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Experimental Evolution To Confer Antibiotic Resistance
Evolution in Environmental Isolates Under Laboratory
Environment

ABSTRACT

Antibiotic resistance poses a critical threat to global health, driven not only by clinical
misuse but also by environmental reservoirs of resistance genes. This study investigates the
non-resistant organisms from the Sundarbans soil environment and stimulate long-term
antibiotic exposure under laboratory conditions. Environmental strains were subjected to
serial passaging in media supplemented with sub-lethal concentrations of selected
antibiotics including tetracycline. Over successive generations, phenotypic assays revealed
increased minimum inhibitory concentrations (MICs), indicating adaptive resistance. The
Sundarbans estuarine ecosystem represents a scientifically compelling site for microbial
sampling owing to its dynamic physicochemical gradients, exposure to multiple
anthropogenic and natural stressors, and documented prevalence of antibiotic resistance
genes (ARGs). Investigating the evolutionary trajectories of microbial resistance within
this habitat through both in situ monitoring and in vitro experimental evolution offers
critical insights into the ecological and environmental determinants that modulate the
emergence, persistence, and dissemination of antibiotic resistance in complex natural

systems.
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Chapter 1 : Introduction

Microbial Evolution and Genetic Adaptability

Microorganisms, especially bacteria, are known for their remarkably rapid evolution,
largely due to their short generation times, enormous population sizes, and the ease with
which they exchange genetic material (Gibson et al., 2018). For instance, Escherichia coli
can divide approximately every 20 minutes under optimal laboratory conditions, meaning
dozens of generations can arise within a single day (Gibson et al., 2018). This high turnover
rate allows genetic mutations and variations to emerge and spread swiftly through a
population. A defining feature of prokaryotes is their ability to undergo horizontal gene
transfer (HGT), where genes are shared not only between parent and offspring but also
across unrelated individuals (Tokuda and Shintani, 2024). HGT occurs through various
mechanisms such as plasmids, bacteriophages, and transposons, enabling bacteria to
rapidly adapt to environmental pressures like antibiotic exposure (Tokuda and Shintani,
2024). Additionally, bacteria are haploid, carrying only a single copy of each gene, which
means any new mutation or acquired gene is immediately expressed without being masked
by a second allele (Tokuda and Shintani, 2024). Their genomes are also highly compact
and efficient, so even minor genetic changes can result in significant functional shifts
(Tokuda and Shintani, 2024). These factors collectively make bacterial evolution incredibly

fast, capable of occurring over the course of just a few hours.

1.1 Bottlenecks and How They Shape Microbial
Populations

Bottlenecks happen when a population drastically shrinks, leaving only a few individuals
to continue the lineage. This loss in numbers can significantly affect the genetic makeup of
a microbial population. As De Ste Croix et al. (2020) observed, such bottlenecks often lead
to a sharp drop in genetic diversity.

In laboratory experiments, the way we culture bacteria significantly influences the severity
of population bottlenecks. For instance, when bacteria are grown in large, continuous
cultures such as chemostats, genetic diversity tends to be maintained over time. This is
referred to as a wide bottleneck. In contrast, experimental methods that involve transferring
a single colony or performing serial dilutions impose narrow bottlenecks, where only a
small subset of cells contributes to the next generation. A classic example of this can be

seen in the Long Term Evolution Experiment with Escherichia coli, where daily serial
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transfers of 1 percent of the population into fresh media impose a controlled but consistent
bottleneck, affecting the rate and direction of evolutionary change (Lenski et al., 1991;
Lenski, 2017). Such narrow bottlenecks can lead to genetic drift, the fixation of rare
mutations, and reduced genetic variation in subsequent populations.

In natural environments like soil or biofilms, things are even more complex. These
environments are not uniform they have pockets and barriers. As bacteria spread across
surfaces or through tiny soil pores, only a few "pioneer" cells get to colonize new areas.
This process, called range expansion, creates small, localized populations that evolve
separately over time (Borer et al., 2020). So, while liquid cultures in the lab tend to stay
genetically mixed, soil environments naturally encourage separation and diversity through
repeated bottlenecks.

Eukaryotic microbes like fungi or protists experience similar bottlenecks, but their slower
reproduction and occasional sexual cycles can reduce their population size even more. In
the end, whether in a test tube or the wild, the structure of the environment whether mixed

or patchy has a big say in how microbes evolve.

1.2 Antibiotic Resistance: Phenotypic vs. Genotypic
Mechanisms

Bacteria can resist antibiotics in two key ways: phenotypically or genotypically.
Phenotypic resistance is not based on genetic changes. Instead, it's a short-term survival
strategy—Dbacteria can enter a dormant state, grow in protective biofilms, or alter their
metabolism to temporarily withstand antibiotics. As Martinez (2013) points out,
“resistance can be achieved without any genetic alteration; this is called phenotypic
resistance.” These temporary tactics give bacteria just enough time to survive until
permanent resistance emerges.

In contrast, genotypic resistance is rooted in heritable changes. These can include point
mutations in crucial genes like rpoB or gyrA, gene amplifications, or the uptake of
resistance genes (ARGs) through horizontal gene transfer. Common mechanisms include
the production of enzymes that break down antibiotics (e.g. B-lactamases), changes in
antibiotic targets, and the use of efflux pumps that actively expel drugs from the cell. As
Martinez explains, “acquisition of a resistance phenotype requires a genetic change—
either mutations... or the acquisition... of antibiotic resistance genes.” In laboratory
settings, strains often become multidrug-resistant through a mix of chromosomal mutations
and mobile ARGs, showing how both mutation and gene sharing drive long-term
resistance.

To summarize:
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Phenotypic resistance: Temporary survival strategies like biofilm formation, dormancy,
or stress-induced metabolic changes (Martinez 2013). No genetic change needed.

Genotypic resistance: Permanent, heritable changes like point mutations or ARG
acquisition. These include antibiotic-degrading enzymes, efflux systems, and altered drug

targets.
1.3 Stressors and Microbial Adaptation

Microbes are constantly adapting to survive, and environmental stressors play a big role in
shaping their evolutionary paths.

Antibiotics are one of the most powerful selective pressures. Even at sub-lethal doses, they
can increase mutation rates or stimulate horizontal gene transfer, speeding up adaptation.
But stress isn't just from antibiotics. Other environmental factors also push bacteria to
evolve.

For example, Zhu and Dai (2018) discovered that when E. coli is exposed to high
concentrations of sodium chloride (NaCl), it responds by increasing the production of the
AcrAB-TolC efflux pump. This adaptation not only helps the bacteria cope with salt stress
but also enhances its resistance to antibiotics such as tetracycline and chloramphenicol. In
other words, even non-antibiotic stressors like salt can indirectly drive the development of
antibiotic resistance.

In short, a wide range of environmental stressors influence how bacteria evolve:
Antibiotics: Strong selective agents; they favor resistant strains and can increase
mutation/HGT rates.

Salinity: High salt levels can trigger stress responses and efflux pumps that reduce drug
susceptibility.

Heavy metals: Promote resistance by co-selecting ARGs and inducing DNA-damaging

oxidative stress.
1.4 Estuarine ecosystems and the Sundarbans

Estuaries are among the most unpredictable and fast-changing habitats on Earth, and for
microbes, this means constantly adapting to shifting conditions. The Indian Sundarbans—
a vast tidal mangrove estuary where the Ganges and Brahmaputra rivers meet the Bay of
Bengal—is a perfect example of such a dynamic system (Aditya et al., 2020). With its
network of islands, creeks, and tidal rivers, the Sundarbans experiences semi-diurnal tides
that cause salinity and water levels to rise and fall roughly every six hours. For bacteria
living here, that means adapting to sudden swings in their environment multiple times a
day.

What makes this even more interesting is how quickly many bacteria can grow. For

instance, under ideal conditions, E. coli can divide roughly every 20 minutes. This means
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that within a single tidal cycle, a bacterium could go through several generations. So while
the physical environment is shifting every few hours, bacterial populations are replicating
and potentially evolving even faster—creating a constantly moving target of environmental
pressures and microbial responses.

The waters of the Sundarbans are also a melting pot of various inputs—freshwater from
rivers, salt from the sea, and pollutants from human activities like agriculture and industry.
These inputs bring nutrients, heavy metals, and organic pollutants, making the microbial
life in this region incredibly diverse and resilient. Recent 16S rRNA sequencing studies
have revealed more than 800 bacterial species from just a few sediment samples,
representing at least six different phyla.

What’s more, pollution appears to be driving antibiotic resistance even in the absence of
antibiotics. For example, Bhattacharyya et al. (2019) found that higher concentrations of
heavy metals and hydrocarbons in Sundarbans sediments were closely linked to the
abundance of B-lactamase genes like bla<sub>TEM</sub>. This shows that pollutants
may be selecting for antibiotic resistance indirectly—a phenomenon known as co-
selection—highlighting just how interconnected environmental stressors and resistance

evolution can be.
1.5 Summary

In summary, the Sundarbans estuary is a compelling sampling site due to its dynamic,
multi-stressor habitat and documented ARG presence. Investigating microbial resistance
evolution here — both in situ and in vitro — will shed light on how environmental variability

and ecological factors drive antibiotic resistance development.
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1.6 Aim

To Study the Evolution of Antibiotic Resistance of Environmental Isolates in Laboratory

Environment.

1.7 Hypothesis

Hy: Antibiotic Resistance Evolution Does Not Occur In Laboratory Environment.

Ha: Evolution Of Antibiotic Resistance Does Occur In A Laboratory Environment.

1.8 Objectives:

To isolate non-resistant organisms from the Sundarbans soil environment.
To stimulate long term antibiotic exposure under laboratory conditions.

To evaluate changes in resistance traits across successive generation.
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Chapter 2: Literature Review

2.1. Antibiotic Resistance in Estuarine and Mangrove

Environments

Estuarine and mangrove ecosystems are unique transition zones that blend land and sea,
shaped by fluctuating salinity, tidal movements, and rich biological productivity. Despite
their ecological significance, these habitats are increasingly burdened by human-induced
stress. In densely inhabited regions, such as parts of South and Southeast Asia, these areas
often receive a continuous inflow of pollutants—from industrial waste and untreated
sewage to agricultural runoff and effluents from aquaculture. This chemical cocktail
includes not only nutrients and organic matter, but also antibiotics, heavy metals, and
hydrocarbons that directly influence microbial life (Bhattacharyya et al., 2019; Shen et al.,
2019).

The Indian Sundarbans, known as the largest mangrove forest globally and designated as a
UNESCO World Heritage Site, serves as a prominent example of such an ecosystem. Fed
by the Ganges, Brahmaputra, and Meghna rivers, this vast estuarine network creates a
patchwork of niches where diverse microbial communities thrive. However, metagenomic
studies of sediment samples from the Sundarbans have revealed a concerning trend: the
presence of various antibiotic resistance genes (ARGs), including bla TEM, often found
alongside genes that offer resistance to heavy metals and other environmental stressors.
These genetic clusters are frequently located on mobile genetic elements, suggesting that
bacteria in this environment may be equipped for rapid adaptation through gene sharing
and co-selection—even when antibiotics are not directly present (Bhattacharyya et al.,
2019).

Interestingly, research from mangrove systems along the South China Sea offers a more
nuanced view. While mangroves can act as pollution sinks, their complex root systems,
sediment layers, and microbial networks may help reduce the overall abundance of ARGs
compared to adjacent open water zones (Shen et al., 2019). There's also evidence of vertical
stratification in sediment: as one digs deeper, resistance gene abundance tends to drop,
while microbial diversity actually rises (Jiang et al., 2023). This pattern suggests that the
deeper layers serve as stable microbial reservoirs, less exposed to environmental pressures
and gene exchange events like horizontal gene transfer.

Altogether, estuarine and mangrove environments especially the Sundarbans play a dual
role in the context of antibiotic resistance. They act both as repositories where resistance

genes accumulate, and as potential sources from which resistance can emerge or spread.
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Their natural complexity, combined with ongoing human impact, makes them vital and

revealing systems for understanding how resistance evolves and persists in the wild.

2.2 Co-selection by Environmental Stressors

While antibiotics are a primary driver of resistance, several non-antibiotic stressors play an
equally critical role. The concept of co-selection describes how resistance to antibiotics
may evolve not only due to direct exposure but also via selection pressures from unrelated
agents, especially metals and salinity (Baker-Austin et al., 2006). These can lead to co-
resistance—where two resistance genes are physically linked—or cross-resistance—where
a single mechanism confers resistance to multiple compounds.

In the Sundarbans, Bhattacharyya et al. (2019) reported strong correlations between ARG
abundance and metals such as lead (Pb), zinc (Zn), and copper (Cu). Heavy metals are
persistent pollutants and do not degrade over time, allowing them to act as continuous
selective agents that stabilize ARGs in the community even when antibiotic concentrations
decline. This has been further supported by metagenomic studies from other tropical
mangrove environments where metal-resistant and antibiotic-resistant genes often appear
together on the same plasmids (Subirats et al., 2023).

Another abiotic factor influencing microbial resistance is salinity. Tidal influence causes
frequent salinity fluctuations in estuarine ecosystems. Salt stress is known to modulate gene
expression, including those linked to stress tolerance and resistance. Sepulveda-Correa et
al. (2021) found that the expression of genes such as to/C (associated with efflux) and cusR
(linked to copper resistance) changed under variable salinity regimes, indicating that such
abiotic stress can drive the selection of resistance traits.

Petroleum hydrocarbons, prevalent in estuarine sediments due to boat traffic and industrial
activity, also select for efflux pumps and multidrug resistance determinants. Subirats et al.
(2023) showed that exposure to hydrocarbons like benzene and toluene upregulated genes
such as mexF and acrB in mangrove isolates.

Management strategies that ignore co-selective pressures risk underestimating the

persistence of resistance traits in natural microbial populations.
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2.3. Horizontal Gene Transfer in Rhizosphere and

Mangrove Soils

Horizontal gene transfer (HGT) is a key mechanism by which bacteria exchange genetic
material laterally, enabling the swift spread of antibiotic resistance genes (ARGs) among
diverse microbial species. Unlike vertical transmission from parent to offspring, HGT
allows gene sharing between coexisting microbes, accelerating adaptation to environmental
stresses (Smillie et al., 2011). The main modes of HGT—conjugation, transformation, and
transduction—significantly influence the composition of microbial resistomes, especially
in complex habitats like the rhizosphere and mangrove sediments.

Rhizosphere as a Gene Transfer Hotspot

The rhizosphere, a narrow soil zone influenced by plant root exudates such as sugars, amino
acids, and organic acids, provides a nutrient-rich environment that promotes dense
microbial populations and high metabolic activity (Philippot et al., 2013). The close
physical proximity of different bacteria, along with selective pressures from plant
compounds, makes this region a hotspot for gene exchange.

Research indicates that root exudates can directly enhance plasmid-mediated gene transfer.
Serensen et al. (2005) found that conjugation rates in rhizosphere soils were markedly
higher than in bulk soils, suggesting that root-secreted compounds boost bacterial
competence and conjugation. More recently, Eng et al. (2024) showed that synthetic
rhizosphere microbial communities exposed to salinity stress or antibiotic gradients
exhibited increased transfer of ARG-carrying plasmids, particularly among Pseudomonas
and Burkholderia species.

Moreover, mobile genetic elements (MGEs) such as integrons and transposons are more
prevalent in rhizosphere microbiomes compared to surrounding soils (Xu et al., 2021). This
enrichment results from high bacterial densities and stress-induced activation of genes
linked to HGT. Environmental stresses—Ilike nutrient scarcity, antibiotic exposure, or
changes in salinity can induce the bacterial SOS response, which promotes excision and
transfer of integrons and transposons (Beaber et al., 2004). Consequently, the rhizosphere
supports rapid genetic exchange, facilitating the spread of antibiotic resistance within
microbial communities.

Mangrove Soils and Tidal Influence

Mangrove sediments contain anaerobic zones, fostering diverse microbial communities.
These conditions support active biogeochemical processes and create favourable
environments for horizontal gene transfer (HGT). For example, Shen et al. (2019) found
that class 1 integrons were highly abundant in mangrove sediments from the South China

Sea, indicating ongoing gene exchange even under saline and oxygen-limited conditions.
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The Indian Sundarbans, influenced by semidiurnal tides, add further complexity to HGT
dynamics. Tidal movements mix marine and freshwater microbial populations and
redistribute nutrients, metals, and pollutants. This constant environmental mixing promotes
bacterial interactions across various microhabitats, increasing HGT opportunities. Jiang et
al. (2023) observed that mobile genetic elements (MGEs) were more concentrated near the
sediment surface in the Sundarbans, correlating with pollutant levels and microbial density.
Additionally, the interplay of salinity changes, oxygen gradients, and plant-associated
microbes in mangrove rhizospheres triggers stress responses that enhance HGT. Studies on
estuarine bacteria exposed to high salt levels have shown increased expression of genes
involved in conjugation and integrase activity, highlighting the role of abiotic stress in
boosting genetic exchange (Septlveda-Correa et al., 2021).

Role of Mobile Genetic Elements and Phage in Resistance Gene Transfer
Mobile genetic elements (MGEs), including plasmids, integrons, insertion sequences, and
prophages, play a crucial role in spreading antibiotic resistance genes (ARGs). Plasmids
from incompatibility groups such as IncP and IncF are frequently detected in mangrove
sediments and often carry multiple resistance determinants (Zhang et al., 2020). In the
rhizosphere, selective pressures from antibiotics, heavy metals, or plant-derived
antimicrobials help sustain these plasmids across bacterial populations.

Integrons, particularly class 1 integrons, enable the capture and expression of gene cassettes
and are commonly associated with transposons, which increase their mobility. Elevated
levels of integrons have been reported in mangrove estuaries close to urbanized regions,
suggesting that human activities influence gene transfer dynamics (Shen et al., 2019).
Although less extensively studied, bacteriophages significantly contribute to horizontal
gene transfer through transduction. Viral particles have been found to carry ARGs like sull,
tetA, and bla_ TEM, facilitating gene movement between bacterial species (Colomer-Lluch
et al., 2011). Environmental fluctuations in salinity and redox potential in mangrove
ecosystems can induce prophage activation, further enhancing the mobilization of
resistance genes.

Ecological Implications and Importance of Surveillance

The dense and diverse microbial communities in rhizospheres and mangrove soils,
combined with environmental stresses, make these habitats not just reservoirs but active
sites for the spread of resistance traits. Understanding the dynamics of HGT in these
environments is critical for anticipating how antibiotic resistance evolves and potentially
transfers to clinical pathogens.

Monitoring MGEs, integrons, and phage-mediated gene transfer is essential for informing

bioremediation strategies and establishing ecological barriers to curb the spread of ARGs.
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Additionally, employing native microbial communities with inherently low resistance
levels may serve as a sustainable approach to limit resistome expansion in contaminated

estuarine regions (Zhang et al., 2020; Shen et al., 2019).

2.4. Evolutionary Biology of Resistance: Mutation, Fitness

Costs, and Trade-offs

Antibiotic resistance arises as a result of microbial adaptation driven by selective pressures.
This evolutionary process includes both the acquisition of resistance genes and the
development of new mutations that improve bacterial survival when exposed to antibiotics.
Understanding the evolutionary mechanisms behind resistance sheds light on why certain
bacterial strains can persist and even flourish in environments rich in antibiotics or other
stressors, such as estuaries and mangrove ecosystems.

Mutation as a Key Factor in Evolvability

Mutations serve as the fundamental source of genetic variation necessary for evolution.
Although spontaneous mutations occur infrequently, they can alter bacterial genes involved
in antibiotic targets, membrane transport systems, regulatory circuits, or metabolism. Under
antibiotic stress, beneficial mutations that improve survival tend to be rapidly selected and
spread within bacterial populations. Strains with defective DNA repair systems, known as
mutators—caused by mutations in genes like mutS or mutL—show increased mutation
rates and thus enhanced evolvability (Gifford et al., 2023). For example, studies in
Escherichia coli have demonstrated that mutator strains develop resistance to tetracycline
more quickly and effectively than wild-type strains, although these advantages may come
with certain drawbacks.

Fitness Costs and Evolutionary Trade-offs

While mutations that confer antibiotic resistance provide a survival benefit under drug
exposure, they often carry fitness costs by impairing other vital cellular processes. For
instance, mutations affecting the 30S ribosomal subunit, which grant resistance to
aminoglycosides, can reduce translational efficiency and slow bacterial growth in the
absence of antibiotics (Melnyk et al., 2015). Such fitness costs are particularly noticeable
with chromosomal mutations that disrupt essential pathways. In contrast, resistance genes
carried on plasmids generally impose less metabolic burden because they are modular and
can be regulated independently of the host cell’s metabolism (Vanacker et al., 2023). This
characteristic partly explains the widespread occurrence of plasmid-mediated resistance in
both natural and clinical environments.

These evolutionary trade-offs also affect bacterial adaptability to other stresses. Bernardes

et al. (2022) found that E. coli strains resistant to chloramphenicol exhibited reduced
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growth under heat and oxidative stress, indicating that resistance may restrict bacterial
resilience to environmental challenges unrelated to antibiotics. Such trade-offs contribute
to maintaining populations of susceptible bacteria in habitats where antibiotic pressure is
sporadic or weak.

Compensatory Evolution

Over time, bacterial populations may acquire compensatory mutations that offset the fitness
costs of resistance. This process allows resistant strains to regain growth efficiency without
losing resistance traits. Compensatory evolution has been widely documented in laboratory
evolution experiments involving beta-lactam and fluoroquinolone resistance (Durao et al.,
2018).

In mangrove and estuarine environments, where bacteria are frequently exposed to
fluctuating abiotic stressors, compensatory adaptation may be essential for long-term
survival. For instance, bacteria facing both salinity and antibiotic stress may evolve
integrated stress responses that stabilize resistance mechanisms while maintaining cellular
homeostasis.

Evolvability in Different Environmental Contexts

Evolvability refers to the capacity of an organism or population to generate heritable
phenotypic variation that can be acted upon by natural selection. Environmental
heterogeneity plays a major role in modulating bacterial evolvability. In stable
environments, selection tends to favor canalized (robust and specialized) traits. In contrast,
fluctuating environments—such as estuarine habitats with varying salinity, oxygen, and
nutrient profiles—favor genetic and phenotypic plasticity.

The estuarine system of the Indian Sundarbans is particularly suited for studying microbial
evolvability. With its semidiurnal tidal regime, the region experiences salinity shifts every
six hours, and bacterial doubling times (generation time) of 1.5-2 hours make it possible
for several generations to evolve within a single tidal cycle (Chakrabarty et al., 2020). This
temporal fluctuation imposes strong selection pressures that can drive the emergence of
novel resistance phenotypes.

Genetic Mechanisms Enhancing Evolvability

Several genetic features enhance bacterial evolvability, including:

Hypermutable Loci: Certain genomic regions have higher mutation rates and are often
involved in surface antigens or regulatory genes.

Recombination Hotspots: Increase the potential for gene reshuffling, especially in genes
related to antibiotic resistance or virulence.

MGEs (Mobile Genetic Elements): Integrons and transposons can carry multiple

resistance genes and facilitate their integration into new genomic contexts.
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Gene Duplication: Allows one copy to retain function while the other mutates freely.
These mechanisms, often activated under stress, allow environmental bacteria to respond
rapidly to antibiotics or other stressors present in their habitat.

Importance of Laboratory-Based Evolution Studies

While field studies provide ecological realism, laboratory evolution experiments offer
control over environmental variables and enable direct observation of evolutionary
trajectories. By culturing bacteria in sub-inhibitory concentrations of antibiotics over
multiple generations, researchers can simulate evolutionary bottlenecks and observe the
fixation of beneficial mutations.

In this study, environmental isolates from Sundarbans soil were subjected to serial passage
in nutrient broth supplemented with half the MIC of tetracycline. Each transfer mimicked
a bottleneck event, allowing selection of tolerant phenotypes. Over 15-16 transfers,
adaptive evolution was expected to favour genotypes with enhanced resistance and growth
fitness. This setup mirrors previous work on experimental evolution under nutrient or
antibiotic stress (Lenski et al., 1991; Toprak et al., 2012).

Such approaches help bridge the gap between natural and synthetic environments and

provide insights into the selective dynamics governing resistance evolution.

2.5. Ecological and Research Significance of the

Sundarbans

The Sundarbans, situated at the confluence of the Ganges, Brahmaputra, and Meghna
rivers, is recognized as the world’s largest mangrove forest and a UNESCO World Heritage
Site. Stretching across southern Bangladesh and the Indian state of West Bengal, this region
features an intricate estuarine landscape made up of tidal rivers, creeks, and numerous
islands dominated by salt-tolerant (halophytic) vegetation. Its ecological diversity and
complexity not only make it a global biodiversity hotspot but also an excellent natural
setting to study how microbes adapt to challenging and rapidly changing environmental
conditions (Aditya et al., 2020)..

Dynamic Environment as a Selective Arena

The Sundarbans experience semidiurnal tides, causing salinity and oxygen levels to
fluctuate every 6 to 12 hours, influenced by lunar cycles and monsoon rains. This regular
environmental cycling creates a natural stress that forces microbes to quickly adjust to
changing salt concentrations and oxygen availability. For salt-loving (halophilic) and salt-
tolerant bacteria, this ability to rapidly adapt is crucial for thriving in this estuarine
environment (Gopal & Chauhan, 2006).

Beyond natural challenges, these microbial communities also face human-made pollutants.

Runoff from farms, waste from aquaculture, industrial discharges, and urban sewage all
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bring antibiotics, heavy metals, and excess nutrients into the area. This mix of pollutants
adds another layer of pressure, selecting for bacteria that can tolerate multiple stresses at
once (Bhattacharyya et al., 2019).

The constant tidal movement further blends marine and freshwater microbes, encouraging
genetic exchange and complex ecological relationships. Because of these unique factors,
the Sundarbans provide a perfect natural laboratory to explore how antibiotic resistance
genes evolve, spread, and adapt in dynamic environments.

Halophilic and Environmental Bacteria: Untapped Microbial Diversity
Environmental bacteria from salty and estuarine habitats have often been overlooked in
antibiotic resistance studies, yet they carry diverse and complex resistomes. Halophilic
bacteria—those adapted to survive in high-salt conditions—possess special resistance traits
shaped by their challenging environments. These include genes involved in pumping out
sodium ions, producing osmo protectants, defending against oxidative stress, and resisting
heavy metals, many of which are closely linked to antibiotic resistance genes through
mobile genetic elements (Zhao et al., 2018).

In the Sundarbans’ mangrove sediments, researchers have isolated culturable halophilic and
halotolerant bacteria like Bacillus, Halomonas, and Pseudomonas species. Many of these
strains show resistance to several antibiotics, such as tetracycline, ampicillin, and
erythromycin (Bhattacharyya et al., 2019; Mukhopadhyay et al., 2020). These bacteria
serve not only as reservoirs of resistance genes but also carry enzymes and pathways that
help them survive under multiple extreme stresses—high salinity, low nutrients, and
pollution.

Rhizosphere Interactions in Mangrove Plants

The rhizosphere—the narrow region of soil directly influenced by plant roots—is
especially significant in mangrove ecosystems. Mangrove species such as Avicennia and
Rhizophora release a complex mix of sugars, amino acids, and other compounds that shape
the microbial communities living nearby. Compared to soils farther from roots, the
rhizosphere supports denser and more diverse bacterial populations, making it a hotspot for
genetic exchange and microbial evolution.

Research by Xu et al. (2021) shows that microbes in the rhizosphere carry a higher
abundance of mobile genetic elements (MGEs) and integrons compared to microbes in
surrounding bulk soils, which promotes horizontal gene transfer. In the Sundarbans
mangroves, this process is intensified by the salt-excluding nature of mangrove roots,
which create sharp osmotic gradients in the soil and increase selective pressure on
microbes. These conditions encourage the development and persistence of antibiotic-

resistant bacteria, especially when exposed to low levels of antibiotics.
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Link Between Biodiversity and ARG Dynamics

The relationship between biodiversity and antibiotic resistance is complex and depends on
the environmental context. Some studies suggest that high microbial diversity can help
limit the spread of antibiotic resistance genes (ARGs) by promoting competition and filling
ecological niches, which reduces the dominance of any single resistant strain (Jiang et al.,
2023). However, greater diversity also means a larger genetic pool, which can facilitate
horizontal gene transfer and potentially expand the resistome.

In the Sundarbans, this balance is influenced by sediment depth. Surface sediments,
exposed to pollutants and oxygen, typically harbour more ARGs and active microbial
communities, whereas deeper sediments show higher species diversity but fewer ARGs
(Jiang et al., 2023). This indicates that biodiversity may act as a natural buffer against
antibiotic resistance, though its effectiveness varies with sediment layer and pollution

levels.

2.5.5 Importance of Studying Resistance Evolvability in the Sundarbans
Although the Sundarbans is ecologically diverse, it is often overlooked in global efforts to
monitor antibiotic resistance. Most research tends to focus on clinical settings or urban
wastewater, leaving a significant knowledge gap about how resistance develops and
evolves in natural environments (Bhattacharyya et al., 2019; Shen et al., 2019). This lack
of attention limits our understanding of the origins and persistence of antibiotic resistance
beyond hospitals.

This study aims to fill that gap by examining halophilic bacteria from Sundarbans’
rhizosphere soils. Rather than just detecting resistance genes, it explores how these bacteria
evolve resistance over time when exposed to antibiotics under controlled lab conditions.
The experimental setup mimics environmental factors like tidal nutrient fluctuations and
population bottlenecks, allowing us to observe bacterial adaptation in real time (Rubayea
et al., 2023; Chakrabarty et al., 2020).

Understanding these processes is especially important as climate change brings rising sea
levels, increased salinity, and shifting rainfall patterns to coastal regions. These changes
are likely to alter microbial communities and their resistomes in ways we don’t yet fully
grasp (Gopal & Chauhan, 2006; Rai & Banerjee, 2023). Gathering baseline data from
relatively pristine sites like the Sundarbans will help build better predictive models for
antibiotic resistance emergence and support more informed environmental management

(Bhattacharyya et al., 2019).
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2.5.6 Broader Research and Policy Implications

The findings from studies on antibiotic resistance evolution in Sundarbans bacteria have
important implications for both fundamental science and public health policy. From a
microbiological standpoint, uncovering how bacteria adapt and develop resistance under
natural, fluctuating stressors helps refine evolutionary models that can be applied across
diverse ecosystems (Rubayea et al., 2023; Chakrabarty et al., 2020). Environmentally,
understanding the key ecological factors driving resistance—such as heavy metal
contamination, salinity shifts, and organic pollution—can guide more effective, integrated
pollution management and regulatory frameworks to curb resistance spread (Bhattacharyya
et al., 2019; Rai & Banerjee, 2023).

Beyond policy and ecology, these studies may also pave the way for biotechnological
innovations. Novel resistance genes or stress-response pathways discovered in these
halophilic isolates could serve as valuable resources for engineering probiotic strains or
bioremediation microbes that are resilient in harsh conditions, while reducing the risk of

disseminating antibiotic resistance genes (Zhao et al., 2018; Mukhopadhyay et al., 2020).
2.6. Summary and Research Relevance

In conclusion, the emergence and evolution of antibiotic resistance in environmental
contexts is a highly intricate phenomenon shaped by genetic, ecological, and evolutionary
forces. The Indian Sundarbans, with its dynamic estuarine conditions, presents a uniquely
valuable ecosystem for exploring these interactions. Microbial populations in this region
regularly face selective pressures from environmental stressors such as antibiotics, heavy
metals, salinity fluctuations, and hydrocarbon contamination—all of which can
independently or synergistically promote resistance (Jiang et al., 2023; Bhattacharyya et
al., 2019).

Core mechanisms like horizontal gene transfer (HGT), spontaneous mutations, and co-
selection are prominently active in mangrove rhizospheres and sediment layers,
contributing to the rapid acquisition and spread of resistance traits. The involvement of
mobile genetic elements—such as plasmids, integrons, and transposons—further
underscores the evolutionary agility of these microbial communities (Xu et al., 2021; Zhao
et al., 2018).

Investigating the evolvability of these bacteria, particularly under sustained sub-inhibitory
antibiotic exposure in controlled lab environments, provides critical insight into how
resistance traits can emerge and persist in real time. This approach not only models the
adaptive capacity of environmental microbes but also helps evaluate their role as potential
reservoirs or vectors of antibiotic resistance genes (Rai & Banerjee, 2023; Rubayea et al.,

2023).



Page |22

For tropical countries like India—where high population densities, inadequate waste
treatment, and ecologically fragile habitats intersect—the need for environmental antibiotic
resistance surveillance is especially urgent. Long-term monitoring in vulnerable
ecosystems like the Sundarbans is essential for informing sustainable public health
strategies, guiding antibiotic stewardship, and supporting biodiversity conservation efforts
in the face of a growing resistance crisis (Gopal & Chauhan, 2006; Mukhopadhyay et al.,
2020).
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Chapter 3 Materials and Methods

3.1 Study Area and Sample Collection

Sampling was carried out specifically from the rhizosphere region—the narrow zone of
soil influenced by root exudates and associated microbial activity—of dominant mangrove
tree species. Rhizospheric soils are known hotspots for microbial interaction, genetic
exchange, and potential horizontal gene transfer, making them critical areas for
investigating antibiotic resistance evolution.

To ensure representativeness, sampling locations were chosen based on three main criteria:
(1) Accessibility—sites that could be safely reached by foot or small boat during low tide,
(i) Vegetation density—areas with healthy mangrove stands such as Avicennia,
Rhizophora, or Sonneratia species, and
(ii1) Minimal anthropogenic disturbance—to reduce confounding variables from recent
human activity, including pollution or construction.

At each site, approximately 100 to 200 grams of rhizospheric soil was collected at a depth
of 5-10 ¢m using sterile stainless steel spatulas or scoops. This depth was chosen to target
active microbial layers while minimizing surface contamination. Care was taken to avoid
root damage during sampling.

The collected soil samples were placed into pre-labeled, sterile polypropylene containers
and sealed tightly to prevent contamination. Samples were immediately stored in an ice-
box maintained at 4°C during transportation and transferred to the laboratory within 24
hours of collection to preserve microbial viability and community integrity. Upon arrival,
samples were stored at refrigeration temperature if not processed immediately and then
used for microbiological culturing, resistance evolution experiments, and molecular
characterization.

This methodical approach to sampling ensured minimal external interference and preserved
the native microbial populations, which is crucial for studying evolutionary adaptations

under near-natural conditions.

3.2 Serial Dilution and Isolation of Bacteria

To isolate culturable bacterial strains from the rhizospheric soil samples, a standard serial
dilution and plating technique was employed under aseptic conditions. This method is
widely used to reduce microbial load and obtain isolated colonies for downstream
microbial characterization (Madigan et al., 2018; Cappuccino & Welsh, 2017).

Approximately 1 gram of each soil sample was aseptically transferred into a sterile test

tube containing 9 mL of sterile physiological saline solution (0.85% NaCl). The mixture
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was vigorously vortexed for 2-3 minutes to suspend soil particles and liberate microbial
cells from the soil matrix (Torsvik & Qvreés, 2002). This formed the initial 10" dilution.

A series of tenfold serial dilutions, from 10~ to 107¢, was then prepared by sequentially
transferring 1 mL of each dilution into 9 mL of fresh sterile saline. These dilutions are
necessary to obtain well-separated colonies on agar plates, especially from high-biomass
environments like rhizospheres (Atlas, 2010).

From each dilution, 100 pL aliquots were spread-plated onto Nutrient Agar (NA) plates,
chosen for its general-purpose composition that supports a broad range of heterotrophic
bacteria, including many halotolerant or halophilic strains typically found in estuarine soils
(Pelczar et al., 2001). The plates were incubated at 30°C for 48 to 72 hours, allowing
both fast and slow-growing environmental bacteria to form distinguishable colonies.

Post incubation, colonies were visually assessed and selected based on distinct
morphological characteristics, including pigmentation, texture, size, shape, and
elevation—an approach that ensures a diverse representation of bacterial taxa (Palleroni,
2010). Selected colonies were then subcultured repeatedly on fresh NA plates to achieve
purity.

Finally, pure isolates were maintained on slants at 4°C for further studies, including
antibiotic resistance profiling and 16S rRNA gene sequencing to determine taxonomic
identity.

This isolation process formed the foundational step for evaluating the antibiotic resistance

evolvability of native bacterial isolates under controlled laboratory conditions.

3.3 Preparation of Nutrient Broth and Culture

Maintenance

Following isolation, bacterial colonies were propagated in nutrient broth to establish
actively growing cultures for antibiotic exposure experiments. The nutrient broth was
prepared to support the growth of halotolerant or halophilic bacteria commonly found in
mangrove rhizospheres (Ventosa et al., 2015; DasSarma & Arora, 2001). This salinity
adjustment mimics the estuarine environment of the Indian Sundarbans and helps maintain
physiological relevance during laboratory cultivation.

All media and glassware were sterilized using a laboratory autoclave at 121°C and 15
psi for 20 minutes, a standard procedure to eliminate microbial contaminants and ensure
aseptic conditions (Cappuccino & Welsh, 2017; Madigan et al., 2018).

Isolated bacterial colonies were aseptically inoculated into S mL of sterile nutrient broth
in test tubes or flasks and incubated at 30°C with constant shaking at 120 rpm for 18-24

hours. This aerated incubation promotes optimal bacterial growth by improving oxygen
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availability and nutrient mixing, which is particularly important for acrobic and facultative
anaerobic strains (Pelczar et al., 2001).

To simulate long-term environmental exposure, these cultures were refreshed every 3—4
days by transferring 1 mL of the old culture into fresh nutrient broth. This serial passage
method ensures consistent nutrient availability and allows researchers to observe microbial
adaptation over time, especially under controlled antibiotic selection pressures (Barrick &

Lenski, 2013).

3.4 Determination of Minimum Inhibitory Concentration

(MIC)

To assess the antibiotic susceptibility of the isolated halophilic bacterial strains, the
Minimum Inhibitory Concentration (MIC) of tetracycline was determined using the
standard broth microdilution method in sterile 96-well microtiter plates (Wiegand et al.,
2008). This technique offers high sensitivity and allows simultaneous testing of multiple
concentrations across replicates in a small volume format.

Each well was filled with nutrient broth to replicate the saline conditions optimal for
halophilic growth. Tetracycline was serially diluted across wells to achieve a range of final
concentrations

Plates were then incubated at 30°C for 18-24 hours under static conditions.

The MIC was recorded as the lowest antibiotic concentration that completely
inhibited visible bacterial growth, indicated by the absence of turbidity when compared
to a no-antibiotic control (Andrews, 2001). This value served as a benchmark for
determining the sub-inhibitory concentration (2 MIC) to be used in the experimental
evolution setup, where bacteria were repeatedly exposed to non-lethal doses of

tetracycline to observe resistance emergence over successive generations.
3.5 Experimental Evolution Under Tetracycline Stress

Different isolates were subjected to experimental evolution.

Each isolate was grown in nutrient broth supplemented with half of the MIC of
tetracycline.

Every 3—4 days, cultures were transferred (1:100 dilution) into fresh broth with the same
antibiotic concentration.

This was repeated for 15-16 serial transfers, mimicking approximately 100-150
generations.

Optical density (ODsoo) was measured before and after each transfer to monitor growth and

adaptation.
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Figure 1: Experimental Workflow for Studying Antibiotic Resistance Evolvability in

Environmental Isolates

This flowchart illustrates the step-by-step methodology followed in the laboratory to assess

the evolution of tetracycline resistance in halophilic bacterial isolates. The process

includes soil sampling from the Sundarbans, serial dilution and isolation, MIC

determination, prolonged exposure to sub-inhibitory antibiotic concentrations, serial

transfers, and final molecular identification via 16S rRNA sequencing.
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Figure 2a : Representative photograph of the Sundarbans mangrove area, from where soil
samples were collected for the objective with an image showing a mangrove tree of that

area.

Figure 2b Soil samples were collected for isolating environmental halophilic bacterial

strains and they were freeze at — 30 degrees until further processing.
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Figure 2c : Collection of root-associated soil and plant material from a coastal or
estuarine mudflat environment. The plant specimen, exhibiting succulent characteristics, is
carefully extracted to preserve the root system and adhering soil, which is critical for
studying rhizospheric microbial communities. The background shows a water body and

saline-influenced sediment, indicating a halophytic habitat.

£ cPs Mall

Asansol, West Bengal, India

Unnamed Road, Ushagram, Asansol, West Bengal 713303, India
Lat 23.680896°

Long 86.997531°

25/06/24 11:40 AM GMT +05:30

Figure 2d : Autoclaved nutrient media in flasks and petri dishes securely wrapped with
newspaper and rubber bands to maintain sterility post-autoclaving. The setup is part of
media preparation for microbiological experiments, with materials cooled and ready for
inoculation
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Figure 2e: Nutrient broth preparation. Aseptic transfer of sterile liquid medium in a
microbiology laboratory. The image shows the careful pouring of a liquid culture medium
from a graduated measuring cylinder into an flask using aseptic techniques..
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Figure 3a :Soil Sample processing being conducted under aseptic conditions inside a
laminar airflow chamber.
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Figure 3b: Stepwise serial dilution of soil samples followed by plating on nutrient agar to

isolate individual bacterial colonies.
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Figure 3c.. Spread plate technique in progress under aseptic conditions using a flame-

sterilized glass spreader
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Figure 3e: Close-up view of different morphotypes of bacterial colonies isolated from

halophilic soil samples, indicating microbial diversity after incubation of 24 hours.
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Figure 4a : Streaking method for colony amplification of colonies identification, image
shows sterilisation of inoculating loop with alcohol and spirit lamp and agar plates set

for streaking.

Figure 4b : Streak plates after incubation for getting well-isolated colonies of bacteria

firom a mixed population
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Figure 5: Inoculation into Liquid Medium. A single, well-isolated colony was picked
aseptically using a sterile inoculating loop or toothpick and transferred into a 5—10 mL
sterile nutrient broth. The inoculated broth was incubated at 30-37°C for 18—24 hours in

a shaking incubator set at 150—200 rpm to ensure proper aeration and bacterial growth.
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Figure 6: Subculturing or Experimental Setup: Incubation setup showing serial passaging
of bacterial cultures in nutrient broth containing sub-inhibitory (%> MIC) tetracycline

concentrations.
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Figure 7: Laboratory goods containing evolved bacterial cultures post-exposure to

antibiotic selection pressure.
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Chapter 5 : Result And Discussion

Bacterial Growth and Antibiotic Tolerance Before Experimental Evolution

Bacterial colonies isolated from rhizospheric soil (RS) and non-rhizospheric soil (NRS)
samples displayed distinct optical density (OD) profiles and minimum inhibitory

concentrations (MIC) against tetracycline before experimental evolution (Table 1)

Table 1.

SL.NO EXPERIMENT
OD Value
RS 1 0.081
2 0.013
3 0.062
4 0.73
NRS 1 0.091
2 0.083
3 0.082
4 0.065

BEFORE 15 TRANSFERS

CONTROL
MiIC
1mg/ml
0.01mg/ml
0.1mg/ml
1mg/ml

1.673

1mg/ml 1.9
1mg/ml

1mg/ml

0.1mg/ml

Table 1: Minimum Inhibitory Concentration of the bacterial strains before 15 transfers

AFTER 15 TRANSFERS

SL.NO

OD Value
0.751
0.291
0.453
0.735

RS

A WNR

NRS 0.898
0.873
0.82

0.541

B WNR

EXPERIMENT

MIC
1mg/ml
0.01mg/ml
0.1mg/ml
1mg/ml

CONTROL

1.673

1mg/ml
1mg/ml 1.9
1mg/ml
0.1mg/ml

Table 2: Minimum Inhibitory Concentration of the bacterial strains after 15 transfers.

Enhanced Growth After 15 Transfers in Sub-inhibitory Tetracycline

After 15 sequential transfers in nutrient broth containing %2 MIC tetracycline, both RS
and NRS isolates showed a marked increase in OD, indicating physiological adaptation

to tetracycline stress (Table 2).

Comparison of RS and NRS Isolates

e RS isolates already had higher variability in OD before evolution, reflecting

inherent adaptability.

e NRS isolates, although initially showing lower OD, exhibited a greater

proportional increase in OD after 15 transfers, suggesting rapid physiological

adjustment under antibiotic stress.

¢ No loss of viability occurred in either group, indicating robust halophilic

bacterial survival in sub-inhibitory tetracycline.
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Graphical representation of MIC of rhizosphere soil bacteria

s W/3W 700000000

0.7

0.6

0.5

0.4

0.3

0.2

SNERNNNRN |l||||||||| IERNNANRERRNNARN

0.1

0

TW/3W 1000000°0
Jw/3w 1000000
Jw/3w 100000
Jw/3W T000°0
w/3W T00°0

Jw /3w 100
Jw/BwW T°0
Jw/Bwt
Jw/3wot

Jw/3W 10000000°0
TW/3W T000000°0
TW/3W 100000°0
TW/3W 10000°0
Tw/3W 10000
w/3W 100°0

Jw /3w 100
Jw/BwW T0
Jw/Bwt

Jw/3wot

Jw/3W 100000000
Jw/8W 10000000
Jw/BW 1000000
Jw/3W 100000
Jw/BW 10000
Jw/BW 100°0

Jw /3w 100
Jw/BwW 0
Jw/swt

Jw/Bwot

Jw/3W T0000000°0
Jw/3w 10000000
Jw/3w 1000000
Jw/3W 100000
Jw/3W 1000°0
w/3W 100°0

Jw /3w 100
Jw/Bw T0
Jw/swt

Jw/Bwot

RS 4

RS3

RS2

RS1

OD value of control

0D value

Graphical representation of MIC of nonrhizosphere soil bacteria
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Direction to Further steps

Gel Electrophoresis, Molecular Identification

Final evolved populations have been sent for 16S rRNA sequencing to determine

taxonomic identity. These results will clarify whether the observed differences arise from

species composition or differential evolutionary responses of similar taxa.
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Conclusion

Long-term exposure to sub-inhibitory tetracycline did not significantly alter the MIC of
halophilic bacterial isolates from rhizospheric and non-rhizospheric soils. However, the
marked increase in optical density at inhibitory concentrations indicates that these isolates
developed enhanced tolerance rather than full genetic resistance. Rhizospheric isolates
displayed inherent adaptability, while non-rhizospheric isolates demonstrated greater
proportional improvement, reflecting phenotypic plasticity. Such tolerance may serve as a
critical intermediate stage in the evolution of antibiotic resistance, allowing bacterial
populations to persist under stress and potentially acquire stable resistance mechanisms via
mutation or horizontal gene transfer. Pending 16S rRNA sequencing will further elucidate

the taxonomic basis of these adaptive responses.



10.

11.

Page |38

References

Baker-Austin, C., Wright, M. S., Stepanauskas, R., & McArthur, J. V. (2006). Co-selection
of antibiotic and metal resistance. Trends in Microbiology, 14(4), 176-182.
https://doi.org/10.1016/.tim.2006.02.006

Beaber, J. W., Hochhut, B., & Waldor, M. K. (2004). SOS response promotes horizontal

dissemination of antibiotic resistance genes. Nature, 427(6969), 72-74.

https://doi.org/10.1038/naturc02241

Bernardes, J. P., et al. (2022). Temperature-sensitive trade-offs in antibiotic-resistant
bacterial ~ strains.  Environmental — Microbiology  Reports, 14(3), 429-437.
https://doi.org/10.1111/1758-2229.13067

Bhattacharyya, A., Gupta, A., Paul, S., & Mukhopadhyay, S. K. (2019). Co-occurrence of

metal and antibiotic resistance genes in sediments of the Sundarban mangrove estuary.
Marine Pollution Bulletin, 149, 110538. https://doi.org/10.1016/j.marpolbul.2019.110538
Chakrabarty, C., Mukhopadhyay, S. K., & Paul, S. (2020). Seasonal mesozooplankton

dynamics of marine-dominated estuaries of Indian Sundarbans. Estuarine, Coastal and
Shelf Science, 243, 106911. https://doi.org/10.1016/j.ecss.2020.106911

Colomer-Lluch, M., Jofre, J., & Muniesa, M. (2011). Antibiotic resistance genes in the
bacteriophage DNA fraction of environmental samples. PLOS ONE, 6(3), el17549.
https://doi.org/10.1371/journal.pone.0017549

Durdo, P., Balbontin, R., & Gordo, 1. (2018). Evolutionary mechanisms shaping the
maintenance of antibiotic resistance. Trends in Microbiology, 26(8), 677-691.

https://doi.org/10.1016/j.tim.2018.01.005

Eng, T., et al. (2024). Rhizosphere-specific plasmid transfer and environmental stress
adaptation in  synthetic = communities. ISME  Communications, 4, 10.

https://doi.org/10.1038/s43705-023-00289-0

Gifford, D. R., et al. (2023). Mutator-driven antibiotic resistance evolution in microbial
populations.  Proceedings of the Royal Society B, 290(2003), 20222085.
https://doi.org/10.1098/rspb.2022.2085

Gopal, B., & Chauhan, M. (2006). Biodiversity and its conservation in the Sundarban
Mangrove Ecosystem. Aquatic Sciences, 68, 338-354. https://doi.org/10.1007/s00027-
006-0868-8

Jiang, X., et al. (2023). Vertical stratification of antibiotic resistance genes in mangrove
sediment layers. Environmental Research, 216, 114505.

https://doi.org/10.1016/j.envres.2022.114505



https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.1038/nature02241
https://doi.org/10.1111/1758-2229.13067
https://doi.org/10.1016/j.marpolbul.2019.110538
https://doi.org/10.1016/j.ecss.2020.106911
https://doi.org/10.1371/journal.pone.0017549
https://doi.org/10.1016/j.tim.2018.01.005
https://doi.org/10.1038/s43705-023-00289-0
https://doi.org/10.1098/rspb.2022.2085
https://doi.org/10.1007/s00027-006-0868-8
https://doi.org/10.1007/s00027-006-0868-8
https://doi.org/10.1016/j.envres.2022.114505

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page |39

Lenski, R. E., Rose, M. R., Simpson, S. C., & Tadler, S. C. (1991). Long-term experimental
evolution in Escherichia coli. 1. Adaptation and divergence during 2,000 generations.
American Naturalist, 138(6), 1315—1341. https://doi.org/10.1086/285289

Melnyk, A. H., Wong, A., & Kassen, R. (2015). The fitness costs of antibiotic resistance

mutations. Evolutionary Applications, 8(3), 273-283. https://doi.org/10.1111/eva.12196

Mukhopadhyay, S. K., Bhattacharyya, A., & Paul, S. (2020). Microbial responses to metal
pollution in estuarine systems of Indian Sundarbans. Marine Pollution Bulletin, 160,
111656. https://doi.org/10.1016/j.marpolbul.2020.111656

Philippot, L., Raaijmakers, J. M., Lemanceau, P., & van der Putten, W. H. (2013). Going

back to the roots: The microbial ecology of the rhizosphere. Nature Reviews Microbiology,

11, 789—799. https://doi.org/10.1038/nrmicro3109

Sepulveda-Correa, R., et al. (2021). Influence of salinity on the resistome and microbial
community structure in mangrove sediments. Ecofoxicology and Environmental Safety,

211, 111899. https://doi.org/10.1016/j.ecoenv.2021.111899

Shen, C., et al. (2019). Mangrove microbial communities and their potential role in
antibiotic resistance gene dissemination. Science of the Total Environment, 649, 1245—
1254. https://doi.org/10.1016/].scitotenv.2018.08.424

Smillie, C. S., Smith, M. B., Friedman, J., Cordero, O. X., David, L. A., & Alm, E. J.

(2011). Ecology drives a global network of gene exchange connecting the human
microbiome. Nature, 480(7376), 241-244. https://doi.org/10.1038/nature10571
Serensen, S. J., Bailey, M., Hansen, L. H., Kroer, N., & Wuertz, S. (2005). Studying

plasmid horizontal transfer in situ: A critical review. Nature Reviews Microbiology, 3, 700—
710. https://doi.org/10.1038/nrmicro1232
Subirats, J., Paredes, M. A., Delgado, L. F., & Balcazar, J. L. (2023). Emerging insights

into pollution-driven selection of antibiotic resistance genes. Current Opinion in
Environmental Science & Health, 33, 100459.
https://doi.org/10.1016/j.coesh.2023.100459

Toprak, E., Veres, A., Michel, J. B., Chait, R., Hartl, D. L., & Kishony, R. (2012).

Evolutionary paths to antibiotic resistance under dynamically sustained drug selection.

Nature Genetics, 44(1), 101-105. https://doi.org/10.1038/ng.1034

Vanacker, J. M., et al. (2023). Fitness costs of resistance: Plasmid-borne vs chromosomal
antibiotic resistance in bacteria. Frontiers in Microbiology, 14, 1120812.

https://doi.org/10.3389/fmicb.2023.1120812

Xu, L., et al. (2021). Mobile genetic elements and resistome profiles in plant rhizospheres.

Environmental Pollution, 277, 116740. https://doi.org/10.1016/j.envpol.2021.116740



https://doi.org/10.1086/285289
https://doi.org/10.1111/eva.12196
https://doi.org/10.1016/j.marpolbul.2020.111656
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1016/j.ecoenv.2021.111899
https://doi.org/10.1016/j.scitotenv.2018.08.424
https://doi.org/10.1038/nature10571
https://doi.org/10.1038/nrmicro1232
https://doi.org/10.1016/j.coesh.2023.100459
https://doi.org/10.1038/ng.1034
https://doi.org/10.3389/fmicb.2023.1120812
https://doi.org/10.1016/j.envpol.2021.116740

24.

25.

26.

27.

Page |40

Zhang, A. N., Gaston, J. M., Dai, C. L., Zhao, S., Poyet, M., Groussin, M., ... & Alm, E. J.
(2020). An omics-based framework for assessing the health risk of antimicrobial resistance
genes. Nature Communications, 11, 1873. https://doi.org/10.1038/s41467-020-15672-7

Zhao, Y., Cocerva, T., Cox, S., Tardif, S., Su, J. Q., Zhu, Y. G., & Brandt, K. K. (2018).

Evidence for co-selection of antibiotic resistance genes and mobile genetic elements in
metal  polluted urban soils.  Environmental  Pollution, 242, 163-170.
https://doi.org/10.1016/j.envpol.2018.06.084

Lenski, R. E., Rose, M. R., Simpson, S. C., & Tadler, S. C. (1991). Long-term

experimental evolution in Escherichia coli. 1. Adaptation and divergence during 2,000
generations. The American Naturalist, 138(6), 1315-1341.
https://doi.org/10.1086/285289

Lenski, R. E. (2017). Experimental evolution and the dynamics of adaptation and genome
evolution in microbial populations. The ISME Journal, 11, 2181-2194.
https://doi.org/10.1038/isme;j.2017.69


https://doi.org/10.1038/s41467-020-15672-7
https://doi.org/10.1016/j.envpol.2018.06.084

