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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.




REQUIREMENTS
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typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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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 (Cd**) 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 Cd** 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 pg/g at 24 hours,
highlighting its potential for bioremediation. The influence
of Cd** on phage vB Stmi8’s life cycle was assessed through
adsorption efficiency and burst size measurements. Short-term
exposure to Cd** 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, Cd*" 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 (Cd*") 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
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and water, disrupting microbial communities and compromising
biological functions. Exposure to Cd*" 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 Stmli8, which specifically infects S.
maltophilia, provides a unique lens for investigating how Cd*
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 Cd*" 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
** jons (CdCl,) (Sigma-Aldrich, Co.,3050 Spruce Street, St.
Lous, MO 63103 USA) concentrated as -0.01g/1.

Phage isolation and life cycle characteristics.

Phage Isolation and Purification: The phage vB StmlI§
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 pL phage
sample containing 3x10' 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 5x10° 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 5x10° 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. Cd* ions (0.01g/L) were added to the strain culture at a
titre of 5x10° cfu/ml, and after 24 hours of cultivation, the metal
concentration was measured.
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B. Cd* ions (0.01g/L) were added to an overnight bacterial
culture with a titre of 5x10® CFU/mL and the metal concentration
was determined at 1, 3, 5, and 24 hours.

The Cd** 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 (Cd*") on the life
cycle of the phage vB Stmi8, 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 Cd** on the bacterial host and
subsequently the phage interactions:

Immediate Metal Addition (0’): Cd** 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 Cd>" 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 Cd*" 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_Stm 18, 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 Stmi8 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 Stmli8 does not contain transfer RNA-
encoding regions, nor does it have genes associated with
antibiotic resistance, virulence, or lysogenic cycle participation.

Phage vB Stmli8 shares significant similarity with only one
known phage, Stenotrophomonas phage BUCT609 (GenBank:
MW960043.1), with an average nucleotide identity of 96%.

Cadmium Ions (Cd**) and the Growth of the Host Strain:

The maximum concentration of Cd?" that does not inhibit the
growth of the Stenotrophomonas maltophilia 18 strain was
determined. It was found that Cd** 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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three independent experiments.

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 Cd?* ion absorbed by the strain was
5262 ng/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 Cd?* concentration
uptake was 528 ug/g, after 5 hours it was 580ug/g, and after 24
hours it reached 1876 ug/g (Figure 2C).

Influence of Metal on the Phage Life Cycle:

To examine the impact of cadmium ions (Cd*") on the phage
life cycle, Stenotrophomonas maltophilia 18 strain was pre-
incubated with a fixed concentration of Cd** (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 Cd?** for 2 hours, phage adsorption efficiency dropped
considerably, reaching a maximum of only 77% within 20
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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 Cd?* 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 (Cd*') on the life cycle of the Stenotrophomonas
maltophilia-specific bacteriophage vB Stm8, 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 (Cd?**) on
the growth and metal uptake capabilities of Stenotrophomonas
maltophilia. The findings highlight the bacterium’s ability to
tolerate and accumulate significant amounts of Cd>', despite
observable physiological disruptions caused by the metal.

Cd** 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,
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the presence of Cd** 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 Cd** over time, with the highest
recorded uptake of 1876 pg/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
(Cd**) significantly influence the interaction between
Stenotrophomonas maltophilia 18 and its phage vB Stml8§,
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 Cd** (Experiment ('),
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 Cd** 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 Cd?" 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
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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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