica, were highly abundant, alongside pathogenic 
microorganisms such as Pseudomonas aeruginosa in all pumps. VF genes, like hsiB1/vipA, associated with P. aeruginosa 
pathogenicity, were highly abundant in pumps 1 and 2. Antimicrobial resistance genes (ARGs), encoding resistance 
to aminoglycosides, beta-lactams, tetracyclines, and sulfonamides, were detected in all pumps. Among MGEs, 
insertion sequences were generally more abundant than plasmids and integrons, and several ARGs were genomically 
colocalized with MGEs, which suggests a strong potential for ARG mobilization by horizontal gene transfer.

Conclusions  These findings highlight the critical need for monitoring groundwater quality to mitigate antimicrobial 
resistance (AMR) and other health threats.
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Introduction
Groundwater is an essential resource for sustaining life 
on Earth, providing drinking water and driving economic 
activities. In addition to being an ancient source of pota-
ble water, its critical role in agriculture, livestock, and 
food processing has significantly boosted food produc-
tion since the 1970s, particularly in semi-arid and arid 
regions with scarce rain and surface waters. Currently, 
agriculture consumes 70% of global groundwater, serving 
38% of irrigated lands. By 2050, groundwater develop-
ment could enhance agricultural productivity and eco-
nomic growth to meet the anticipated 50% increase in 
food demand (UNESCO 2022).

Despite this great significance, the quality of ground-
water is increasingly threatened by human activities, 
including industrial and agricultural activities, which 
discharge various pollutants into this vital resource. 
These pollutants include antibiotics and antimicrobial-
resistant bacteria (ARB) (Liu et al. 2023). The improper 
use of wastewater in irrigation, such as the direct use 
of untreated or partially treated wastewater, can cause 
soil contamination by pathogens, antibiotics, and toxic 
chemicals, such as heavy metals, which may contaminate 
groundwater (Li et al. 2016; Farid et al. 2019). Addition-
ally, 49% of antibiotics administered to humans or ani-
mals are excreted in urine, representing a major threat of 
increasing antimicrobial resistance (AMR) if wastewater 
containing this urine reaches groundwater (Polianciuc 
et al. 2020). This situation is a great depiction of the one 
health concept, which links human, animal, and environ-
mental health in an inseparable continuum (Hernando-
Amado et al. 2019).

Globally, the contamination of groundwater by antibi-
otics and the associated rise in AMR have triggered sig-
nificant concern (Szekeres et al. 2018; Liu et al. 2023). 
AMR is a complex problem with a profound influence on 
human health. According to the World Health Organi-
zation (WHO), AMR is one of the major causes of pro-
longed illnesses, resulting in longer stays at hospitals and 
increased mortality rates. In addition, AMR increases the 
frequency of sepsis and sepsis-associated mortality, par-
ticularly in immunocompromised patients (Nanayakkara 
et al. 2021).

Given the various sources of contamination affect-
ing groundwater, such contamination is believed to play 
a pivotal role in exacerbating AMR and facilitating its 
spread. However, most research on antimicrobial resis-
tance genes (ARGs) focused on surface water, e.g., rivers, 
lakes (Nomoto et al. 2024; Díaz-Torres et al. 2024; Huang 
et al. 2024), with only limited studies on groundwater (Jia 
et al. 2019; Yan et al. 2021).

In Egypt, previous studies on groundwater quality 
have solely relied on traditional microbiological, cul-
ture-dependent techniques, which reveal less than 1% of 

the true microbial diversity, leaving most of these com-
munities virtually untapped (Vaz-Moreira et al. 2011). 
Hassanein and colleagues (2012) showed the micro-
biological contamination of shallow groundwater in 
Dakahlia, Qena, and Sohag (Hassanein et al. 2012). In 
Qaluybiya, Ewida and co-workers (2021) reported the 
pollution of shallow groundwater with iron and man-
ganese in concentrations above the allowed limits. 
Microorganisms in heavy-metal-polluted water acquire 
mechanisms to adapt to the presence of heavy metals 
(Ewida et al. 2021). Moreover, heavy metals serve as co-
selecting agents that can enhance resistance to both anti-
microbials and heavy metals through co-resistance and 
cross-resistance (Nguyen et al. 2019).

To avoid the limitations of previous studies and obtain 
a less biased, more comprehensive profile of the actual 
microbial diversity in groundwater, this study used cul-
ture-independent shotgun metagenomics to investigate 
microbial assemblages in rural groundwater. The objec-
tives include identifying microbial communities, with a 
focus on bacterial indicators of fecal pollution and poten-
tial pathogens, in addition to the profiling of ARGs, viru-
lence factors (VFs) and mobile genetic elements (MGEs). 
By providing a comprehensive overview of microbial and 
genetic contamination, this work enhances our under-
standing of groundwater pollution and emphasizes the 
importance of a radical one health approach to address 
AMR and its potential impacts on public health and eco-
logical sustainability.

Materials and methods
Sample collection
Nine freshwater samples, consisting of three replicates 
from each of three different hand pumps located in 
Toukh, Qalyubia, Egypt, were collected between March 
and July 2023 (Fig. 1). Because weather and rain strongly 
affect groundwater composition, the samples were col-
lected around 6–7 AM, during spring and early summer 
months, when that area of Egypt typically experiences 
dry weather with minimal precipitation and stable tem-
peratures. Pump 1 (30° 20’ 27.14” N, 31° 11’ 37.69"E) 
drawing groundwater at a depth of 35 meters is sur-
rounded by agricultural fields and a cemetery, with the 
nearest residential area located approximately 500 meters 
away. Pump 2 (30° 20’ 42.69"N, 31° 11’ 46.35"E) draw-
ing groundwater at a depth of 30 meters, is adjacent to 
residential buildings lacking sewage infrastructure, with 
inhabitants relying on swage tanks for waste disposal. 
Additionally, there is an agricultural field in its vicin-
ity. Pump 3 (30° 20’ 56.4036"N, 31° 12’ 15.3468"E) draws 
groundwater at a depth of 28 meters and is situated 
within a residential area, where buildings are intercon-
nected with a regular sewage system.
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Each sample replicate consisted of 10 L of groundwater, 
collected in sterile glass bottles, which were only opened 
within the water flow to minimize the risk of airborne 
contamination. Replicates were collected on separate 
days. Of note, pumps were flushed before sample collec-
tion, which ensures the removal of stagnant water that 
may not accurately represent groundwater quality. The 

samples were then transported to the laboratory for pro-
cessing within four hours of sampling. Upon arrival at the 
laboratory, samples were filtered through mixed cellulose 
ester (MCE) membrane filters with a pore size of 0.2 μm 
(Merck-Millipore, Burlington, MA, USA) using Milli-
pore Masterflex I/P peristaltic pump (Cole-Parmer Co., 

Fig. 1  Location of the hand pumps. (A) Geographic location of Toukh City, Qalyubia, Egypt (B) Satellite images showing the precise locations of the hand 
pumps where groundwater samples were collected, together with field photographs of the hand pumps
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Vernon Hills, IL, USA). Filter membranes were stored at 
-20°C until DNA extraction.

DNA isolation and shotgun sequencing
For each replicate, the membrane filter was cut into small 
pieces and placed into a 50 mL sterile tube. Genomic 
DNA extraction from all samples was conducted using 
DNeasy PowerSoil Kit (Qiagen, Valencia, USA), following 
the manufacturer’s protocol with a slight modification by 
adding 6 µL of lysozyme (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) and 60 µL of proteinase K (Qiagen, 
Hilden, Germany) to the PowerBead tube buffer in the 
initial step of the extraction process. Extracted metage-
nomic DNA was sent for shotgun sequencing using Illu-
mina NovaSeq 6000 paired-end sequencing with a pair 
read length of 150 bp (Novogene, Beijing, China).

The raw reads for this study are available through the 
NCBI Sequence Read Archive (SRA) with BioProject 
accession PRJNA1196429.

Sequence quality control, taxonomic assignment, 
identification of fecal indicators and potential pathogenic 
microorganisms
FASTQ files from all samples were processed for qual-
ity control using fastp v 0.23.4 (Chen et al. 2018) with 
the default parameters to filter out low-quality reads and 
trim low-quality bases.

High quality reads were used for taxonomic classifica-
tion using Kraken2 v.2.1.3 (Lu et al. 2022) with the default 
parameters, which mapped reads against the Kraken 
database PlusPF. This database includes RefSeq entries 
for archaea, bacteria, viruses, plasmids, human, UniVec_
Core, protozoa, and fungi (​h​t​t​p​​s​:​/​​/​b​e​n​​l​a​​n​g​m​​e​a​d​​.​g​i​t​​h​u​​b​.​i​​o​
/​a​​w​s​-​i​​n​d​​e​x​e​s​/​k​2).

Kraken2 reports provided taxonomic information for 
the desired taxonomic ranks, then relative abundance 
estimation was conducted using Bracken v2.9 (Lu et al. 
2017) with the default parameters. Visualization of the 
results was performed using the interactive browser 
application Pavian (Breitwieser and Salzberg 2020).

Alpha diversity metrics, including the Shannon index 
and richness, were calculated at the species level by the R 
package phyloseq v1.48.0 (McMurdie and Holmes 2012), 
while evenness was calculated with the vegan package 
v2.7.0 (Oksanen et al. 2024). To test the significance of 
the alpha diversity metrics, an ANOVA test was per-
formed in R, followed by the Dunn-Sidak correction for 
adjusted p-value calculation (R Core Team 2024). Beta 
diversity was calculated using the Bray-Curtis dissimilar-
ity metric with the phyloseq package v1.48.0 (McMurdie 
and Holmes 2012). Visualizations were generated using 
the ggplot2 package v3.5.1 (Valero-Mora 2010).

The names of common bacterial indicators of fecal 
pollution, such as Escherichia coli, Enterococcus spp., 

Bacteroidetes spp., and Clostridium perfringens, were 
obtained from the literature (Byappanahalli et al. 2012; 
Dubin and Pamer 2014; Richiardi et al. 2023). Then, 
the relative abundance of these bacterial species was 
extracted from Bracken reports.

For the identification of potential pathogenic micro-
organisms, Kraken reports were converted into the 
MetaPhlAn output format using KrakenTools (Lu et al. 
2022). The MetaPhlAn reports were submitted to Micro-
PhenoDB web application (Yao et al. 2020) to identify the 
potential, pathogenic microorganisms in each sample. 
MicroPhenoDB (Yao et al. 2020) includes the databases 
of disease phenotypes and pathogenic microorganisms. 
The identified microorganisms scores above 0.3 were 
found to have higher confidence of microbe-disease asso-
ciation, therefore a filtration step was applied, retain-
ing only those microorganisms with scores above this 
threshold.

De novo assembly and assessment of VFs and ARGs
Quality-filtered sequence reads were assembled into con-
tigs by the MEGAHIT software v1.2.9 (Li et al. 2015), 
with the default parameters. Redundant contigs were 
removed by sequence clustering at 95% identity with 
the cd-hit-est tool v.4.8.1(Fu et al. 2012). The following 
parameters were used for clustering: -M 0 (an option to 
use all available memory), -T 0 (an option to use all avail-
able CPU cores), -c 0.95 (sequences must be at least 95% 
identical to be clustered together), and -n 10 (word length 
or k-mer size of 10). Open reading frames (ORFs) were 
predicted from assembled contigs by prodigal v2.6.3 with 
the “meta” mode, specific for metagenomic sequences 
(Hyatt et al. 2010).

ABRicate v.1.0.0 (Seemann 2020) was used for the 
detection of VFs and ARGs in ORFs by annotating them 
against the Virulence Factor Database (VFD) (Chen et al. 
2016) and NCBI Bacterial Antimicrobial Resistance Ref-
erence Gene Database (Feldgarden et al. 2019) with all 
other parameters set to default.

Normalized relative abundances of annotated VFs and 
ARGs in reads per kilobase per million reads (RPKM), 
were estimated using the BBMap tool (Bushnell 2015) by 
aligning the metagenomic reads against the nucleotide 
ORFs generated by Prodigal.

Identification of MGEs
To annotate contigs for plasmid detection, we used the 
plasmidVerify tool (Antipov et al. 2019), which uses an 
HMMER-based hmmsearch (Finn et al. 2011) against the 
Pfam A database (Mistry et al. 2021) to identify plasmids 
through a naïve Bayesian classifier. For the detection of 
integrons, we used Integron-Finder v2.0.2 (Néron et al. 
2022). Finally, insertion sequences (IS) were identified 
using isescan v1.7.2.3 (Xie and Tang 2017). Statistical 

https://benlangmead.github.io/aws-indexes/k2
https://benlangmead.github.io/aws-indexes/k2
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significance of the abundance of plasmids, integrons, and 
IS across the pumps was tested using an ANOVA test in 
R, followed by the Dunn-Sidak correction for adjusted 
p-value calculations (R Core Team 2024).

Results
Sequence data and statistics
Shotgun metagenomic sequencing of the nine ground-
water samples generated 530,443,338 reads. On average, 
43.92 to 71.15  million reads were obtained per sample 
(Supplementary Table 1). An average of 99.30% (range: 
99.10–99.40%) of reads per sample passed QC.

De novo assembly was performed, resulting in contigs 
ranging in number from 812,100 to 1,377,927 per pump, 
with an average N50 of 800 bp per pump (precisely 894 
for pump1, 876 for pump2, and 630 for pump3, Supple-
mentary Table 2).

Taxonomic profiles and relative abundance of taxa across 
different pumps
Across all samples, sequences were assigned to 84 phyla, 
698 families, and 2,580 genera. On average, 56.90% of the 
reads in each sample were unclassified (Supplementary 
Table 3).

Across all three pumps, Pseudomonadota was observed 
as the dominant phylum (Supplementary Fig. 1), and had 
its highest relative abundance in pump 2 (39.66% of the 
total reads), compared to 27.88% in pump 1 and 12.90% 
in pump 3.

Following Pseudomonadota, Actinomycetota was 
the second most abundant phylum, with its maximum 
relative abundance in pump 2 (13.82%). In contrast, the 
abundance of Actinomycetota in the remaining pumps 
remained below 10%. Other than these two phyla, pump 
1 showed a relatively higher abundance of Bacillota, 
accounting for 2.38% of the total number of reads.

The dominant classes varied among the three pumps. 
In pump 1, Betaproteobacteria was the most abun-
dant class (13.30%), followed by Gammaproteobacteria 
(7.29%). In contrast, Gammaproteobacteria dominated 
the microbial community in pump 2 with an abundance 
of 20.94%, followed by Actinomycetes (13.60%). In pump 
3, Actinomycetes was the most abundant class (6.71%), 
followed by Betaproteobacteria (4.89%).

At the family level, pump 1 had a remarkable repre-
sentation of the Comamonadaceae family (a diverse 
family of the Betaproteobacteria, belonging to the order 
Burkholderiales), constituting approximately 6.01%. In 
contrast, the most abundant families in pump 2 were 
Xanthomonadaceae and Moraxellaceae, whose relative 
abundances were 7.75% and 7.35%, respectively. Pump 3 
had adistinct composition, with Mycobacteriaceae as the 
most abundant family, accounting for 2.14%.

At the genus level, Acidovorax was the most abundant 
in pump 1 (4.07%). In pump 2, Acinetobacter and Steno-
trophomonas had equal relative abundance of 7.23% each. 
In pump 3, Mycobacterium (1.46%) was the most abun-
dant genus.

In terms of diversity, which was calculated at the species 
level, pump 3 showed the highest alpha diversity, but no 
significant difference in the Shannon index was observed 
between pumps (Supplementary Fig. 2). Similarly, even-
ness was not significantly different. However, pump 3 had 
the highest richness, with significant pairwise differences 
between pump 3 and pump 1 (p = 0.0047), and between 
pump 3 and pump 2 (p = 0.0021). This pattern suggests 
that pump 3, the least contaminated site, supports a more 
diverse and richer microbial community.

Beta diversity analysis was estimated as the Bray-Curtis 
measure of dissimilarity. A non-metric multidimensional 
scaling (NMDS) plot, representing the replicates from 
the three pumps, confirms that the inter-pump variabil-
ity across microbial communities of the three pumps was 
higher than the intra-pump (between replicates) variabil-
ity (Supplementary Fig. 3).

Fecal indicators and common human pathogens
The microbial quality of groundwater is commonly 
assessed by the detection of fecal indicator bacteria, 
which are normally present in high numbers in the feces 
of humans and animals. Therefore, their presence in 
groundwater strongly indicates fecal (sewage) pollution 
and refers to a higher likelihood that fecal-related patho-
gens are present (Kaushik et al. 2014). The metagenomic 
analysis comprehensively detected a range of fecal indi-
cators in the groundwater samples (Fig.  2). The highest 
abundance of fecal indicators, with diverse species, was 
in pump 1. Bacteroides spp. were identified as the most 
abundant fecal indicator in pump 1. Additionally, E. coli 
was among the most abundant species across all pumps 
with relative abundances (in RPKM) as follows: pump 1 
(0.0065), pump 2 (0.0068), and pump 3 (0.0045), followed 
by Salmonella enterica, whose abundance in RPKM was 
0.0034 (pump 1), 0.0033, (pump 2), and 0.0034 (pump 3).

Regarding microbial taxa with known pathogenic 
members, pump 1 had the highest diversity and abun-
dance of potentially pathogenic species, followed by 
pump 2 then pump 3. Pseudomonas aeruginosa, with rel-
ative abundances–in RPKM–as follows: pump 1 (0.0317), 
pump 2 (0.0458), and pump 3 (0.0214), was the dominant 
species of potential human pathogen across all pumps. It 
was followed by E. coli, then Salmonella. Mycobacterium 
tuberculosis, Bacteroides fragilis, and Clostridium per-
fringens had their highest abundance in pump 1 (Fig. 3).
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Antimicrobial resistance genes
Each pump’s resistome was characterized based on the 
antibiotic classes to which resistance was conferred. In 
total, 58 unique ARGs were detected, encoding resis-
tance to 14 different antibiotic classes. Pump 1 had 27 
ARGs associated with 9 drug classes, with resistance to 
tetracyclines being the most frequently detected (rela-
tive abundance of 21.19 RPKM), primarily represented 
by tet(44) and tet(C). Resistance to aminoglycosides was 
the second most frequently represented by ARGs (18.73 
RPKM), mostly represented by the aph(3’)-IIIa gene. 
Other frequently identified resistance genes were those 
encoding resistance to sulfonamides (relative ARG abun-
dance of 8.9 RPKM) and carbapenems (relative ARG 
abundance of 8.8 RPKM), with the main ARGs being 

sul2 and blaOXA−651, respectively. Moreover, pump 2 had 
32 ARGs linked to resistance to 11 drug classes, with 
those conferring resistance to aminoglycosides being 
the most frequently detected ARGs (relative abundance 
of 96.75 RPKM), represented by ant(3’’)-IIa, aph(3’)-IIc, 
and aph(6)-Id. ARGs encoding resistance to carbapen-
ems and other beta-lactams were the next most abundant 
ones (25.04 RPKM and 18.75 RPKM, respectively), repre-
sented by ARG blaL1 and blaL2, respectively. The microbi-
omes of pump 3, however, only had 11 ARGs, associated 
with resistance to seven drug classes, predominantly ami-
noglycosides (10.9 RPKM), represented by ARG aph(3’)-
IIIa, aph(6)-Id; and beta-lactams (6.3 RPKM), e.g., ARG 
blaRSD2−2. Overall, pumps 2 and 1 had higher antimi-
crobial resistance potential than pump 3, as reflected by 

Fig. 2  Heatmap illustrating the relative abundance of fecal indicators in groundwater samples from pump 1, pump 2, and pump 3. The two dendrograms 
(top and left) represent hierarchical clustering of samples and fecal indicator species, respectively
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the highest number of distinct ARGs (32 and 27, respec-
tively) spanning the widest range of antibiotic classes (11 
and 9, respectively) (Fig. 4A, B).

Virulence factors
Forty-seven VF genes were identified across the three 
pumps, belonging to six VF superfamilies: adherence, 
invasion, motility, immune modulation, nutritional/met-
abolic factors, and regulation. The distribution of VFs 
largely varied among the three pumps. Pump 2 had the 
most diverse range of VF genes, with the predominant 
ones being (i) hsiB1/vipA encoding type VI secretion sys-
tem tubule-forming protein VipA (6.72 RPKM), which 
enhances the virulence to Pseudomonas aeruginosa, (ii) 
isocitrate lyase (icl) (6.1 RPKM), a gene encoding prob-
able GTP pyrophosphokinase (relA) (5.4 RPKM), and the 
transcriptional positive regulator-encoding gene phoP 
(4.9 RPKM), which are associated with the virulence of 
Mycobacterium tuberculosis. Pump 3, the second-most 
diverse in terms of VFs, had the highest relative abun-
dance of esxN, encoding ESX-5 type VII secretion sys-
tem (16.7 RPKM) and esxM, encoding ESX-5 type VII 
secretion system EsxB (7.5 RPKM), both of which are 
related to the pathogenicity of Mycobacterium tubercu-
losis. In contrast, pump 1 had the lowest diversity and 
abundance of VF genes, with only two genes identified 
in detectable amounts (Fig.  5): hsiB1/vipA, encoding a 

type VI secretion system tubule-forming protein VipA 
(7.27 RPKM) and the acyl carrier protein-encoding gene, 
acpXL (7.4 RPKM).

This distribution of VF genes indicates that even mini-
mally contaminated groundwater may serve as a reser-
voir for virulence traits.

Mobile genetic elements
The abundance of three classes of MGEs (plasmids, IS, 
and integrons) varied across the three pumps (Fig.  6). 
Overall, insertion sequences were more abundant than 
plasmids and integrons in all pumps. Pump 3 had the 
highest abundance of MGEs across all pumps.

The distribution of plasmid abundance indicated that 
pump 1 metagenomic replicates had the lowest levels, 
with an average abundance of 6,422.45 RPKM (range: 
6,014.31- 7,061.44), followed by pump 2 replicates with 
the (mean = 7,027.64 RPKM; range: 6,476–7,886.82). 
The highest plasmid abundance was observed in pump 
3 replicates (mean = 8,186.16 RPKM; range: 8,114.039- 
8,285.406). The plasmid abundance in pump 3 was sig-
nificantly different from that in pump 1 (p-value = 0.022); 
however, no significant difference was observed between 
pump 1 and pump 2.

As for insertion sequences, they had comparable abun-
dances in pump 1 and pump 2, with averages of 8,882.28, 
and 9,255.43 RPKM, respectively, yet lower than their 

Fig. 3  Stacked bar plot showing the relative abundance of pathogenic microorganisms in groundwater samples from pump 1, pump 2, and pump 3
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abundance in pump 3 samples (mean = 10,867.55 RPKM). 
It is worth noting that one of pump 2 replicate samples 
had an outlier (Replicate 2: relative abundance = 14,476.08 
RPKM), the highest abundance among all replicates, 
exceeding that of the other two pumps. Because of this 
high variability, no statistically significant differences 
were detected between the pumps.

Integron abundance was generally lower than that of 
plasmids and IS. Pump 1 and pump 2 showed similar 
abundance with average 1,009.45 and 1,109.36 RPKM 
respectively. Pump 3 demonstrated the highest integron 
abundance across all pumps, with an average of 7,780.76 
RPKM. This abundance was significantly different from 
pump 1 (p = 0.000097) and pump 2 (p = 0.0001) (Fig. 6).

The detected IS were classified into various IS fami-
lies. Overall, IS3, IS5 and IS21 were the most abundant 
across all pumps. The mean relative abundances of IS3 in 
RPKM were 1,903.5 (pump 1), 2507.4 (pump 2), 1249.7 
(pump 3); IS21 in RPKM (pump 1 mean = 1091.8, pump 
2 mean = 997.14, pump 3 mean = 1101.56); IS5 in RPKM 
(pump 1 mean = 981.89, pump 2 mean = 1442.01, pump 
3 mean = 760.24). Pump 3 had the highest diversity and 
abundance of IS families (Supplementary Fig.  4); nota-
bly, families IS200/IS605 and IS110 were highly abundant 
only in pump 3.

Fig. 4  Antimicrobial resistance genes and classes (A) stacked bar plot showing the average abundance of different antimicrobial resistance drug classes 
across the three groundwater replicates from pump 1, pump 2, and pump 3. (B) Heatmap illustrating the scaled average abundance of antimicrobial 
resistance genes across the three groundwater replicates from pump 1, pump 2, and pump 3
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Co-occurrence of ARGs with MGEs
Inspection of annotated contigs revealed that sev-
eral ARGs were colocalized with plasmids and inser-
tion sequences across contigs recovered from the three 
groundwater pumps (Table  1). In pump 1, multiple 
ARGs—including aadA11, tet(C), lnu(A), and aph(6)-
Id—were found on contigs also annotated as plasmid 
sequences. Notably, two of these ARGs, namely aadA11 
and tet(C), were also associated with insertion sequences 
from the IS91 and IS3 families, respectively. Other ARGs, 
such as mef(B), sul2, and blaOXA−20, were located on con-
tigs not annotated as plasmids but carrying insertion 
sequences (IS21, IS91, and IS110).

In the sample from pump 2, ARGs, including aac(3)-II, 
aph(6)-Id, aph(3’’)-Ib, and blaOXA−58, were predominantly 

located on plasmid-associated contigs. However, no 
insertion sequences were detected alongside these genes, 
suggesting plasmid-mediated dissemination without 
known transposable elements.

Like with samples from pump 1, co-occurrence of an 
ARG, plasmid, and insertion sequence was observed 
among sequences from pump 3. Specifically, contig 
k141_749373 harbored blaRSD2−2 along with a plasmid 
and IS256. In contrast, aph(6)-Id in contig k141_267267 
was associated with a plasmid only.

These patterns suggest potential mobilization of ARGs 
through these potential hotspots for horizontal gene 
transfer.

Fig. 5  Heatmap illustrating the scaled average abundance of virulence factors across the three groundwater replicates from pump 1, pump 2, and pump 
3
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Table 1  Antimicrobial resistance genes, plasmids and insertion sequences co-located on the same contigs
Pump Contig name ARG (Antibiotic class) Plasmid Insertion sequence
Pump 1 k141_509352 aadA11(Aminoglycoside) ✔ IS91

k141_664048 tet(C) (Tetracycline) ✔ IS3
k141_453077 lnu(A) (Lincosamide) ✔
k141_601605 aph(6)-Id (Aminoglycoside) ✔
k141_904701 lnu(D) (Lincosamide) ✔
k141_95316 lnu(C) (Lincosamide) ✔
k141_268955 mef(B) (Macrolide) IS21
k141_561264 sul2 (Sulfonamide) IS91
k141_854039 blaOXA−20 (Beta-lactam) IS110

Pump 2 k141_146179 lnu(A) (Lincosamide) ✔
k141_285742 aac(3)-II (Aminoglycoside) ✔
k141_395895 aph(6)-Id,

aph(3’’)-Ib (Aminoglycoside)
✔

k141_496773 blaOXA−58 (Beta-lactam) ✔
k141_651786 mph(E) (Macrolide) ✔
k141_811248 str (Aminoglycoside) ✔

Pump 3 k141_749373 blaRSD2−2 (Beta-lactam) ✔ IS256
k141_267267 aph(6)-Id (Aminoglycoside) ✔

Fig. 6  A dot plot showing the scaled relative abundance of insertions, integrons and plasmids in groundwater samples from pump 1, pump 2, pump 
3. Significant differences in the relative abundance of integrons between pump 3 and pump 1 (p = 0.000097, ANOVA followed by the Dunn-Sidak post 
hoc test), pump 3 and pump 2 (p = 0.0001, ANOVA followed by the Dunn-Sidak post hoc test) and in plasmid abundance between pump 3 and pump 1 
(p = 0.022, ANOVA followed by the Dunn-Sidak post hoc test) were observed
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Discussion
In this study, we comprehensively investigated the micro-
biological quality of groundwater from three hand pumps 
in a rural area through shotgun metagenomic analysis. 
We examined the taxonomic profiles of microbial com-
munities to identify potential pathogens and bacterial 
indicators of fecal pollution. Furthermore, we studied the 
antimicrobial resistome, VFs, and MGEs present in these 
samples.

The composition of microbial communities in this 
study revealed that Pseudomonadota was the dominant 
phylum across all pumps. However, significant variabil-
ity between pumps was observed at lower taxonomic 
ranks (such as class, order, and family). This observa-
tion aligns with the findings from the meta-analyses of 
global groundwater (Liu et al. 2023). These results sug-
gest that, while groundwater microbial communities 
share a similar pattern at higher taxonomic levels, they 
have site-specific differences at finer taxonomic scales. 
These differences are more definitive and probably reflect 
localized environmental influences, such as differences in 
sewage disposal and proximity to agricultural fields—fac-
tors that can influence the extent of fecal contamination, 
which is an important determinant affecting microbial 
diversity (Paruch et al. 2019).

Further bioinformatics analysis showed considerable 
intra-pump diversity, represented by a high number of 
species in all pumps: pump 1: 10,362, pump 2: 10,210, 
pump 3: 10,357. Microbial diversity in groundwater 
can vary significantly based on factors such as geology, 
hydrology, and human activities. In some cases, ground-
water has been found to harbor high microbial diversity. 
For example, a study comparing microbial communi-
ties in surface and groundwater (Ji et al. 2022) reported 
greater microbial richness and diversity in groundwa-
ter when compared with surface water. However, other 
research indicates that microbial diversity in groundwa-
ter is generally low, especially in pristine groundwater, 
reviewed in (Griebler and Lueders 2009). The observed 
lower microbial richness and diversity in pumps 1 and 2, 
which are likely the most contaminated sites, align with 
findings that ecosystems with higher levels of fecal pollu-
tion exhibit lower microbial diversity (Paruch et al. 2019). 
Paruch and colleagues demonstrated that rural waters 
with minimal fecal contamination had the highest micro-
bial diversity, whereas urban waters with significant fecal 
pollution showed substantially reduced diversity (Paruch 
et al. 2019). This suggests that lower fecal contamination 
may help preserve the natural diversity of microbial com-
munities in groundwater ecosystems. Such a concept also 
applies to several human or other host-associated micro-
biomes: diversity is often inversely correlated with dis-
ease (Kim et al. 2023), pollution (Sazykina et al. 2022), or 
external infection (Ruiz-Tagle et al. 2023).

Additionally, groundwater samples analyzed in this 
study showed distinct inter-pump diversity consistent 
with the observations of the global groundwater meta-
analysis (Liu et al. 2023), indicating a site-specific compo-
sition of each microbiome. Similarly, Yan and colleagues 
(2020) demonstrated significant bacterial community 
diversity between microbial communities from near-sur-
face groundwater samples, even when they grouped the 
wells by hydrochemical traits, emphasizing that micro-
bial communities provide a higher resolution for distin-
guishing wells than hydrochemical characteristics alone 
(Yan et al. 2020).

The groundwater samples analyzed in this study 
revealed the presence of multiple bacterial species indic-
ative of fecal contamination, including Escherichia coli, 
Salmonella enterica, Clostridium perfringens, Vibrio 
cholerae, and various species of Bacteroides (e.g., Bac-
teroides fragilis and Bacteroides faecis). Additionally, 
several Enterococcus species, such as Enterococcus fae-
calis and Enterococcus faecium, were detected across all 
pumps. These findings align with a study conducted on 
182 wells in Italy, where 77.5% of samples exhibited fecal 
contamination, with E. coli, Salmonella, total coliforms, 
and Enterococcus species identified as key indicators 
(De Giglio et al. 2017). Similarly, a study of 50 tubewells 
in rural Bangladesh detected fecal bacteria, including E. 
coli, Shigella, and Vibrio spp., indicating widespread con-
tamination (Ferguson et al. 2012).

The findings are consistent with research conducted 
in Morocco, which studied 144 groundwater wells and 
reported contamination by fecal coliforms, total coli-
forms, fecal streptococci, and Pseudomonas aeruginosa 
at levels exceeding WHO and Moroccan standards. The 
contamination in that study was attributed to microbial 
pollution from agricultural manure and animal excre-
tions due to insufficient well protection (Lotfi et al. 2020).

In this study, pumps 1 and 2 had higher levels of fecal 
contamination indicators compared to pump 3, likely 
due to their proximity to agricultural fields, consistent 
with the observations of the Moroccan study (Lotfi et 
al. 2020). This observation highlights the influence of 
agricultural practices on groundwater quality and the 
need for improved protection and regular monitoring of 
groundwater sources in such settings.

Regarding potentially pathogenic microorganisms, 
Pseudomonas aeruginosa, E. coli, Salmonella, and Myco-
bacterium tuberculosis were detected in the studied 
groundwater samples. These pathogens have been pre-
viously identified as primary contaminants in ground-
water (Krauss and Griebler 2011; Pandey et al. 2014; 
Dong et al. 2024). As previously highlighted in literature, 
groundwater contamination can arise from multiple 
sources, including leakage from septic tanks or sewage 
systems, runoff from agricultural fields, and the dispersal 
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of manure (Pandey et al. 2014; Dong et al. 2024). In our 
study, pumps 1 and 2 exhibited a higher diversity of 
pathogenic microorganisms, likely related to their loca-
tions. Pump 1 is located next to agricultural fields, where 
runoff and manure application may contribute to con-
tamination. Pump 2, on the other hand, is adjacent to res-
idential buildings that lack proper sewage infrastructure, 
with waste being managed through septic tanks, and is 
also near an agricultural field. These findings emphasize 
the influence of agriculture and inadequate wastewater 
management on groundwater quality in these areas.

All such results, however, must always be taken with 
caution, since within any of these bacterial taxa, some 
strains are pathogenic and some are not. Thus, support-
ing taxonomic findings with the detection of virulence 
genes, discussed below, is important.

The ability of pathogenic microorganisms to infect 
hosts and overcome host defense mechanisms is largely 
mediated by virulence factors (Beceiro et al. 2013). Here 
we explored virulence factor genes in the metagenomes 
of the studied groundwater samples to assess bacte-
rial pathogenicity. Forty-seven VF genes were identified 
across all three pumps, exhibiting variation among the 
pumps. Overall, the groundwater microbiome from 
pump 2 had the most diverse range of VF genes, possibly 
because of agricultural runoffs and sewage contamina-
tion, which potentially increase the abundance and diver-
sity of virulence factors carried by potential pathogens 
(Zhu et al. 2022; Su et al. 2024).

These factors were primarily associated with three 
key virulence mechanisms: (1) invasion, such as type VI 
secretion system tubule-forming protein VipA (encoded 
by hsiB1/vipA), which play a role in the pathogenicity of 
Pseudomonas aeruginosa (Hood et al. 2010), (2) immune 
modulation, e.g., ESX-5 type VII secretion system and 
transcriptional positive regulator, PhoP, (encoded by 
esxN and esxM), which are crucial for the survival and 
ability of pathogenic Mycobacterium tuberculosis to 
cause disease (Houben et al. 2014; He et al. 2016), and (3) 
nutritional/metabolic factors like RelA, which is a critical 
regulator in Mycobacterium tuberculosis In their meta-
analysis of the global groundwater, Liu and colleagues 
reported a different set of virulence factors associated 
with motility and adherence, as well as the lipopolysac-
charide (LPS), which is known for its endotoxin activity 
(Liu et al. 2023).

More specifically, we found that one of the highly abun-
dant VF genes in pump 1 and pump 2, hsiB1/vipA, plays 
a role in the pathogenicity of Pseudomonas aeruginosa 
(Lossi et al. 2013), which is also among the most abun-
dant pathogens in these samples. This suggests a link 
between VF abundance and the dominant pathogenic 
microbial taxa. However, a direct correlation between 
the most abundant virulence factors and the most 

dominant pathogenic microorganisms is not necessarily 
to be expected. Many virulence genes can be horizon-
tally transferred via phages and conjugative transposons, 
enabling their presence in multiple bacterial species, 
including non-pathogenic community members (Frost et 
al. 2005).

ARGs tend to vary between environments, and their 
abundance is influenced by local antibiotic consumption 
patterns in humans, animals and agriculture (Zhang et 
al. 2015; Cedeño-Muñoz et al. 2024). In our study, ARGs 
identified groundwater included resistance to aminogly-
cosides, beta-lactams, tetracyclines, and sulfonamides 
which are commonly used in Egyptian community 
pharmacies(Sabry et al. 2014) and these results are con-
sistent with those highlighted by Szekeres and colleagues 
(Szekeres et al. 2018) and Yang and colleagues (Yang et 
al. 2024). In contrast, Liu and colleagues (Liu et al. 2023) 
reported rifamycin, polyketide, and quinolone resistance 
genes as the most abundant. This suggests regional differ-
ences in ARG profiles potentially due to distinct antibi-
otic usage and environmental factors.

Overall, pump 2 had the highest abundance and diver-
sity of ARGs, along with the broadest range of antibiotic 
classes to which resistance is potentially conferred, fol-
lowed by pump 1 and pump 3. This pattern aligns with 
the environmental context of the sampling sites. Pump 2 
is the most susceptible to contamination due to the com-
bined impact of inadequate sewage disposal and poten-
tial agricultural runoff from adjacent fields, both of which 
have been strongly linked to elevated AMR abundance 
and diversity (Karkman et al. 2019; Fernanda et al. 2022). 
Pump 1, albeit less impacted, is exposed to agricultural 
runoff, which likely contributed to its intermediate AMR 
levels. This gradient in contamination potential (pump 
2 > pump 1 > pump 3) helps explain the observed varia-
tion in ARG profiles. These findings underscore the pub-
lic health risks posed by untreated groundwater sources, 
particularly from pumps 2 and 1, and support the notion 
that groundwater can serve as a global reservoir for AMR 
(Andrade et al. 2020).

In our study, we identified various MGEs, includ-
ing plasmids, insertion sequences, and integrons in 
all pumps; their abundance varied between pumps 
though IS were more abundant than plasmids and inte-
grons across all pumps. Insertion sequences are indeed 
among the most abundant MGEs, both in environmen-
tal samples (Elbehery et al. 2017; Li et al. 2020) and 
microbial genomes (Touchon and Rocha 2007). Their 
prevalence is underscored by findings that transposase 
genes, the hallmark of insertion sequences, were the 
most abundant genes among over 10  million protein-
coding sequences analyzed from sequenced genomes and 
metagenomes (Aziz et al. 2010). This high abundance 
of insertion sequences is probably attributable to their 
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small size, self-propagating nature, simplicity, minimal 
genetic requirements, and indispensable role in genome 
plasticity and environmental adaptation (Siguier et al. 
2015). Despite the relatively high abundance of MGEs 
in pump 3, the abundance of VFs and ARGs was com-
paratively low, suggesting that MGEs are not always 
associated with increased pathogenicity and resistance. 
Integrons are notably abundant in both hospital-associ-
ated groundwater(Liu et al. 2024) and pristine environ-
ments, such as the South China Sea (Chen et al. 2013), 
and soil from Arctic regions (McCann et al. 2019). Plas-
mids correlated with ARG transfer in different environ-
ments. For example, they facilitate the HGT of ARGs 
from surface sources to groundwater in livestock farms 
(Lei et al. 2024), and in activated sludge (Zhang et al. 
2011). Interestingly, some of the ARGs detected in the 
pumps were previously reported to have been mobilized 
by MGEs studied. For instance, sulfonamide resistance 
genes, such as sul1, were mobilized through both plas-
mids and integrons, whereas sul2 was predominantly 
transferred with plasmids (Jiang et al. 2019). Additionally, 
the aadA1 gene, which encodes resistance to aminogly-
cosides, was primarily mobilized by integrons (Martínez 
et al. 2007).

Insertion sequences potentially contribute to ARG 
mobility and could modulate their expression (Van-
decraen et al. 2017). Specifically, IS6 family members, 
such as IS26 and IS257, are found on both chromosome 
and plasmids where they help in the rearrangement and 
spread of ARGs (Varani et al. 2021), interestingly, this 
family is detected in all pumps. Additionally, IS families 
IS3, IS5, and IS21 were highly abundant in all pumps, 
while IS200/IS605 and IS110 were highly abundant only 
in pump 3. Remarkably, these IS families have also been 
detected in other aquatic environments, such as the 
Red Sea brine pools, where a weak positive correlation 
between insertion sequences and antimicrobial resis-
tance was observed (Elbehery et al. 2023).

The functional impact of these insertion sequences 
on antimicrobial resistance has been previously docu-
mented. For instance, in Helicobacter pylori, the insertion 
of IS605 into the nitroreductase gene has been linked 
to metronidazole resistance (Debets-Ossenkopp et al. 
1999). Similarly, IS21 has been shown to correlate with 
multiple ARGs in drinking water treatment systems(Gu 
et al. 2022), while IS3 transposases have been found 
flanking the floR gene, which encodes a chloramphenicol 
transporter, in multidrug-resistant Acinetobacter bau-
mannii isolates (Kumburu et al. 2019).

The co-localization of ARGs with MGEs, particularly 
plasmids and insertion sequences underscores a con-
cerning potential for HGT in groundwater microbial 
communities. This association is a hallmark of mobile 
ARGs, which are often embedded in MGEs facilitating 

their dissemination. Insertion sequences are charac-
terized by their ability to transpose segments of DNA, 
including ARGs, from chromosomes to MGEs like plas-
mids that can disseminate these segments across taxo-
nomic barriers (Ebmeyer et al. 2021). This concerted 
interaction between insertion sequences and plasmids 
thus plays a pivotal role in ARG mobilization, explain-
ing why the repeated association between ARGs, plas-
mids and insertion sequences in pumps 1 and 3 could be 
alarming. The tet(C) gene (Table  1) was associated with 
both a plasmid and an IS3 family insertion sequence. 
Interestingly, a similar case has been reported in which 
tet(C) was carried by a plasmid-associated IS26 element 
in nine out of eleven Aeromonas media strains (Shi et al. 
2021). Similarly, aadA9, a variant of the aadA11 amino-
glycoside adenyltransferase gene detected in our study, 
was found to be flanked with exact copies of the inser-
tion sequence IS6100 (a member of the IS6 family) on 
the pTET3 plasmid from Corynebacterium glutamicum 
(Tauch et al. 2002). Remarkably, the frequent detection of 
aminoglycoside resistance genes co-localized with MGEs 
across all pumps probably reflects a pattern seen in both 
pathogenic and nonpathogenic bacterial genomes, espe-
cially with conjugation systems (Lund et al. 2023). Over-
all, these findings point to the role of groundwater as a 
potential reservoir for mobile ARGs, emphasizing the 
public health risk associated with such environmental 
reservoirs of resistance and supporting the One Health 
perspective (Martak et al. 2024).

Conclusions
In conclusion, the studied groundwater samples were 
collected from hand pumps located in areas with vary-
ing levels of contamination: pump 1 was near agricultural 
land; pump 2 was situated close to residential houses 
lacking proper sewage disposal and also near agricultural 
land, while pump 3 was in an area with comparatively 
lower contamination than the other two. This difference 
in location was reflected in the quality of groundwater 
from pumps 1 and 2, which appeared to be inferior to 
that of pump 3, based on the level of contamination with 
bacterial indicators of fecal pollution in addition to the 
levels of potential pathogens, ARGs and VFs, raising an 
alarm concerning the municipal use of these sources of 
groundwater and their associated risks for public health. 
Additionally, the identified ARGs across all samples con-
fer resistance to beta-lactams, tetracyclines, and sulfon-
amides, which are antibiotics commonly used in Egyptian 
community pharmacies. Finally, the detection of several 
potentially mobilizable ARGs, associated with plasmids 
and insertion sequences, highlights the groundwater’s 
potential as a reservoir for antimicrobial resistance with a 
concerning mobility capacity.
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