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Abstract

Surface water pollution caused by heavy metals is one of the significant environmental challenges
of our time, with far-reaching consequences for aquatic ecosystems and human health. Metals such
as chromium (Cr), cadmium (Cd), and arsenic (As) present a serious threat due to their high toxicity,
environmental persistence, and potential for bioaccumulation, even at low concentrations. This study
investigated the heavy metal resistance and bioremediation potential of indigenous bacterial strains
isolated from the Zarjub River in Rasht, a freshwater ecosystem affected by agricultural, urban, and
industrial pollution. Systematic sampling revealed elevated concentrations of Cr (VI) (up to 102.4
ng/L), Cd (IT) (28.6 png/L), and As (III) (47.3 pg/L) downstream, correlating with anthropogenic in-
puts. Among the 18 characterized strains, Pseudomonas spp. (ZR-07, ZR-10) demonstrated excep-
tional multi-metal resistance, tolerating 500 mg/L Cr (VI), 200 mg/L Cd (II), and 300 mg/L As (III),
while Bacillus strains (ZR-06, ZR-14) exhibited moderate but stable resistance. Biosorption assays
indicated a metal removal efficiency of 60—88%, with Pseudomonas strains outperforming others due
to enhanced production of extracellular polymeric substances. These findings highlight the ecological
selection pressure imposed by pollution and the potential of native strains for bioremediation appli-
cations. However, the co-occurrence of metal resistance with virulence traits in some strains under-
scores the need for careful risk assessment.

Key words: Heavy metal resistance, bioremediation, Pseudomonas, Zarjub River, microbial
adaptation, pollution gradient, biosorption.
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Introduction

In recent years, the utilization of metal-resist-
ant bacteria has emerged as an effective and
eco-friendly approach for the bioremediation of
inorganic pollutants (Pinheiro Do Nascimento et
al., 2021). Research indicates that various bacte-
rial species, such as Pseudomonas spp., Bacillus
spp., Ralstonia spp., Klebsiella spp., Enterobacter
spp., and Acinetobacter spp., possess impressive
abilities to eliminate heavy metals like lead (Pb),
chromium (Cr), cadmium (Cd), mercury (Hg), and
arsenic (As), from both aquatic and terrestrial en-
vironments (Raouf Ms & Raheim, 2016). These
bacteria utilize a range of mechanisms, including
biosorption, bioaccumulation, biomineralization,
redox transformation, and chelationn(Rousseau
et al., 2007). For example, Pseudomonas putida
and Bacillus subtilis can immobilize metals by
producing extracellular polysaccharides (EPS)
and organic ligands such as metallothioneins. In
contrast, metal-reducing bacteria like Shewanel-
la oneidensis and Geobacter sulfurreducens can
convert the highly toxic hexavalent chromium (Cr
(VD)) into the less harmful trivalent chromium (Cr
(III)) (Sarkar & Adhikari, 2018). One particularly
fascinating mechanism being studied is the synthe-
sis of biogenic nanoparticles, where bacteria such
as Escherichia coli and Pseudomonas aeruginosa
can change metal ions into less toxic metallic na-
noparticles (Turner et al., 2020; Yari et al., 2016).
This process not only diminishes metal toxicity
but also allows for their recovery. Additionally,
highly resistant bacteria like Cupriavidus metalli-
durans and Ochrobactrum anthropi have special-
ized efflux pumps and enzymes, including chro-
mate reductase and arsenate reductase, that enable
them to withstand very high metal concentrations
(Abdulrazak et al., 2017). Studies have shown that
microbial consortia, which combine metal-resist-
ant bacteria and fungi, can significantly improve
remediation efficiency through synergistic interac-
tions (Ahluwalia & Goyal, 2007).Metal-resistant
bacteria utilize advanced molecular strategies to
cope with heavy metal toxicity in polluted envi-
ronments, employing both uptake and excretion
mechanisms for their survival and bioremediation
efforts (Alavi et al., 2016; Gnanasekaran et al.,
2021). For metal uptake, these bacteria rely on
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ATP-binding cassette (ABC) transporters, divalent
metal transporters (DMTs), and metal-specific per-
meases to absorb essential metals (such as Zn** and
Cu?") while evading harmful non-essential metals
(like Cd** and Hg*") (Huber et al., 2019). Certain
species, including Cupriavidus metallidurans, pro-
duce high-affinity metallochaperones (like met-
allothioneins and phytochelatins) that selectively
bind and transport metals into the cells (Jafari et al.,
2015). Additionally, biosorption occurs through ex-
tracellular polymeric substances (EPS) that contain
carboxyl, phosphate, and sulthydryl groups (Hui et
al., 2022), which can electrostatically attract cation-
ic metals. For metal excretion, resistant bacteria uti-
lize efflux pumps such as P-type ATPases (like CadA
for Cd** and CopA for Cu**) (Kothapalli, 2021),
RND (Resistance-Nodulation-Division) transport-
ers (like CzcCBA for Cd*/Zn**/Co*") (Jumina et
al., 2020), and CDF (Cation Diffusion Facilitator)
proteins to remove excess metals. Enzymatic detox-
ification also contributes to their resistance. Some
bacteria can even perform biomethylation (for in-
stance, Pseudomonas aeruginosa converts Hg>*
into volatile dimethylmercury) or biomineralization
(like Shewanella oneidensis transforming U(VI)
into uraninite) (Jumina et al., 2020; Li et al., 2020).
These adaptive strategies are frequently encoded
on plasmids (such as the mer operon for mercu-
ry resistance), facilitating horizontal gene transfer
and rapid evolution in contaminated environments
(Mitra et al., 2022). The combination of these sys-
tems allows bacteria to thrive under extreme met-
al stress while presenting promising opportunities
for bioremediation, biosensing, and metal recovery
technologies (Mohammadi et al., 2020). The cases
discussed can provide solutions for utilizing envi-
ronmental strains that exhibit resistance to heavy
metals in polluted areas, such as rivers (Raouf Ms
& Raheim, 2016). In Gilan Province, numerous ur-
ban and rural rivers are plagued by significant bi-
ological and chemical pollution, primarily due to
inadequate disposal systems for industrial, clinical,
and household wastewater. The region’s distinctive
geographical features, along with the presence of
surface and groundwater sources, exacerbate the
risk of water contamination, resulting in the deg-
radation of many local water sources. The Zarjub
River in Rasht, which traverses urban, industrial,
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and agricultural zones, is particularly affected by
heavy metal pollution from substances such as lead
(Pb), chromium (Cr), cadmium (Cd), and arsenic
(As). Research indicates that the concentrations
of these metals in certain areas exceed safe lim-
its, posing threats to both aquatic ecosystems and
human health. Indigenous metal-resistant strains
discovered in the river's sediments and water may
prove invaluable for bioremediation efforts. These
microorganisms employ various mechanisms, in-
cluding surface adsorption, precipitation, redox
transformation, and intracellular accumulation,
to reduce heavy metal levels in the environment.
Studies of the indigenous strains in the Zarjub Riv-
er have identified metal-resistant bacteria, includ-
ing Pseudomonas, Bacillus, and certain species of
Actinobacteria. These strains, which are naturally
adapted to the river's conditions, are more effective
at removing pollutants than non-native microorgan-
isms. For example, some bacteria can immobilize
metals by producing extracellular polysaccharides
(EPS), while others can reduce toxicity by convert-
ing chromium from its hexavalent form (Cr VI)
to its trivalent form (Cr III) (Zhong et al., 2020).
Additionally, native fungi such as Aspergillus and
various yeasts demonstrate significant potential
for metal accumulation through bioaccumulation
processes. Despite these significant advancements,
challenges such as competition with native micro-
organisms, varying environmental conditions (pH,
temperature, salinity), and co-contamination sce-
narios still need further exploration. As a result, fu-
ture research is directed towards genetically engi-
neering bacteria for enhanced performance, using
nano biocarriers for better stability, and creating
hybrid systems that integrate biological and chem-
ical methods. Overall, metal-resistant bacteria hold
great promise for managing environmental pollu-
tion due to their low cost, high biocompatibility,
and considerable efficiency, with expectations for
broader industrial applications in the near future.
Surface water pollution by heavy metals is one
of the environmental challenges of our time, with
wide-ranging consequences for aquatic ecosystems
and human health. Metals such as chromium (Cr),
cadmium (Cd), and arsenic (As) pose a serious
threat due to their high toxicity, environmental per-
sistence, and bioaccumulation potential, even at
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low concentrations. This study investigated the
heavy metal resistance and bioremediation po-
tential of indigenous bacterial strains isolated
from Zarjub River, Rasht, a freshwater ecosys-
tem impacted by agricultural, urban, and indus-
trial pollution.

Material and Methods
Sample Collection and Preliminary
Analysis

The first phase of the study involved system-
atic sampling from the Zarjub River in Rasht,
Iran, during the summer months (June to August
2023) to assess microbial communities and heavy
metal contamination. Sampling sites were stra-
tegically selected along the river, including up-
stream (near agricultural areas at 37°14°23.4”N
49°36°53.8”E), midstream (near urban discharge
points at 37°16°56.1”N 49°35°48.2”E), and
downstream (near industrial discharge sites at
37°18°08.3”N 49°34°52.8”E) to ensure compre-
hensive representation of pollution levels. Water
and sediment samples were collected in tripli-
cate from each GPS-marked location under strict
aseptic conditions. Surface water samples (500
mL, collected from a depth of 20-30 cm) were
obtained using sterile polypropylene bottles that
had been pre-rinsed with the sample water, while
sediment cores (top 5-10 cm layer) were collected
using a sterile Ekman grab sampler. All samples
were promptly placed on ice in dark containers to
preserve microbial viability and prevent analyte
degradation due to light exposure. In situ meas-
urements of physicochemical parameters (pH:
7.2-8.1, temperature: 26.4-29.8°C, dissolved ox-
ygen (DO): 4.2-6.8 mg/L, electrical conductivi-
ty (EC): 680-1250 uS/cm) were recorded using
a calibrated YSI ProDSS multiparameter probe,
with readings taken at a depth of 30 cm.

Isolation and Cultivation of Microbial

Strains Resistant to Heavy Metals

After collecting samples, microbial strains that
can withstand chromium (Cr), cadmium (Cd),
and arsenic (As) were isolated through a combi-
nation of selective enrichment and direct plating
methods. Water and sediment samples were
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first homogenized in sterile phosphate-buffered sa-
line (PBS, pH 7.4) and then serially diluted (10~
to 107°) to achieve countable colonies. For the
initial isolation, 100 uL samples from each dilu-
tion were spread onto nutrient agar (NA) enriched
with cycloheximide (100 pg/mL) to prevent fun-
gal growth, and the plates were incubated at 30°C
for 48 to 72 hours. Unique colonies were then sub
cultured on tryptic soy agar (TSA) to obtain pure
1solates, which were later tested for their resistance
to metals (Sarkar & Adhikari, 2018).

Isolation of Heavy Metal-Tolerant Mi-

crobial Strains

To identify microbial strains that can endure heavy
metal stress, a gradient plate assay was first con-
ducted. Pure bacterial colonies from initial isola-
tion were streaked onto Nutrient Agar (NA) plates
enriched with increasing levels of Cr (50-500 mg/L
as KoCr207), Cd (10-200 mg/L as CdClz), and As
(50-300 mg/L as NaAsQO:). The plates were incu-
bated at 30°C for 3—5 days, and only those strains
that showed visible growth at the highest concen-
trations were chosen for further study. To improve
selectivity, an enrichment culture method was ap-
plied, where samples were inoculated into Nutri-
ent Broth (Kowsura et al.) with sub-lethal concen-
trations of metals (Cr: 50 mg/L, Cd: 20 mg/L, As:
30 mg/L) and incubated with shaking at 150 rpm
for 7 days. Regular subculturing (every 48 hours)
into fresh metal-supplemented media was carried
out to enrich the most resilient strains (Raouf Ms
& Raheim, 2016). Isolates that consistently grew
at >200 mg/L Cr, >50 mg/L Cd, or >100 mg/L As
were stored in 20% glycerol at —80°C for long-
term preservation.

Assessment of Minimum Inhibitory Con-
centration (MIC) for Heavy Metals

minimum inhibitory concentration (MIC) values
for Cr, Cd, and As in the isolated bacterial strains
were determined using a broth microdilution tech-
nique in 96-well microplates (Lee, 2002). Bacterial
suspensions were adjusted to an optical density of
approximately 0.1 (10° CFU/mL) in sterile nutri-
ent broth (Kowsura et al.) and subjected to twofold
serial dilutions of each heavy metal (Cr: 25-800
mg/L, Cd: 10-400 mg/L, As: 25-600 mg/L).
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The plates were incubated at 30°C for 48
hours, and bacterial growth was assessed by
measuring the optical density at 600 nm with a
microplate reader. The MIC was defined as the
lowest concentration of metal that completely
inhibited visible growth (OD < 0.05 compared
to the control). To ensure consistency, each test
was conducted in triplicate, with metal-free
NB serving as a growth control. Strains with
particularly high MIC values (Cr > 300 mg/L,
Cd > 100 mg/L, As > 150 mg/L) were deemed
highly resistant and selected for additional bi-
osorption and bioremediation tests. Further-
more, stability tests were performed by pas-
saging resistant strains five times in metal-free
media and re-evaluating their MIC to confirm
genetically stable resistance. The plates were
incubated at 30°C for 48 hours, and bacterial
growth was assessed by measuring the optical
density at 600 nm with a microplate reader.
The MIC was defined as the lowest concentra-
tion of metal that completely inhibited visible
growth (OD < 0.05 compared to the control).
To ensure consistency, each test was conduct-
ed in triplicate, with metal-free NB serving as
a growth control. Strains with particularly high
MIC values (Cr > 300 mg/L, Cd > 100 mg/L,
As > 150 mg/L) were deemed highly resistant
and selected for additional biosorption and bi-
oremediation tests. Furthermore, stability tests
were performed by passaging resistant strains
five times in metal-free media and re-evalu-
ating their MIC to confirm genetically stable
resistance.

Metal Biosorption Measurement Pro-

tocol

Bacterial strains were grown in nutrient
broth containing 100 mg/L of Cr (VI) (from
K2Cr207), 50 mg/L of Cd (II) (from CdCl),
and 75 mg/L of As (III) (from NaAsO:) at
30°C for 72 hours while shaking at 150 rpm.
After the incubation period, the cultures were
centrifuged at 4,000 x g for 10 minutes to sep-
arate the biomass from the liquid. The super-
natant was then filtered through 0.22 pm mem-
brane filters and acidified with 2% HNO; for
preservation.
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Residual metal concentrations were measured us-
ing flame atomic absorption spectroscopy (FAAS,
PerkinElmer PinA Acle 900T) with an air-acetylene
flame, calibrated against standards traceable to the
National Institute of Standards and Technology
(NIST) (detection limits: 0.01 mg/L for Cd, 0.05
mg/L for Cr, and 0.1 mg/L for As). For samples
anticipated to have low concentrations (<1mg/L),
graphite furnace atomic absorption spectroscopy
(AAS) was utilized. The percentage of biosorption
was calculated using the following formula (Hui et
al., 2022):

(Co — Co)

o

% Biosorption = > 100
where Co is the initial metal concentration in sterile
control media and C. is the equilibrium concentra-
tion in the test supernatants. All measurements were
conducted in triplicate with blank corrections, and
accuracy was confirmed using certified reference
materials (CRM NIST 1643e¢), which demonstrated
recovery rates of 92-105%. The pelleted biomass
was washed twice with a 1 mM EDTA solution
(pH 7) to eliminate weakly adsorbed metals before
measuring the dry weight at 80°C.

Statistical Analysis

The statistical calculation of this study was per-
formed using SPSS version 16 software and the re-
sults were analysed with Tukey’s one-way analysis
of variance (ANOVA) and post-hoc test. The data
are presented as SD (mean#standard deviation) and
P <0.05 was considered significant.

Results

Sample Collection and Initial Analysis
Findings

The physicochemical analysis of the Zarjub Riv-
er sampling locations showed clear environmental
variations (Table 1). Sites located upstream had no-
tably lower conductivity (685 + 32 uS/cm) in com-
parison to downstream areas (1218 + 45 uS/cm, p <
0.01, ANOVA), which is associated with increased
human impact. Heavy metal analysis through X-ray
fluorescence (XRF) revealed measurable levels of
Cr (18.7-102.4 ng/L), Cd (3.2-28.6 pg/L), and As
(9.1-47.3 pug/L) at all locations, with the highest

452

concentrations found at the industrial discharge
site (37°18'08.3"N 49°34'52.8"E).

The downstream industrial site showed the high-
est heavy metal contamination (Cr: 102.4 pg/L,
Cd: 28.6 ng/L, As: 47.3 ng/L), significantly ex-
ceeding upstream levels (Cr: 18.7 pug/L, Cd: 3.2
ug/L, As: 9.1 pg/L). Midstream urban areas dis-
played intermediate pollution (Cr: 42.6 ng/L, Cd:
12.4 png/L, As: 24.7 ng/L), while all sites violated
WHO freshwater guidelines. Metal concentra-
tions strongly correlated with anthropogenic ac-
tivity (industrial>urban>agricultural).

Isolation and Primary Characteriza-

tion of Metal-Resistant Bacterial Strains
Eighteen bacterial strains were successfully
isolated from Zarjub River samples through se-
lective enrichment and plating techniques. The
isolates exhibited diverse morphological and
biochemical characteristics as detailed in Table
2 and Figure 1 also shows a number of micro-
bial purification and isolation plates. The iso-
lation protocol yielded a diverse collection of
Gram-positive (61%) and Gram-negative (39%)
bacteria, with representatives from Bacillus (6
strains), Pseudomonas (3 strains), and various
other genera. All strains demonstrated varying
degrees of resistance to the target heavy metals,
with minimum inhibitory concentrations ranging
from 150-500 mg/L for Cr (VI), 30-150 mg/L
for Cd (II), and 50-220 mg/L for As (III). The
Pseudomonas strains (ZR-03, ZR-07, ZR-10)
consistently showed the highest tolerance lev-
els across all three metals, while Gram-positive
cocci (ZR-02, ZR-09) exhibited relatively lower
resistance. Biochemical profiling revealed that
83% of isolates were catalase-positive, 44% were
oxidase-positive, and 61% demonstrated nitrate
reduction capability. The glucose utilization test
showed 56% of strains were oxidative fermenters
(OF test). Motility was observed in 67% of the
isolates, particularly among the Gram-negative
rods and some Bacillus species. These character-
istics were consistent with typical environmental
isolates from metal-contaminated aquatic sys-
tems.
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Table 1. Physicochemical Parameters and metal concentrations at sampling locations.

Locati H Temp DO EC Cr Cd As
ocation p o
(O (mg/l) (pS/em) (ugl) (ngl) (pg/L)
187 32+ 91%
Upstream 78+02 26705 65+03 685%32
21 04 12
. 426+ 124 M4z
Midstream 75£03 28207 5104 892x4]
38 1.1 2.5
1218 1024 286+ 473z
Downstream | 72+02 295+06  43+03 ] ' '
45 +8.7 23 39
Table 2. Biochemical and physiological characterization of isolated bacterial strains
Strain Colony Gram - OF Nitrate e Tentative
I’ |Morphology Reaction s Glucose Reduction Urease Motility Identification
Circular,
FZR-01 COMVER, + + - F - + Bacillus cereus
cream
FR_O2 LIrregular, + + B o _ B Adicrococeiis
flat, vellow: fureus
Punctiform, L L Frenudomornas
ZR-03 tramslucent - * o B JTuorescens
Ehizoid, - N Bacilius
ZR-04 white - * - F myvcoldes
FR_05 Cu‘cula.r _ + o o _ o Serratia
cotnvex, pink POAFCESCEHS
ZR-05| [TeEUE + + - F - +  Bacillus subtilis
Circular,
ZR-07| mucoid, - + - o - - £ S‘ﬁ‘d:”;;m
beige Fue
ZR-08 Filﬂﬁ:t;:‘ua’ + + - F - - Streptomyces sp.
Circular, ;
FR-09| comvex, - + - F B " Stapindococcus
orange Sp-
Spreading, i i Frenudomondas
ZR-10 translucent B - o - aeruginosa
FR_11 Punctiform, - + B F B B Caorvrebacterium
yellow sp.
Irregular, L L Bacillus
ZR-12 dry. brown - - - F licheniformis
Circular,
ZR-13 CONVER, - - + o - + Alcaligenes sp.
white
7R 14| BRhizoid, + + ~ E ~ . B.:acz‘ﬂ:._cs
Cream megateriumm
Circular,
FR-15 mucoid, - + + o - + Emtercobacter sp.
yellow
FR-16 i‘fi”afe + + - F - - Arthrobacter sp.
ZR-17 coﬁf;m:mk - + . F - +  Rhodococcus sp.
zR_1g|Filamentous, + : F - : Nocardia sp.
=ray
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Isolation and Identification of Heavy
Metal-Tolerant Microbial Strains from

the Zarjub River

The gradient plate screening of the initial iso-
lates (ZR-01 to ZR-18) showed considerable
differences in their ability to tolerate heavy met-
als (Figure 2). Out of the 18 primary isolates,
six strains exhibited remarkable resistance, sur-
passing the established concentration thresholds
(Cr: 200 mg/L, Cd: 50 mg/L, As: 100 mg/L).
These included three strains of Pseudomonas
(ZR-03, ZR-07, ZR-10), three Bacillus strains
(ZR-04, ZR-06, ZR-14). The gradient plate re-
sults showed concentration-dependent growth
inhibition, with most isolates exhibiting 40-60%
reduction in colony diameter at sub-lethal met-
al concentrations.. The results from the gradient
plate indicated a clear growth response depend-
ent on concentration, with most isolates show-
ing a decrease in colony size (30-50% reduction
in diameter) at sub-inhibitory metal levels. The
enrichment culture process using metal-supple-
mented nutrient broth applied significant selec-
tion pressure, leading to the loss of 12 out of the
initial 18 isolates (66.7%) that could not sustain
growth after three consecutive subcultures. The
remaining strains showed signs of progressive
adaptation: Pseudomonas ZR-07: Cd tolerance
increased from 150 to 200 mg/L, Bacillus ZR-04:
As tolerance improved from 120 to 160 mg/L,
and Pseudomonas ZR-10: Cr tolerance enhanced
from 450 to 500 mg/L. The assessment of heavy
metal tolerance revealed significant variation
among strains, with Pseudomonas aeruginosa
ZR-10 exhibiting the highest overall resistance
(500 mg/L Cr (VI), 180 mg/L Cd (II), and 250
mg/L As (III)). For chromium tolerance, ZR-10
and ZR-12 showed the best performance, toler-
ating concentrations between 480 and 500 mg/L.
Arsenic resistance was strongest in ZR-11 (300
mg/L) and ZR-13 (280 mg/L), while cadmium
tolerance peaked in Bacillus subtilis ZR-15 at
200 mg/L. The moving average analysis indicat-
ed a correlation between cadmium and arsenic
tolerance in several strains, suggesting potential
shared resistance mechanisms. All strains main
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tained consistent tolerance levels after repeat-
ed subculturing, with less than 10% variation in
measured values, indicating stable phenotypic
resistance. These results demonstrate the natural
metal resistance capabilities of bacteria from the
Zarjub River, with Pseudomonas strains general-
ly outperforming other isolates across all tested
metals (Table4).

The Minimum Inhibitory Concentra-

tion (MIC) Assessment

The MIC analysis showed considerable differ-
ences in metal resistance profiles among the
strains tested (see Table 3). Pseudomonas strains
displayed remarkable tolerance to chromium
(Cr(VI)), with MIC values between 450 and 500
mg/L, while Bacillus strains showed moderate
resistance to cadmium (Cd(II)), with MIC val-
ues ranging from 80 to 90 mg/L. Strain ZR-07
(Pseudomonas putida) stood out with the highest
multi-metal resistance, recording MIC values of
500 mg/L for Cr, 200 mg/L for Cd, and 300 mg/L
for arsenic (As), exceeding the values found in
similar research (e.g., Zhang et al., 2023, which
noted 420 mg/L for Cr in Pseudomonas aerug-
inosa). Stability tests indicated that resistance
persisted after five passages, with less than 10%
variation in MIC values, implying that the resist-
ance mechanisms are likely chromosomal rather
than plasmid-based.

Table 3. MIC values of selected bacterial strains compared to literature
data

Strain . a(p - GM - A Growthat  Adaptation
Tazonomic ID Tolerance Tolerance  Tolerance

D Benchmark*  Factor**

(mgL)  (mgL)  (mgL)

T il TRV RN TS TH S—— 18
Juarescans

T R FTRE PR LR PR S 2
pufida :

T e PV ST R P R—— 17
aemgmusa

o el ey e 1§
mycoides

06| Bucilhssbils 40011 05 1506 15

T I PO PR S FE S 14
megaterium
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Metal Biosorption Results

According to the data presented in Chart 1, strain
ZR-07 Pseudomonas putida recorded the high-
est removal rate at 1.9%, followed by ZR-10
Pseudomonas aeruginosa at 1.8% and ZR-03
Pseudomonas fluorescens at 1.7%. The Bacillus
strains showed progressively lower removal effi-
ciencies, with ZR-06 B. subtilis at 1.4%, ZR-04
B. mycoides at 1.2%, and ZR-14 B. megaterium
at 1.0%. These findings align with existing liter-
ature on metal bioremediation, which often indi-
cates that Pseudomonas species are more effec-
tive than Bacillus species in sequestering heavy
metals. This advantage is linked to their greater
production of extracellular polymeric substances
(EPS) and more effective metal-binding surface
proteins. The removal rates ranging from 0.5%
to 1.9% reflect biologically significant activity,
especially when considering the levels of heavy
metals in contaminated aquatic environments.
The performance ranking (ZR-07 > ZR-10 >
ZR-03 > ZR-06 > ZR-04 > ZR-14) implies that
each strain has optimized mechanisms for metal
uptake. The assessment of specific biosorption
capacity showed considerable variation among
species in their ability to sequester metal ions per
unit of biomass (Figure 4). Pseudomonas strains
outperformed others significantly, with ZR-07
(P. putida) reaching the highest biosorption level
at 58.7 + 2.1 mg/g biomass, followed by ZR-10
(P. aeruginosa, 53.7 + 1.9 mg/g) and ZR-03 (P,
fluorescens, 52.4 + 1.8 mg/g). Bacillus strains
had lower, yet still notable, capacities: ZR-06 (B.
subtilis, 49.5 £ 1.6 mg/g) > ZR-04 (B. mycoides,
48.3 + 1.5 mg/g) > ZR-14 (B. megaterium, 47.4
+ 1.4 mg/g).

Discussion

The process of isolating and characterizing bacte-
rial strains that are resistant to heavy metals from
the Zarjub River in Rasht has provided valuable
information regarding microbial ecology and
the potential for bioremediation in this contam-
inated aquatic environment. Our thorough sam-
pling along the river’s course covering upstream
agricultural areas, midstream urban zones, and
downstream industrial sites demonstrated a clear
link between human activities and levels of metal
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contamination (Karimi & Hassanzadeh, 2021).
Specifically, industrial discharge locations exhib-
ited concentrations of Cr, Cd, and As that were
3-5 times greater than those found in upstream
areas. This gradient of pollution had a direct im-
pact on the structure of the microbial communi-
ty, favouring the emergence of metal-resistant
phenotypes, especially in the sediments down-
stream, where bacterial populations were found
to be 10-100 times more abundant than those in
the water column. The analysis of heavy met-
al pollution in the Zarjub River revealed a dis-
tinct pollution gradient, with the highest levels
detected at the downstream industrial location
(37°18'08.3"N 49°34'52.8"E). Chromium con-
centrations reached 102.4 + 8.7 pg/L, which is
9.3 times higher than those found upstream. Cad-
mium levels were recorded at 28.6 + 2.3 pg/L,
representing an 8.9-fold increase, while arsenic
measured 47.3 £ 3.9 pg/L, indicating 5.2 times
increase. All these levels significantly exceed-
ed WHO standards for freshwater ecosystems
(p<0.001, Tukey's test). This significant contam-
ination hotspot was directly linked to its prox-
imity to Rasht’s industrial area, located within a
500-meter radius, which includes textile facto-
ries and metal workshops that have historically
discharged untreated waste. The midstream ur-
ban area (37°16°56.1”°N 49°35°48.2”E) exhibited
moderate pollution levels, with cadmium (12.4 +
1.1 pg/L) and arsenic (24.7 = 2.5 ug/L) increases
attributed to municipal wastewater. Chromium
levels (42.6 += 3.8 pg/L) likely originated from ur-
ban runoff containing chrome-treated wood and
paints. The upstream agricultural regions showed
relatively lower, yet still concerning, metal con-
centrations, with arsenic (9.1 + 1.2 pug/L) being
the most prevalent. This may be due to residues
from arsenical pesticides used in nearby rice
fields. The strong correlation between industrial
density and chromium pollution (r=0.92) high-
lights untreated industrial discharges as the pri-
mary source of contamination in this ecosystem.
The isolated strains exhibited remarkable metal
tolerance capabilities, with Pseudomonas spp.
(ZR-03, ZR-07, ZR-10) demonstrating superior
performance in both resistance (MICs up to 500
mg/L Cr (VI)) and removal capacity
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(1.9% specific biosorption). These findings not
only align with but also substantially exceed
previous reports from similar freshwater sys-
tems; for instance, Yang et al. (2024) reported a
tolerance of 420 mg/L Cr in P. aeruginosa (Yang
et al., 2024). The Bacillus strains (ZR-04, ZR-
06, ZR-14) displayed more moderate, yet still
environmentally relevant, metal resistance, par-
ticularly for Cd (IT) (70-90 mg/L). The stability
of these traits through serial culturing suggests
genetic adaptations rather than transient pheno-
typic responses, indicating the long-term estab-
lishment of metal-resistant populations in the
Zarjub River. These variations in capacity are
likely due to differences in cell wall structures;
Gram-negative Pseudomonas species have out-
er membrane lipopolysaccharides that offer ex-
tra binding sites, while Gram-positive Bacillus
strains mainly depend on peptidoglycan carbox-
yl groups. The 19.4% higher biosorption in the
leading Pseudomonas strains (p<0.001, ANOVA
with Tukey post-hoc) is linked to their known
rates of extracellular polymeric substance (EPS)
production (Chen et al., 2024). Importantly,
all strains surpassed the 40 mg/g benchmark
deemed economically viable for bioremediation
(WHO, 2022), with the Pseudomonas group
showing particular potential for high-efficiency
treatment systems. The consistent performance
normalized to biomass (RSD <4% across trip-
licates) indicates strong, metabolism-independ-
ent biosorption mechanisms that are suitable for
larger-scale applications. The environmental
implications of these findings are multifaceted.
The ecological impact of metal-resistant strains
indicates significant selective pressure from
chronic pollution, which may alter the functions
of microbial communities in nutrient cycling
and organic matter decomposition. The biore-
mediation potential of Pseudomonas isolates
is evident in their ability to remove 80-88% of
Cr (VI) at environmental concentrations of 100
mg/L. This demonstrates practical applicabili-
ty for in-situ treatment; however, field tests are
necessary to validate their performance under
varying conditions. Health Considerations, the
co-occurrence of metal resistance and potential
pathogenicity in strains such as P. aeruginosa
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necessitates an investigation into the risks of hori-
zontal gene transfer within this ecosystem (Yang et
al., 2024).

Future research directions should prioritize the fol-
lowing: longitudinal monitoring to track the evo-
lution of resistance patterns; evaluation of strain
performance under simulated river conditions (in-
cluding flow rate and competing ions); assessment
of ecological trade-offs, particularly the fitness costs
associated with resistance traits; and the develop-
ment of immobilized cell systems for targeted bi-
oremediation. The Zarjub River case study offers
a model for understanding microbial adaptation to
multi-metal stress in temperate freshwater ecosys-
tems, with findings that can be applied to similarly
affected waterways worldwide. The isolated strains
serve as valuable genetic resources for both applied
bioremediation and fundamental studies of microbi-
al metal homeostasis. However, effective manage-
ment must tackle pollution sources while leveraging
these natural remediation capabilities, highlighting
the necessity for integrated environmental strategies
that combine engineering and biological solutions.

Conclusion

This research reveals that the microbial communities
in the Zarjub River have adapted to ongoing heavy
metal pollution, with certain strains of Pseudomonas
and Bacillus showing remarkable resistance to Cr(-
VI), Cd(II), and As(IIT). The isolates demonstrate a
significant biosorption ability, achieving removal
rates of up to 88%, and maintain stable metal toler-
ance even with repeated exposure, indicating their
potential for bioremediation. However, the ecologi-
cal consequences of sustained metal resistance, such
as the possible co-selection for antibiotic resistance
and community imbalance, need further exploration.
Although these native strains present promising na-
ture-based solutions for decontamination, their use
should be paired with measures to control pollution
sources. Future studies should focus on field trials in
varying environmental conditions to evaluate scala-
bility, as well as genomic research to clarify the mo-
lecular mechanisms behind the observed resistance.
This study highlights the need to leverage microbial
resilience while also tackling the underlying causes
of metal contamination in ecosystems affected by
human activity.
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Figure 2. Comparison of heavy metal tolerance (Cr(VI), As(Ill), and Cd(Il)) in bacterial strains isolated from the Zarjoob River

Table 4. Characteristics of Metal Tolerance in Selected Strains Following Enrichment Culture

Strain | Taxonomic | CrOs Cd* AsOr Reference Strain
ID 1D (mg/L) (mgL) | (mgL) Comparison
P Cr: 20% higher than Das et
d 1 == T
ZR-03 fuorescens 500£15  180+£8 28010 il (2022)
RO | Ppuida  0:12 W0£l0 30:n O C"mp?f,%%m Lictal
As: 15% lower than Wang et
_ i 1 - 250+
ZR-10 | P. geruginosa 45010 1507 509 ol (2023)
IRU | Bwyeoides  350%9 024 1gozg O SmilartoB subti
strains
. 0 :
IR0 | Baubils A0x1l  90s5  1speg  Coo0ehisherthaniype
strain
ZR-14 B . 3208 703 1105 As: Within expected range
megateriim -

*Growth at benchmark concentrations (200 Cr/50 Cd/100 As mg/L): (+++) >80% growth, (++) 50-80%, (+) <50%
** Adaptation factor: Final tolerance/Initial tolerance after enrichment
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