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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Stenotrophomonas maltophilia is a highly adaptable 

gram-negative bacteria, demonstrating resilience in metal-
contaminated environment, which makes it a key subject for 
understanding microbial survival under heavy metal stress. 
This study investigates the effects of cadmium ions (Cd²⁺) on 
the growth dynamics, cadmium uptake, and bacteriophage vB_
Stm18-host interactions, with implications for environmental 
microbiology and applied biotechnology. Growth analysis 
revealed that S. maltophilia tolerates Cd²⁺ at 0.01 g/L, although 
exposure prolonged the lag phase by 3 hours. Despite the initial 
growth inhibition, the bacterium adapted and achieved control-
like growth levels by 18 hours. Bioaccumulation assays showed 
progressive cadmium uptake, reaching 1876 µg/g at 24 hours, 
highlighting its potential for bioremediation. The influence 
of Cd²⁺ on phage vB_Stm18’s life cycle was assessed through 
adsorption efficiency and burst size measurements. Short-term 
exposure to Cd²⁺ caused minimal reductions in adsorption 
efficiency (97% vs. 98% in control) but significantly decreased 
the burst size to 17 particles per infected cell. Prolonged exposure 
exacerbated these effects, with adsorption efficiency decreasing 
to 58% and burst size dropping to 6 particles per infected 
cell, after 18 hours of pre-incubation. These findings suggest 
that cadmium alters bacterial surface structures, intracellular 
processes and disrupts phage replication and release. Therefore, 
this study sheds light on the molecular interplay between 
environmental pollutants and microbial systems providing 
valuable insights into microbial ecology in metal-contaminated 
habitats as well as informing strategies for optimizing phage 
therapy and bioremediation under heavy metal stress.

Key words. Stenotrophonomas maltophilia, vB_Stm18, Cd2+ ions.
Introduction.

Stenotrophomonas maltophilia is an opportunistic, Gram-
negative bacterium known for its environmental resilience and 
growing significance in both clinical and ecological settings. 
This bacterium thrives in diverse habitats such as soil, water, 
and hospital environments, where it frequently exhibits 
resistance to multiple antibiotics [1]. As a result, S. maltophilia 
has attracted attention not only as a challenging pathogen but 
also as a model organism for understanding microbial survival 
strategies in stressed environment, particularly those containing 
toxic substances like heavy metals [2,3].

Cadmium (Cd²⁺) is a pervasive heavy metal pollutant, 
originating from industrial discharge, mining operations, and 
agricultural runoff. Recognized for its detrimental impacts on 
environmental and human health, cadmium accumulates in soil 

and water, disrupting microbial communities and compromising 
biological functions. Exposure to Cd²⁺ ions can inhibit cellular 
activities, generate oxidative stress, and destabilize membrane 
integrity in microorganisms [4]. However, some bacteria 
including S. maltophilia, display remarkable resilience to 
cadmium employing mechanisms such as biosorption, efflux 
pumps, and the production of protective compounds to tolerate 
or mitigate its toxic effects [5,6]. These capabilities emphasizes 
S. melophilia’s potential role in bioremediation and makes it 
a compelling subject for studies on heavy metal tolerance [6]. 
While considerable research has explored how heavy metals 
impact bacterial physiology, less is known about their effects 
on phage-bacteria dynamics. Bacteriophages, the viruses that 
infect bacteria, are also influenced by their environmental 
conditions. Phage vB_Stm18, which specifically infects S. 
maltophilia, provides a unique lens for investigating how Cd²⁺ 
exposure affects phage-host interactions. Heavy metals can alter 
various stages of the phage life cycle, including adsorption to 
host cells, replication within the host, assembly of new viral 
particles, and lysis for phage release [7]. Investigating these 
interactions under cadmium stress can reveal how environmental 
pollutants shape microbial ecosystems and may offer insights 
into phage therapy applications in contaminated environments. 
In this study, we aim to examine the impact of Cd²⁺ ions on 
the life cycle of S. maltophilia phage vB_Stm18. By analyzing 
stages of phage infection under cadmium exposure, we seek to 
understand how metal-induced stress affects viral propagation 
and bacterial susceptibility. Ultimately, our findings could 
contribute to a broader understanding of microbial adaptation 
in metal-contaminated habitats and share strategies for phage-
based treatments in similar conditions.
Materials and Methods.

Materials that are used in this study: Stenotrophomonas 
maltophilia 18 clinical isolate (George Eliava Collection); 
phage vB_Stm18 (George Eliava Collection); heavy metal- Cd 
2+ ions (CdCl2) (Sigma-Aldrich, Co.,3050 Spruce Street, St. 
Lous, MO 63103 USA) concentrated as -0.01g/l. 
Phage isolation and life cycle characteristics. 

Phage Isolation and Purification: The phage vB_Stm18 
was isolated from wastewater in the Mtkvari River, Tbilisi, 
Georgia. Standard protocols were followed for phage isolation, 
purification, and concentration, referring to previously 
established methods [8,9].

Phage particles were visualized using TEM. A 10 μL phage 
sample containing 3×10¹⁰ PFU/mL was placed on carbon-
coated grids and stained with phosphotungstic acid for negative 
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staining. The stained grids were observed under a Jeol 100-SX 
transmission electron microscope at 100 Kv [8].

To determine phage adsorption, the phage-host mixture (MOI 
= 0.1) was incubated in a water bath at 37°C. Samples taken 
at 0, 5, 10, and 15 minuteswere treated with chloroform, and 
diluted. These dilutions were then plated on BHI agar with 
semi-solid overlays, and unabsorbed phages were titrated after 
24 hours at 37°C [9].

The latent period and burst size of phage were determined by 
mixing 0.1 mL of phage with 0.9 mL of host culture to reach a 
MOI=0.1. After 3minutes of adsorption, the mixture was diluted 
and transferred to a fresh BHI broth for incubation at 37°C. 
Samples were taken every 10 minutes for 90 minutes, plated, 
and incubated for 24 hours at 37°C. Burst size was calculated 
by comparing viral particles after the eclipse phase with those 
during the latent phase [9].
DNA Sequencing and Analyses 

DNA extraction from the phage lysate was carried out 
using the Invitrogen Genomic DNA Mini Kit (Thermo Fisher 
Scientific, Carlsbad, CA, USA). Whole-genome sequencing 
was conducted on the Illumina NovaSeq X system in paired-end 
mode at Macrogen Europe, Amsterdam, Netherlands, utilizing 
a TruSeq PCR-free library preparation with a 350 bp insert 
size. The NovaSeq X 10B flow cell generated 150 bp paired-
end reads, with DNA fragmented mechanically and no spike-
in controls included in the sequencing. Quality control of the 
raw fastq files was performed using FastQC [10] (v0.12.1), and 
the genome was assembled de novo using SPAdes v3.15.3 with 
default parameters [11]. GeneMarks v4.28 was employed for 
predicting open reading frames [12], while Artemis [13] software 
was used for genome annotation. Functional annotation was 
conducted using PHROGs v4 [14]. A circular representation of 
the genome was generated with Geneious software [15]. tRNAs 
were identified using tRNAscan-SE v1.3.1 [16]. The complete 
genome sequence is publicly accessible in GenBank under 
accession number PP554396.1.
Influence of Cadmium Ions on the Growth of the Host Strain

In the preliminary phase of this study, the maximum 
concentration of cadmium ions that did not exhibit inhibitory 
effects on the growth of the host strain was identified. Cadmium 
ions concentrations that were tested includes 0.1 g/L, 0.05 g/L, 
and 0.01 g/L. The strain was inoculated and incubated at a 
titre of 5×105 cfu/ml in each metal concentration for 24 hours 
after which its titre was determined via surface plating. After 
the selection of the non-inhibitory cadmium concentration, 
its influence on the strain's growth curve was evaluated. The 
strain was cultured in BHIB broth supplemented with 0.01 g/L 
cadmium ion, adjusted to a 5×105 cfu/ml titer, and incubated at 
37°C. Growth measurements were recorded at 0, 4, 6, 10, 14, 
18, and 24 hours.
Investigation of Metal Uptake by the Host Strain.

The uptake of metal by the host strain was studied during the 
logarithmic growth phase (A) and stationary phase (B):

A. Cd2+ ions (0.01g/L) were added to the strain culture at a 
titre of 5×105 cfu/ml, and after 24 hours of cultivation, the metal 
concentration was measured.

B. Cd2+ ions (0.01g/L) were added to an overnight bacterial 
culture with a titre of 5×108 CFU/mL and the metal concentration 
was determined at 1, 3, 5, and 24 hours.

The Cd2+ ions concentration in bacterial strain samples was 
determined as follows: the samples were centrifuged at 5000 
g for 30 minutes, and the pellet was resuspended in sterile 
physiological saline. This washing procedure was repeated 
thrice. The samples were dried by lyophilization, weighed, and 
diluted by nitric acid after which the total Cd concentration was 
measured using an atomic absorption spectrometer (Analyst 800 
Perkin Elmer) with an acetylene-air flame on 228.8 nm [17].
Influence of Metal on the Phage Life Cycle.

To evaluate the impact of cadmium ions (Cd²⁺) on the life 
cycle of the phage vB_Stm18, the adsorption efficiency and 
burst size of the phage were assessed under varying durations of 
metal exposure. Three experimental conditions were designed 
to investigate the effects of Cd²⁺ on the bacterial host and 
subsequently the phage interactions:

Immediate Metal Addition (0’): Cd²⁺ ions (0.01 g/L) were 
introduced directly to the experimental setup at the start, with 
no prior incubation of the bacterial host or phage with the metal.

2-Hour Pre-Incubation with Metal (2’): The bacterial strain 
was cultured in a liquid medium supplemented with Cd²⁺ ions 
(0.01 g/L) for 2 hours before initiating the phage adsorption and 
burst size assays.

18-Hour Pre-Incubation with Metal (18’): The bacterial host 
was pre-incubated in a liquid medium containing Cd²⁺ ions 
(0.01 g/L) for 18 hours. Following this extended exposure, the 
strain was used for phage adsorption and burst size evaluations.
Results.
Phage morphology, life cycle characteristics, and genetics:

The phage vB_Stm18, isolated from the Mtkvari River in 2010, 
belongs to the Autographiviridae family. It is characterized by 
stability and rapid adsorption, with 77% adsorbed within 5 
minutes and 98% within 20 minutes, and has a moderate burst 
size of approximately 61 phage particles (Figure 1A-C).

Genome sequencing revealed that vB_Stm18 has a circular 
DNA genome of 43,504 bp with short 421 bp terminal 
repeats. The genome annotation identified 53 open reading 
frames (ORFs) out of which 26 were functionally annotated. 
Specifically, 8 are involved in DNA replication, repair, and 
metabolism; 13 encode DNA packaging and structural proteins; 
and 5 are associated with host lysis. The remaining 27 ORFs 
encode hypothetical proteins with unknown functions (Figure 1D).

The genome of vB_Stm18 does not contain transfer RNA-
encoding regions, nor does it have genes associated with 
antibiotic resistance, virulence, or lysogenic cycle participation.

Phage vB_Stm18 shares significant similarity with only one 
known phage, Stenotrophomonas phage BUCT609 (GenBank: 
MW960043.1), with an average nucleotide identity of 96%.
Cadmium Ions (Cd²⁺) and the Growth of the Host Strain:

The maximum concentration of Cd²⁺ that does not inhibit the 
growth of the Stenotrophomonas maltophilia 18 strain was 
determined. It was found that Cd²⁺ ions at a concentration of 
0.01 g/L do not have a significant adverse effect on the target 
strain (Figure 2A).
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As shown in the growth curve diagrams, the presence of metal 
caused noticeable changes in the Stenotrophomonas maltophilia 
18’s growth pattern compared to the control. The lag phase was 
extended by 3 hours, and growth initiation began only after 6 
hours, reaching levels comparable to the control by 18 hours. 
At this time, the amount of Cd²⁺ ion absorbed by the strain was 
5262 µg/g (Figure 2B).

We used the bacterial strain in its stationary growth phase to 
study the metal uptake ability of Stenotrophomonas maltophilia 
18. Results indicated that within 3 hours, the Cd²⁺ concentration 
uptake was 528 µg/g, after 5 hours it was 580µg/g, and after 24 
hours it reached 1876 µg/g (Figure 2C).
Influence of Metal on the Phage Life Cycle:

To examine the impact of cadmium ions (Cd²⁺) on the phage 
life cycle, Stenotrophomonas maltophilia 18 strain was pre-
incubated with a fixed concentration of Cd²⁺ (0.01g/L) for 
varying durations: 0 hours (Experiment 0'), 2 hours (Experiment 
2'), and 18 hours (Experiment 18'). Under each condition, phage 
adsorption and burst size were evaluated.

In Experiment 0', where cadmium was added immediately 
before initiating the assay, phage adsorption was only minimally 
affected, showing a slight reduction from 98% in the control to 
97% in the test condition. However, significant changes were 
observed in phage burst size, with a marked reduction to only 17 
virions per infected cell as compared to the control.

In Experiment 2', where the bacterial cells were pre-incubated 
with Cd²⁺ for 2 hours, phage adsorption efficiency dropped 
considerably, reaching a maximum of only 77% within 20 

minutes. The burst size declined further, with infected cells 
releasing an average of 15 phage particles.

In Experiment 18', where bacterial cells were pre-incubated 
with Cd²⁺ for 18 hours, the impact on phage adsorption and burst 
size was even more pronounced. Phage adsorption decreased to 
58% within 20 minutes, while the burst size was significantly 
reduced, with only 6 phage particles produced per infected cell.
Discussion.

This study provides a novel exploration of the influence of 
cadmium (Cd²⁺) on the life cycle of the Stenotrophomonas 
maltophilia-specific bacteriophage vB_Stm18, illuminating the 
broader implications of heavy metal contamination on phage-
host interactions. Our findings reveal that cadmium exposure 
disrupts critical phases of the phage life cycle, specifically 
impacting adsorption efficiency and burst size, with effects 
intensifying based on the duration of host pre-incubation with 
cadmium. This investigation, to our knowledge, is among the 
first to focus on how metal stress alters phage-bacterial dynamics 
in an environmental context, offering insights relevant to both 
microbial ecology and potential bioremediation strategies.

This study investigated the influence of cadmium ions (Cd²⁺) on 
the growth and metal uptake capabilities of Stenotrophomonas 
maltophilia. The findings highlight the bacterium’s ability to 
tolerate and accumulate significant amounts of Cd²⁺, despite 
observable physiological disruptions caused by the metal.

Cd²⁺ ions at a concentration of 0.01 g/L were determined to 
be non-lethal to the Stenotrophomonas maltophilia 18 strain, 
providing a baseline for its tolerance threshold. However, 

Figure 1. vB_Stm18 phage biological and genetical characterization: Phage adsorption (A); One step growth cycle (B); TEM image vB_Stm18  
virion (Magnification × 320,000) (C); vB_Stm18  genome map (D). The error bars shown in the table indicate the standard deviation derived from 
three independent experiments.
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Figure 2. Stability, Uptake, and Growth of Stenotrophomonas maltophilia 18 in the Presence of Cd2+ Ions: Stability of Stenotrophomonas 
maltophlilia 18 at different concentrations of Cd2+ ions (0.1g/l Cd2+p=0.0041; 0.05g/l Cd2+ p=0.0041 and 0.01g/l Cd2+ p=0.0009)(A); Cd2+ ions 
uptake properties by Stenotrophomonas maltophlilia 18 (B); Influence of Cd2+ ions on Stenotrophomonas maltophlilia 18 growth curve (p-value: 
0.092)(C). The error bars shown in the table indicate the standard deviation derived from three independent experiments.

Figure 3. Influence of Cd2+ ions on the Phage vB_Stm18  life cycle:  0’- Metal was added directly before initiating the experiment, 2’- 2-hour 
host strain pre-incubation with Cd2+ ions,  18’- 18-hour host strain pre-incubation with Cd2+ ions.  Influence of Cd2+ ions on the phage vB_Stm18 
adsorption percentage (0’ p=0.992); 2’ p=0.0095; 18’ p=0.0003)  (A)Influence of Cd2+ ions on the phage vB_Stm18  burst size (0’ p=0.160; 2’ 
p=0.0012; 18’ p=8.93X10-5)  (B). The error bars shown in the table indicate the standard deviation derived from three independent experiments.
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the presence of Cd²⁺ altered the bacterial growth dynamics. 
The growth curve analysis revealed a substantial delay in 
the lag phase, extending by 3 hours compared to the control 
(Figure 2). This delay likely reflects the metabolic adjustments 
required for the bacterium to adapt to the presence of the 
heavy metal, including activation of stress response systems 
and detoxification pathways[18–20]. Growth resumed after 6 
hours and reached levels comparable to the control by 18 hours 
(Figure 2), indicating that S. maltophilia can effectively mitigate 
cadmium-induced stress over time. 

The metal uptake analysis further demonstrated the 
progressive accumulation of Cd²⁺ over time, with the highest 
recorded uptake of 1876 µg/g at 24 hours during the stationary 
growth phase (Figure 2). This suggests that S. maltophilia 
utilizes a combination of mechanisms, including biosorption, 
intracellular sequestration, and potentially active transport, to 
manage cadmium toxicity. The gradual increase in uptake over 
time may also reflect the interplay between cell wall interactions 
and intracellular detoxification processes, which together 
enable efficient cadmium sequestration [20-23]. The results 
indicate not only does S. maltophilia tolerate cadmium stress 
but also exhibit a high capacity for bioaccumulation, making 
it a promising candidate for bioremediation applications in 
cadmium-contaminated environments[6,24,25].

The results of this study demonstrate that cadmium ions 
(Cd²⁺) significantly influence the interaction between 
Stenotrophomonas maltophilia 18 and its phage vB_Stm18, 
specifically in terms of adsorption efficiency and burst size. 
These findings highlight how environmental stressors, such as 
heavy metals, can alter phage-host dynamics, with implications 
for both microbial ecology and potential biotechnological 
applications.

In the absence of prolonged exposure to Cd²⁺ (Experiment 0'), 
phage adsorption was only slightly reduced (97% compared 
to 98% in the control), indicating that short-term exposure 
to cadmium does not immediately disrupt the ability of 
phages to bind to bacterial cells. However, the burst size was 
significantly reduced to 17 virions per infected cell, suggesting 
that cadmium interferes with intracellular processes critical for 
phage replication (Figure 3). This highlights that even transient 
exposure to Cd²⁺ can impair phage productivity, potentially 
through mechanisms such as disrupted energy metabolism, 
oxidative stress, or compromised protein synthesis in the 
bacterial host.

Prolonged exposure to cadmium (Experiment 2' and Experiment 
18') exacerbated the effects on both phage adsorption and burst 
size. After 2 hours of Cd²⁺ pre-incubation, adsorption efficiency 
dropped to 77%, with a further decline in burst size to 15 
virions (Figure 3). These results indicate that cadmium begins 
to interfere with bacterial surface structures, likely altering 
receptor availability or membrane integrity, which impairs 
phage binding. Furthermore, the reduction in burst size suggests 
that cadmium may also inhibit cellular machinery essential for 
phage assembly and release.

The most pronounced effects were observed after 18 hours 
of cadmium exposure (Experiment 18'). Adsorption efficiency 
declined to 58%, and the burst size was drastically reduced to 

only 6 phage particles per infected cell (Figure 3). This severe 
reduction highlights the cumulative impact of cadmium-induced 
stress on the bacterial host, including compromised receptor 
function, disrupted metabolism, and oxidative damage, which 
altogether impair the phage’s life cycle.

These findings align with previous studies showing that 
heavy metals disrupt bacterial physiological processes such 
as membrane stability, enzyme activity, and oxidative stress 
responses [18,26-28]. The decreased adsorption efficiency 
observed here suggests that cadmium exposure alters bacterial 
surface properties, potentially by modifying receptor structure 
or availability. Additionally, the reduced burst size across all 
experiments underscores the susceptibility of phage replication 
to host cell stress, particularly when intracellular resources and 
energy are diverted to mitigate metal toxicity [5,18-20,23,29,30].

The implications of this study extend to environmental and 
clinical contexts. In cadmium-contaminated environments, such 
disruptions in phage-host interactions could influence microbial 
community dynamics and the efficacy of phage-mediated control 
of bacterial populations. From a biotechnological perspective, 
comprehending how heavy metals impact phage replication, 
can devise strategies for designing phage-based therapies or 
bioremediation approaches in polluted areas.

Future investigations should explore the molecular mechanisms 
underlying these observations, including the specific effects of 
cadmium on bacterial receptors, phage replication machinery, 
and oxidative stress pathways. Such insights could provide 
a deeper understanding of how heavy metals shape phage-
bacteria interactions and their broader ecological and practical 
implications.
Conclusion.

In conclusion, this study not only advances our understanding 
of microbial adaptation and resilience under heavy metal 
stress but also brings out the complex interactions between 
environmental factors and microbial pathogens. These insights 
offer valuable contributions to both the ecological study of 
microbial communities in contaminated environments and the 
development of phage-based interventions for pathogen control 
in challenging environmental conditions.
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