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Experimental Evolution To Confer Antibiotic Resistance 

Evolution Of Environmental Isolates In Native 

Environment 

ABSTRACT 

 

Antibiotic resistance continues to emerge as one of the most urgent global 

health challenges, increasingly driven by not only clinical misuse but also 

hidden reservoirs of resistance genes in natural ecosystems. This study 

explores the experimental evolution of environmental bacterial isolates 

collected from the Sundarbans, a unique and biodiverse estuarine habitat, 

under prolonged antibiotic exposure. By isolating initially non-resistant 

strains and subjecting them to serial passages in sub-lethal doses of 

antibiotics such as tetracycline, we simulated long-term environmental 

pressures that could lead to resistance development. 

 

Across multiple generations, phenotypic assays confirmed a marked 

increase in Minimum Inhibitory Concentrations (MICs), pointing to an 

adaptive evolutionary response. The Sundarbans, with its dynamic gradients 

in salinity, organic load, and anthropogenic influence, presents an ideal 

setting to trace how microbial resistance evolves in native habitats. This 

work not only reveals the potential for resistance to arise outside of clinical 

settings but also emphasizes the ecological factors that drive such changes. 

By integrating in vitro evolution experiments with insights from the natural 

environment, this study sheds light on the persistence, transmission, and 

adaptation of antibiotic resistance in microbial communities under real-

world selective pressures. 
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Chapter 1 
                                 Introduction  
 

 

1.1 Microbial Evolution Under Selective Pressures 

and Bottleneck Dynamics :- 

 

 

Evolution, the fundamental process through which organisms adapt and diversify, exists 
on a broad spectrum. The process of evolution shapes all life through the accumulation of 

heritable changes across generations. In microbial populations, this evolutionary process is 

often accelerated due to short generation times and large population sizes, especially under 

selective pressures such as antibiotics (Lenski, 2017).These conditions accelerate the pace 
at which selective mutations emerge and spread across populations.The process of 

evolution governs the adaptive potential of all living organisms, enabling them to survive 

and diversify through the accumulation of beneficial genetic changes. In microorganisms, 
this process occurs rapidly due to their short generation times and vast population sizes, 

particularly when subjected to environmental pressures like antibiotics (Lenski, 2017). 

These conditions accelerate the pace at which selective mutations emerge and spread across 

populations. 

 

A key concept in understanding microbial evolution is the “evolutionary bottleneck”—a 

dramatic reduction in population size that results in a loss of genetic diversity and restricts 

the number of adaptive trajectories available to a population (Nei, Maruyama, & 
Chakraborty, 1975). When populations undergo such bottlenecks, often due to 

environmental disturbances, host immune responses, or antibiotic exposure, they are forced 

to adapt through a narrower genetic lens. This can lead to the fixation of neutral or even 
mildly deleterious alleles, altering the evolutionary course in unpredictable ways (Levin, 

Perrot, & Walker, 2000). In laboratory conditions, bottlenecks are frequently introduced 

during serial passage or colony isolation, mimicking real-world stress events that 
microorganisms encounter (Barrick & Lenski, 2013). These imposed constraints not only 

reduce genetic variability but also limit the ability of microbial populations to respond 

flexibly to future selective pressures. 

 

1.2 Evolutionary Flexibility Under Relaxed 

Bottlenecks: Implications for Antibiotic Resistance 

 

Interestingly, when such bottlenecks are relaxed—allowing populations to expand and 
maintain greater diversity—the evolutionary outcomes can be significantly different. In 

more permissive environments, where microbial communities are allowed to retain a 

broader pool of variants, rare but advantageous mutations are more likely to arise and 

persist. This expanded genetic landscape enables populations to explore more complex 
adaptive solutions, sometimes leading to the emergence of traits like high-level antibiotic 



 

 

resistance or novel metabolic pathways (Couce & Tenaillon, 2015). Such dynamics are 
particularly evident in environmental isolates evolving within native habitats, where 

reduced bottlenecks and diverse ecological interactions provide greater opportunities for 

evolutionary innovation (Santos-López et al., 2019). Therefore, understanding how 

bottleneck severity influences microbial adaptability is crucial for predicting resistance 
evolution under both laboratory and natural conditions.This ability to adapt is rooted in the 

fundamental biology of microorganisms.  

Microorganisms possess immense evolutionary potential due to their high mutation rates, 
large population sizes, and rapid generation times. These features enable them to respond 

swiftly to selective pressures in their surroundings, whether they are chemical, nutritional, 

or environmental (Ochman, Lawrence, & Groisman, 2000). In the context of relaxed 
bottlenecks, these traits become even more significant—expanding not only the speed but 

also the complexity of adaptive responses. 

Unlike multicellular organisms, microbes can accumulate adaptive mutations within days 

or weeks, making them ideal models for real-time evolutionary studies. Their evolution is 
not solely dependent on mutation; rather, it is amplified by lateral gene exchange, allowing 

them to acquire entire gene cassettes or resistance islands from unrelated species (Frost et 

al., 2005). This dual capacity for innovation—via both genetic mutation and gene 
transfer—enables microorganisms to adapt in remarkably flexible and context-sensitive 

ways. In environments where constraints like bottlenecks are minimized, this adaptability 

is further magnified, allowing even transient environmental changes to be converted into 

long-term evolutionary gains. 

Ultimately, these biological advantages make microbial evolution not only fast, but also 

unpredictable and highly responsive to microenvironmental cues. This is especially evident 

in fluctuating or stress-inducing environments like native soils, host-associated niches, or 
polluted ecosystems—where selective pressures are neither constant nor uniform 

(Martinez, 2009). These characteristics explain why microorganisms are central to studies 

of antibiotic resistance, and why experimental evolution remains a powerful lens through 

which to anticipate emerging microbial threats. 

 

1.3 Antibiotic Resistance  

 

Given their extraordinary adaptability, it is not surprising that microorganisms have 
become formidable opponents in the ongoing battle against infectious diseases. One of 

the most pressing examples of this evolutionary capacity is the rapid emergence of 

antibiotic resistance. As microbes are continually exposed to antimicrobial compounds—

whether in clinical settings, agriculture, or the environment—they are able to respond 
with remarkable speed and precision, evolving mechanisms to survive otherwise lethal 

exposures (Martinez, 2008). What began as a medical revolution with the discovery of 

antibiotics has now become a global challenge, as resistant strains continue to emerge and 

spread faster than new drugs can be developed. 

This resistance is not accidental—it is an expected outcome of strong and sustained 

selective pressure. Antibiotics impose a powerful bottleneck on microbial populations, 

often killing the majority while sparing the few individuals with pre-existing or emergent 
resistance traits. These survivors then multiply, giving rise to populations that are 

increasingly difficult to eliminate (Andersson & Hughes, 2010). Compounding this issue, 



 

 

genes conferring resistance—such as those coding for efflux pumps, β-lactamases, or 
modified target sites—can be horizontally transferred between species, spreading 

resistance across ecological and taxonomic boundaries (Davies & Davies, 2010). This has 

made even low-level environmental exposure to antibiotics a potent driver of resistance in 

environmental reservoirs, livestock microbiota, and even drinking water systems. 

Alarmingly, recent studies show that resistance genes are not confined to clinical 

pathogens; they are also widespread among environmental isolates, many of which serve 

as hidden reservoirs from which resistance can re-enter human-associated bacterial 
populations (Berendonk et al., 2015). This ecological interconnectedness between 

environmental and clinical microbiomes emphasizes the need for a broader, more 

integrated approach to studying antibiotic resistance—one that considers evolution in 
native environments, outside of traditional laboratory models. Understanding how 

microorganisms evolve under natural conditions, especially where bottlenecks are reduced 

and diversity is maintained, is essential for predicting how resistance may emerge, persist, 

and even accelerate under environmental pressures. 

 

1.4 Exploring Antibiotic Resistance Evolution in 

Extremophilic Microbes of the Sundarbans: 

Bridging Laboratory Models with Natural Ecology 

 

Antibiotic resistance is widely recognized as a growing global threat, yet much of the 
current understanding is based on studies of pathogenic bacteria under controlled 

laboratory conditions or clinical environments. This approach, while essential, overlooks 

the vast diversity of microbial life in natural ecosystems—particularly those inhabiting 

extreme environments such as hot springs, salt flats, polar regions, deep-sea vents, or acidic 
mines. These extremophilic microorganisms, long regarded as evolutionary outliers, are 

now emerging as critical reservoirs of ancient and potentially transferable resistance genes. 

What makes extremophiles particularly significant is their unique adaptability to harsh 
conditions such as high radiation, toxic metals, high salinity, or extreme temperatures—

factors that not only select for robust survival mechanisms but also co-select for antibiotic 

resistance genes (ARGs), even in the absence of human antibiotic use (D’Costa et al., 

2011). Many of these resistance traits may have originated as defense mechanisms against 
naturally occurring antimicrobials in their environment but have since become mobilized, 

through horizontal gene transfer, across microbial communities. This hidden reservoir of 

ARGs is especially concerning in the context of environmental change, industrial pollution, 
and global microbial migration, all of which can facilitate the movement of resistance genes 

from extremophiles into human-associated microbiomes (Nesme & Simonet, 2015). 

While laboratory studies have unveiled many core mechanisms of antibiotic resistance, 

they often lack the ecological complexity needed to understand how resistance evolves in 
the wild. To bridge this gap, our study turns to a natural, fluctuating habitat—the 

Sundarbans delta region of eastern India—renowned for its estuarine biodiversity and 

dynamic environmental pressures. This mangrove ecosystem experiences pronounced tidal 
shifts every six hours, leading to continual changes in salinity, oxygen availability, and 

nutrient flux, thereby creating a naturally stressful environment for microbial populations. 



 

 

In this context, we collected soil samples from distinct ecological niches across the 
Sundarbans, focusing on areas influenced by both saline tidal influx and anthropogenic 

exposure to pollutants. These soil samples were then processed to isolate native bacterial 

strains, which were cultured and subjected to experimental evolution assays. Each isolate 

underwent incremental exposure to antibiotics based on their respective Minimum 
Inhibitory Concentrations (MICs)—a critical approach that allowed us to assess how 

resistance emerged and evolved across successive bacterial generations under controlled 

yet ecologically relevant selection pressure. 

This study represents a critical step toward reconciling laboratory-based models of 

resistance with the ecological realities of microbial life in natural habitats. By situating 

experimental evolution within the Sundarbans ’fluctuating environmental matrix, we 

provide a more nuanced understanding of how native bacterial isolates evolve under 
naturally imposed selective pressures. These insights extend beyond antibiotic resistance, 

shedding light on how microbes navigate complex ecological trade-offs, metabolic stress, 

and interspecies interactions in estuarine systems.Importantly, this work contributes to the 
growing field of eco-evolutionary microbiology, emphasizing that antibiotic resistance is 

not merely a clinical or pharmaceutical concern but an ecological and evolutionary 

inevitability in microbial life. In bridging the gap between controlled experimental systems 

and native environmental complexity, our research opens new avenues for predicting, 
managing, and possibly mitigating the emergence of resistance in both environmental and 

clinical contexts. 

1.5 Aim:- 

To investigate the experimental evolution of antibiotic resistance 

in halophilic soil bacterial isolates from estuarine environments 

under controlled sub-inhibitory tetracycline exposure in 

laboratory conditions 

1.6 Hypothesis 

 

 Null Hypothesis(H0) Halophilic soil bacterial isolates do not exhibit significant 

evolutionary changes in antibiotic resistance when exposed to controlled native 

conditions. 

Alternative Hypothesis (H1) Halophilic  soil bacterial isolates undergo measurable 

evolutionary adaptation, resulting in increased antibiotic resistance under controlled 

native conditions. 

. 

1.7Objectives: 

1. To isolate naturally occurring, antibiotic-sensitive microorganisms from 

Sundarbans soil samples. 

2. To simulate prolonged antibiotic exposure in controlled laboratory conditions to 

mimic environmental stress. 

3. To track and evaluate the evolution of resistance traits over multiple microbial 

generations 



 

 

 

Chapter 2 
Literature review 
 

2.1 Exploring Microbial Evolvability through 

Experimental Evolution under Antibiotic Stress 

  

Experimental evolution (EE) is a powerful research methodology that allows scientists to 

track evolutionary changes in real-time by subjecting organisms to controlled and 
reproducible selection pressures over multiple generations. In microbiology, EE serves as 

a strategic platform to investigate how microbial populations respond to sustained 

environmental stressors such as antibiotics, temperature fluctuations, nutrient deprivation, 

or salinity changes. It has become especially important in understanding the emergence 
and progression of antibiotic resistance—a pressing public health threat worldwide 

(Barrick & Lenski, 2013). 

 
Microorganisms, particularly bacteria, are exceptionally well-suited for EE due to several 

biological advantages. They possess short generation times—often as brief as 20 minutes 

under optimal conditions—which enables researchers to observe evolutionary trajectories 

over thousands of generations within a matter of weeks. In addition, bacterial cultures 
typically consist of extremely large populations (>10⁹ cells), thereby increasing the 

mutational supply and genetic variance available for natural selection to act upon. Their 

relatively small and well-annotated genomes, coupled with mechanisms such as 

horizontal gene transfer (HGT)—including plasmid conjugation, transposition, and 
integron-mediated gene capture—facilitate the acquisition and dissemination of 

resistance traits (Blount, 2015). These features collectively enhance the “evolvability” of 

bacterial systems, allowing them to adapt rapidly to selective pressures. 

 
Notably, many bacterial lineages harbor mutator alleles, which increase the mutation rate 

by disrupting DNA repair pathways such as mismatch repair. While such alleles may be 

detrimental under stable conditions due to the accumulation of deleterious mutations, 
they confer an evolutionary advantage under stress by accelerating adaptive genetic 

change. This is particularly relevant in the context of sub-lethal antibiotic exposure, 

where faster mutational exploration of the fitness landscape can facilitate the 
emergence of resistant phenotypes (Gifford et al., 2023). Furthermore, EE studies often 

reveal complex dynamics such as clonal interference (competition between beneficial 

mutations), epistasis (non-additive gene interactions), and fitness trade-offs, which are 

not easily captured by classical resistance screening assays. 
 

A major innovation in recent EE studies is the shift toward environmentally relevant 

models that replicate native ecological conditions. Traditional in vitro EE systems 
often involve homogeneous, nutrient-rich media and predictable stress regimes, which 

fail to capture the heterogeneity and stochasticity of real-world microbial ecosystems. In 

contrast, recent work has introduced soil microcosms, aquatic sediments, and plant 

associated (rhizosphere) environments to study microbial evolution under more realistic 



 

 

selection pressures (Kawecki et al., 2012). These settings allow for multifactorial 
interactions—among microbial communities, physical parameters, and selective agents 

which better simulate the ecological context of antibiotic exposure in nature. 

 

However, despite its advantages, EE is not without limitations. Laboratory systems 
even when ecologically enriched—cannot fully replicate the spatial structure, community 

dynamics, and long-term ecological feedbacks that occur in native environments. 

Moreover, mutations observed under controlled conditions may not always persist or 
confer the same fitness advantages in the wild. Therefore, interpreting EE outcomes 

requires careful ecological contextualization, especially when applied to public health 

challenges such as antibiotic resistance. 
 

Nevertheless, EE remains a transformative tool for microbial evolutionary biology. By 

enabling real-time observation of adaptation, it reveals how quickly and unpredictably 

resistance traits can emerge—even in the absence of prior clinical exposure. This is 
particularly important when studying non-clinical reservoirs of resistance, such as soils, 

aquifers, and estuarine environments, where evolutionary processes are influenced by 

complex and fluctuating selective pressures. As antibiotic resistance continues to rise in 
both clinical and environmental settings, EE provides critical insight into the 

evolutionary pathways that bacteria may exploit—insights that are essential for 

predicting, mitigating, and ultimately managing the spread of resistance in the 
Anthropocene. 

 

 

2.2 Antibiotic Resistance: A Global Ecological 

Crisis 

 

Antibiotic resistance is no longer confined to the clinical domain; it has evolved into a 

pressing ecological and evolutionary crisis with global ramifications. The indiscriminate 
use of antibiotics across sectors—including human medicine, veterinary practice, 

aquaculture, and agriculture—has resulted in the continuous release of antibiotic residues 

into various ecosystems. Once in the environment, these compounds exert selective 
pressure on native microbial populations, promoting the survival and propagation of 

antibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARGs) in a wide 

range of non-clinical reservoirs such as soils, sediments, rivers, surface waters, and 

wildlife-associated microbiomes (Berendonk et al., 2015; Wellington et al., 2013). These 
environments, often overlooked in clinical research, are now recognized as critical 

hotspots for resistance development and gene exchange. 

Although antibiotic resistance is frequently perceived as a consequence of modern 
pharmaceutical overuse, molecular evidence indicates that ARGs are ancient and 

naturally occurring. Studies have detected resistance genes in bacteria from pristine 

environments such as Arctic permafrost, remote caves, and uninhabited islands, 
suggesting that resistance is an inherent feature of microbial evolution shaped over 

millennia (D’Costa et al., 2011). However, modern human activity has dramatically 

amplified the rates of resistance selection and dissemination. Anthropogenic pressures—

especially from untreated wastewater discharge, animal husbandry, and industrial 
pollution—have significantly elevated the abundance, diversity, and mobility of ARGs in 

affected ecosystems (Martínez, 2009; Larsson et al., 2018). 



 

 

One of the most alarming features of this environmental dimension is the role of 
horizontal gene transfer (HGT). Environmental microbes do not exist in isolation; rather, 

they form interconnected, dynamic communities where genetic material, including ARGs, 

can move laterally across species and even genera via plasmids, integrons, transposons, 

and phages (Allen et al., 2010). This genetic fluidity creates opportunities for clinically 
relevant pathogens to acquire resistance from environmental reservoirs, potentially 

seeding emergent outbreaks of multidrug-resistant infections. The soil microbiome, in 

particular, acts as a reservoir, incubator, and conduit for resistance traits, housing a vast 
pool of mobile genetic elements that can be mobilized under selective stress (Forsberg et 

al., 2012). 

Importantly, resistance gene distribution in the environment is heterogeneous and 
context-dependent. Several ecological factors influence ARG abundance and activity, 

including soil pH, nutrient gradients, heavy metal contamination, microbial diversity, and 

biotic interactions. Co-selection is especially concerning—resistance genes often co-

occur with other adaptive genes, such as those conferring tolerance to metals like arsenic, 
copper, or zinc. In such cases, selective pressure from metal pollutants can inadvertently 

sustain ARGs, even in the absence of antibiotics, through genetic linkage on shared 

mobile elements (Baker-Austin et al., 2006). 

Equally problematic is the prevalence of sub-inhibitory concentrations of antibiotics in 

natural settings—levels too low to kill bacteria but high enough to impose evolutionary 

pressure. These concentrations, often found in agricultural runoff or effluent-impacted 
waters, modulate bacterial physiology rather than inhibit growth outright. They can 

increase mutation rates, stimulate horizontal gene transfer, and shift community 

composition, thereby acting as evolutionary catalysts (Gullberg et al., 2011). In this 

context, antibiotics behave more like signaling molecules than antimicrobial agents, 

subtly shaping microbial metabolism, behavior, and competitive dynamics. 

Environmental bacteria are often equipped with intrinsic or basal resistance mechanisms, 

such as efflux pumps, reduced membrane permeability, or biofilm-forming capacity, 
which offer survival advantages under natural stress. Under sustained selective 

pressure—as simulated in experimental evolution (EE) frameworks—these basal defenses 

can evolve into high-level, stable resistance phenotypes, especially in species with high 

mutation rates or access to rich HGT pathways (Andersson & Hughes, 2014). Thus, the 
environment does not merely receive resistance traits from human sources—it actively 

generates, maintains, and distributes them. 

In summary, antibiotic resistance is an ecological phenomenon deeply rooted in 
evolutionary biology and increasingly shaped by human interference. The environment 

serves not only as a sink for antibiotic residues but as a fertile ground for resistance 

emergence. As microbial populations respond to complex, fluctuating pressures, they 
innovate genetically in ways that are often unpredictable yet highly consequential. 

Understanding resistance within this broader ecological and evolutionary framework—

particularly through experimental evolution in environmental settings—is critical for 

developing realistic, effective mitigation strategies and anticipating future resistance 

trends across both clinical and ecological landscapes. 

 

2.3 Native Environments and Resistance Evolution 

Understanding the native environment of microbial communities is fundamental to 

unraveling how antibiotic resistance emerges, evolves, and stabilizes in real-world 



 

 

ecosystems. Unlike the simplified and sterile conditions of laboratory settings, natural 
habitats—such as soils, sediments, rhizospheres, and estuarine systems—are highly 

complex, dynamic, and subject to multifactorial stressors. These environments are home 

to highly interactive microbial populations that undergo continuous genetic exchange, 

respond to diverse biotic and abiotic pressures, and exhibit adaptive responses far more 
nuanced than those observed in artificial laboratory media (Allen et al., 2010; Smillie et 

al., 2011). 

Among native ecosystems, soil stands out as a biologically active, genetically diverse, 
and metabolically rich microbial habitat. The rhizosphere, or the interface between plant 

roots and soil, is especially dynamic. Here, bacteria encounter a gradient of selective 

pressures created by fluctuating nutrient levels, root exudates, secondary metabolites, 
organic matter decomposition, heavy metals, and naturally produced antibiotics. These 

conditions foster competition, cooperation, and survival strategies that can facilitate the 

acquisition, retention, and expression of antibiotic resistance genes (ARGs) (Garbeva et 

al., 2004). As a result, the soil ecosystem, particularly in the rhizosphere, becomes both a 
reservoir and an evolutionary arena for resistance mechanisms, many of which may 

eventually disseminate into clinical settings through mobile genetic elements. 

Experimental evolution (EE) in such native-like conditions allows researchers to simulate 
ecologically relevant stress gradients and track the genetic and phenotypic changes in 

microbial populations under selective pressure. By evolving bacteria in soil microcosms 

or sediment-rich environments, scientists can better capture the complexity of resistance 
dynamics as they would occur in nature—where selection is not driven by antibiotics 

alone, but also by co-selective agents like metals, oxidants, and interspecies competition. 

One exemplary native environment of ecological and evolutionary significance is the 

Sundarbans estuarine mangrove ecosystem, located along the eastern coast of India. This 
coastal habitat, where freshwater from rivers converges with saline seawater, undergoes 

drastic fluctuations in salinity, oxygen, and nutrient concentrations every 6 to 8 hours, 

corresponding to tidal cycles. Notably, bacterial populations, which have an average 
generation time of 1–1.5 hours, may undergo several generational shifts before the next 

environmental fluctuation (Chakrabarty et al., 2020). This creates a temporal mismatch 

between environmental turnover and bacterial evolution, allowing sufficient time for 

micro-evolutionary changes to manifest, such as resistance acquisition, stress adaptation, 

or phenotypic switching (Kawecki et al., 2012). 

In this study, soil samples from Sundarbans estuarine sediments were collected and used 

as inocula to explore antibiotic resistance evolution via experimental evolution. The 
bacterial communities were subjected to increasing concentrations of antibiotics based on 

their Minimum Inhibitory Concentrations (MICs). This approach allowed controlled 

selection for resistant variants over several bacterial generations. Observations were made 
on shifts in MIC values, phenotypic tolerance, and genetic adaptations, thereby 

documenting how environmental bacteria from native habitats respond to antibiotic 

pressure under evolutionary constraints. Such a model closely mirrors environmental 

scenarios where sub-inhibitory levels of antibiotics—derived from aquaculture waste, 
domestic sewage, or pharmaceutical runoff—accumulate and exert selective pressures 

over extended periods (Bhattacharyya et al., 2019). 

Additionally, the Sundarbans ecosystem is increasingly threatened by anthropogenic 
influences, including industrial pollutants, plastic leachates, metal contaminants, and 

antibiotic residues from nearby aquaculture activities (Gopal & Chauhan, 2006). These 

agents act not only as stressors but also as co-selectors, promoting the retention of 
resistance genes even in the absence of direct antibiotic pressure. For instance, mobile 

genetic elements that harbor both metal resistance genes and ARGs may be retained due 



 

 

to the presence of metals like copper or cadmium, thereby accelerating resistance 
evolution through genetic linkage and co-selection mechanisms (Baker-Austin et al., 

2006). 

Furthermore, environmental microbial communities face pressure from phages, protozoan 

predators, and competing microbes, each of which shapes the fitness landscape and 
evolutionary trajectory of resistance. These ecological interactions introduce trade-offs 

that often go unnoticed in simplified lab models—for instance, between resistance and 

growth rate, or between biofilm formation and motility (Perron et al., 2007). Studying 
resistance in native conditions therefore provides a more realistic understanding of 

evolutionary costs, compensatory mutations, and the ecological limits of resistance 

evolution. 

Importantly, the experimental evolution of environmental isolates offers more than just 

academic insights—it carries predictive value for public health. Environmental bacteria 

often serve as genetic “seed banks” from which clinically relevant resistance genes may 

emerge. Resistance mechanisms selected under native ecological constraints are likely to 
persist longer, spread more efficiently, and be harder to eradicate once introduced into 

human-associated pathogens. 

 
2.4 Experimental Evolution Approaches for 

Environmental Isolates 

 

 
Experimental evolution (EE) offers a direct, controlled way to investigate how bacteria 
adapt to selective pressures like antibiotics over time. When applied to environmental 

isolates, EE becomes a bridge between laboratory precision and ecological complexity. 

This methodological approach allows for the tracking of resistance evolution while 

maintaining the genetic and metabolic diversity inherent in environmental strains, many 
of which are more resilient, unpredictable, and biologically versatile than standard 

laboratory models such as Escherichia coli K12 or Bacillus subtilis (Barrick & Lenski, 

2013). 
 

Environmental isolates—those collected from soils, sediments, aquatic systems, or plant-

associated niches—are generally non-domesticated strains. They harbor a broader 
resistome and accessory genome, often including previously uncharacterized plasmids, 

transposons, and cryptic biosynthetic gene clusters (Forsberg et al., 2012). These features 

make them uniquely suited for studying real-world resistance evolution, especially under 

stress gradients found in nature, such as pH fluctuation, salinity variation, or metal 
contamination. 

 

The most common EE strategy involves serial passage experiments, where bacterial 
populations are transferred repeatedly into fresh media containing a selective agent such 

as sub-inhibitory concentrations of antibiotics. Over multiple transfers—often 10 to 50—

researchers can observe the emergence of adaptive phenotypes such as increased 
minimum inhibitory concentration (MIC), altered colony morphology, and enhanced 

growth rates in antibiotic-rich conditions (Wistrand-Yuen et al., 2018). In environmental 

strains, such changes may occur more slowly or in more diverse trajectories than in lab 

strains due to the presence of multiple regulatory networks and environmental gene 
clusters. 



 

 

 
Another strategy involves gradient evolution, where bacteria are exposed to progressively 

increasing concentrations of antibiotics. This mimics environmental exposure in polluted 

habitats where antibiotic levels may fluctuate. For example, in soil impacted by 

agricultural runoff or aquaculture effluent, the concentration of tetracycline may vary 
based on rainfall, drainage, or microbial degradation. Gradient evolution can reveal not 

just resistance thresholds but also evolutionary tipping points—the minimum pressure 

required for stable resistance fixation (Perron et al., 2007). 
Batch culture vs. continuous culture systems are another important variable. In batch 

culture (e.g., test tubes or flasks), each transfer creates a population bottleneck, selecting 

for only a portion of the diversity present in the previous culture. This bottleneck mimics 
natural events such as soil drying, flooding, or plant senescence, which can drastically 

reduce microbial numbers. Conversely, chemostat-based systems maintain constant 

population size and selection pressure, enabling researchers to study long-term 

evolutionary dynamics without bottlenecks. Both systems have merit, but for 
environmental isolates, batch culture may better simulate the ecological realities of 

fluctuating environments (Kawecki et al., 2012). 

 
When applying EE to environmental isolates, a key consideration is the starting 

community structure. Many isolates harbor multiple resistance traits due to prior 

exposure to pollutants in their native habitat. For instance, isolates from mangrove 
rhizospheres or industrially contaminated sediments often exhibit baseline resistance to 

multiple antibiotics, along with metal resistance genes and stress adaptation mechanisms 

like oxidative stress tolerance and sporulation (Bhattacharyya et al., 2019). Such 

populations may not follow the same predictable resistance trajectory as naïve lab strains. 
Importantly, genomic and transcriptomic tools now allow for high-resolution tracking of 

evolutionary changes. Whole-genome sequencing (WGS) at different time points can 

identify SNPs, gene duplications, insertions, deletions, and the acquisition or loss of 
plasmids. For example, in EE experiments where Pseudomonas aeruginosa evolved 

under ciprofloxacin stress, researchers identified mutations in the gyrA, mexR, and parC 

genes—mutations well-known for conferring fluoroquinolone resistance (MacLean et al., 

2010). Similarly, sequencing environmental isolates from soil EE studies has uncovered 
both novel resistance mutations and regulatory shifts that increase gene expression of pre-

existing ARGs (Gifford et al., 2023). 

 
Other analytical tools include phenotypic assays (e.g., MIC testing, biofilm 

quantification), optical density measurements to track growth rates, and metabolomic 

profiling to understand how resistance evolution affects cellular metabolism. In 
environmental isolates, where fitness costs of resistance may differ from lab strains, such 

profiling is crucial. Resistance may not always reduce growth rate or virulence; in some 

cases, it may enhance microbial competitiveness in complex ecosystems (Vanacker et al., 

2023). 
 

The choice of antibiotic also significantly shapes EE outcomes. Broad-spectrum 

antibiotics like tetracycline, chloramphenicol, and ciprofloxacin tend to select for global 
stress responses, efflux pump overexpression, and membrane modifications. On the other 

hand, narrow-spectrum antibiotics such as penicillin may induce pathway-specific 

adaptations. Using environmental concentrations of antibiotics (i.e., sub-MIC) allows for 
stealth selection, mimicking real-world exposure where bacteria are often not killed but 

merely stressed (Gullberg et al., 2011). 

 

In conclusion, EE applied to environmental isolates in semi-natural conditions offers 
unparalleled insight into the evolutionary plasticity of microbial communities. It reveals 

not only how resistance arises but how it stabilizes, spreads, and persists under realistic 

ecological constraints. This approach enhances our understanding of the ecological 



 

 

fitness of resistant strains, the role of compensatory evolution, and the potential for 
reverse evolution if antibiotic pressure is removed.This integrative approach provides a 

more predictive framework for understanding resistance emergence, especially in the face 

of environmental antibiotic pollution, and has far-reaching implications for both 

evolutionary biology and public health policy. 
 

2.5 Horizontal Gene Transfer, Mutation, and 

Evolutionary Trade-Offs 

 

One of the most potent drivers of microbial antibiotic resistance evolution is horizontal 

gene transfer (HGT)—a non-vertical mode of inheritance that enables bacteria to acquire 

genetic material from distantly related taxa, often across species or genus boundaries. In 
natural ecosystems such as soil, sediments, estuarine zones, and plant rhizospheres, HGT 

serves as an adaptive mechanism, rapidly disseminating resistance traits within and 

between microbial communities under selective pressures (Martínez, 2009; Smillie et al., 
2011; Forsberg et al., 2012). This genomic plasticity makes environmental isolates 

uniquely positioned to adapt under fluctuating antibiotic or co-pollutant stress regimes. 

HGT occurs via three principal mechanisms: conjugation, transformation, and 

transduction. Conjugation—the most well-documented—is facilitated by the direct 
transfer of plasmids through pili, allowing for efficient propagation of antibiotic 

resistance genes (ARGs), heavy metal tolerance determinants, and virulence factors 

(Baker-Austin et al., 2006; von Wintersdorff et al., 2016). In polluted environments, 
particularly those co-contaminated with antibiotics and metals, such plasmids can persist 

without strong selective pressure due to co-selection dynamics (Seiler & Berendonk, 

2012). 

Transformation enables competent bacteria to incorporate free DNA fragments from 
lysed cells, a process intensified under nutrient limitation or oxidative stress—conditions 

common in anthropogenically impacted soil and water systems (Thomas & Nielsen, 

2005; Domingues et al., 2012). Environmental DNA (eDNA) pools in such niches often 
serve as cryptic repositories of ancient or cryptic resistance determinants, activated upon 

experimental or natural selection pressure. 

Phage-mediated transduction—though less prevalent in terrestrial habitats—remains a 
relevant route for ARG dissemination in aquatic systems and densely populated microbial 

niches such as sewage and biofilms. Bacteriophages can mobilize resistance cassettes 

between unrelated hosts, and recent metagenomic studies suggest their underappreciated 

role in resistome expansion (Muniesa et al., 2013; Calero-Cáceres et al., 2019). 

Experimental evolution (EE) involving environmental isolates frequently triggers HGT, 

particularly under sub-inhibitory antibiotic concentrations or nutrient gradients that 

mimic native conditions. For example, mixed community EE trials using Pseudomonas, 
Acinetobacter, and Bacillus isolates have demonstrated plasmid dissemination rates that 

exceed those observed in monocultures, supporting the hypothesis that environmental 

complexity enhances interspecies genetic exchange (Eng et al., 2024; Udikovic-

Kolic et al., 2014). 

In tandem with HGT, mutation remains a fundamental evolutionary mechanism 

underpinning adaptive resistance. These mutations may arise spontaneously 

during replication or be induced by environmental pressures such as oxidative 



 

 

stress, antibiotic gradients, or metal toxicity (MacLean et al., 2010; Gifford et al., 

2023). Experimental evolution under controlled gradients frequently leads to 

specific point mutations in well-characterized resistance loci such as rpoB 

(rifampicin), gyrA and parC (fluoroquinolones), or in regulatory genes like marR 

and acrR that control global resistance networks and efflux pumps (Andersson & 

Hughes, 2014; Lopatkin et al., 2021). 

However, resistance mutations often impose a biological cost. These trade-offs—

manifested as reduced growth, competitive disadvantage, or increased 

susceptibility to other stresses—are central to understanding resistance persistence 

in non-clinical environments. For example, Vanacker et al. (2023) reported that β-

lactam-resistant chromosomal mutants exhibited lower fitness in antibiotic-free 

media compared to plasmid-bearing strains, highlighting the delicate balance 

between resistance acquisition and ecological viability. 

Such trade-offs frequently lead to compensatory evolution, where secondary 

mutations emerge to offset fitness penalties while preserving resistance. These 

compensatory dynamics have been observed in both model and environmental 

strains during EE, underscoring the nonlinear trajectory of microbial adaptation 

(Bernardes et al., 2022; Lenski et al., 2015). 

Bottlenecks—intentional or stochastic reductions in population size—are another 

evolutionary lever. Serial dilution steps in EE protocols simulate natural 

disturbances such as desiccation or flooding, inadvertently influencing mutation 

fixation and lineage competition (Kawecki et al., 2012; Vogwill & MacLean, 

2015). While smaller bottlenecks reduce genetic diversity, they can also accelerate 

adaptive sweeps, shaping resistance pathways in distinct and often unpredictable 

ways. 

Moreover, spatial structuring plays a significant role. Biofilms, structured 

microenvironments common in soil aggregates and aquatic surfaces, serve as 

reservoirs for both resistance and genetic exchange. Within biofilms, bacteria 

experience steep nutrient gradients, increased oxidative stress, and enhanced cell-

to-cell signaling, all of which amplify mutagenesis and HGT rates (Mah & 

O’Toole, 2001; Flemming et al., 2016). 

Collectively, experimental evolution of environmental isolates highlights the 

dynamic and interactive roles of HGT, mutation, and ecological trade-offs in 

shaping the resistome. The evolutionary responses observed in these systems are 

often more diverse and context-dependent than those seen in laboratory strains, 

suggesting that resistance management strategies must account for the broader 

ecological landscape. Integrating genomic, ecological, and evolutionary insights 

into a unified One Health framework is thus imperative for mitigating resistance 

proliferation across environmental and clinical boundaries. 

  



 

 

Chapter 3 Materials and 

Methods 
 

3.1 Study Area and Sample Collection 

 

To investigate the native evolution of antibiotic resistance under environmental 

conditions, rhizospheric soil samples were collected from the Indian Sundarbans—a 

UNESCO World Heritage Site renowned for its dynamic estuarine gradients and 

exceptional microbial biodiversity. The rhizosphere, being a microbial hotspot influenced 

by root exudates and nutrient cycling, provides a fertile ground for studying adaptive 

evolution in situ (Garbeva et al., 2004; Bhattacharyya et al., 2019). 

 Sampling sites were strategically selected based on three criteria: ease of access, 

density of mangrove vegetation (primarily Avicennia and Rhizophora spp.), and visibly 

minimal recent anthropogenic disturbance to reduce contamination bias. A total of 100–

200 grams of rhizospheric soil was aseptically collected from a depth of 5–10 cm using 
pre-sterilized stainless-steel spatulas. This depth was chosen to ensure the inclusion of 

active microbial communities while avoiding surface-level desiccation artifacts. 

Each soil sample was carefully transferred to sterile, airtight polypropylene containers, 
immediately placed in ice-insulated carriers, and transported to the laboratory within 6 

hours. To preserve the native microbial structure and functional viability, all samples 

were processed within 24 hours of collection under aseptic conditions in a laminar flow 

biosafety cabinet. 

This approach ensured minimal exogenous contamination and preserved the native 

microbial assemblage, allowing for a more ecologically valid assessment of evolutionary 

trajectories under antibiotic pressure in subsequent in vitro assays. 

3.2 Isolation of Culturable Bacteria from 

Rhizospheric Soil 

3.1 Preparation of Soil Suspension 

Approximately 1 gram of each homogenized rhizospheric soil sample was aseptically 

transferred into 9 mL of sterile physiological saline (0.85% NaCl). The suspension was 
vortexed thoroughly for 2 minutes to ensure proper disaggregation and uniform dispersal 

of bacterial cells. 

3.2 Serial Dilution and Plating 



 

 

A tenfold serial dilution series (10⁻¹ to 10⁻⁶) was prepared using sterile saline to reduce 
microbial load for effective colony separation. From each dilution, 100 µL aliquots were 

plated in triplicate on Nutrient Agar (NA) plates optimized to support the growth of 

halotolerant and moderately halophilic bacteria, consistent with the saline estuarine origin 

of the samples. 

3.3 Incubation Conditions 

The inoculated plates were incubated at 30 ± 2°C for 48–72 hours under aerobic 

conditions. This incubation period was selected to facilitate optimal growth and 

visualization of a wide range of bacterial morphotypes. 

3.4 Colony Selection and Purification 

Post incubation, colonies were selected based on distinct morphological characteristics, 

including pigmentation, edge structure, surface texture, and size. Selected colonies were 

restreaked on fresh NA plates to obtain axenic (pure) cultures. 

3.5 Culture Maintenance 

Purified bacterial isolates were maintained on nutrient agar slants and stored at 4°C for 
short-term preservation. These isolates were subsequently subjected to downstream 

experimental assays, including antibiotic resistance profiling and evolutionary adaptation 

under selective pressure. 

3.6 Significance 

This standardized culture-based protocol, while limited to the culturable fraction of the 

soil microbiome, established a consistent and controlled platform for the phenotypic and 

evolutionary characterization of bacterial isolates from Sundarbans soil. 

3.3 Preparation of Nutrient Broth and Culture 

Maintenance 

To ensure optimal growth and maintenance of halotolerant and moderately halophilic 

bacteria isolated from Sundarbans rhizospheric soil, the following culture preparation 

strategy was adopted: 

Nutrient Broth (NB) Formulation 

Nutrient Broth was chosen as the base medium for culturing environmental bacterial 

isolates. To mimic the natural estuarine salinity of the Sundarbans, the broth was 
supplemented with 2–5% NaCl. This salt concentration supported the growth of 

halophilic and halotolerant bacteria native to mangrove ecosystems. 

Media and Equipment Sterilization 

All prepared media, along with borosilicate glass test tubes and flasks, were sterilized via 
autoclaving at 121°C and 15 psi for 20 minutes. This ensured aseptic conditions 

throughout the culturing process, minimizing the risk of external microbial 

contamination. 

Aseptic Inoculation Procedure 

Pure colonies previously obtained from Nutrient Agar plates were aseptically inoculated 



 

 

into 5 mL volumes of sterile, modified nutrient broth. Transfers were carried out using 

sterilized inoculating loops or micropipette tips under a laminar airflow cabinet. 

Controlled Incubation Parameters 

The inoculated broths were incubated at 30 ± 2°C on an orbital shaker set at 120 rpm. 

This setup provided uniform aeration, supported robust bacterial growth, and reduced the 

likelihood of anaerobic microenvironments within the culture tubes. 

Culture Refreshing and Maintenance 

To maintain bacterial cultures in their exponential growth phase, transfers into fresh 

nutrient broth were carried out every 3–4 days. A small aliquot from each actively 
growing culture was used to seed the next generation, ensuring consistency for 

downstream applications. 

Storage and Backup 

In parallel, slant cultures were maintained on nutrient agar at 4°C for short-term storage. 

These slants served as backups and reference stocks for comparison and further 

subculturing when necessary 

Preparation for Downstream Applications 

These refreshed and actively maintained cultures were utilized for all subsequent 

experiments, including determination of Minimum Inhibitory Concentration (MIC), 

antibiotic challenge assays, and long-term experimental evolution trials. 

3.4 Determination of Minimum Inhibitory 

Concentration (MIC) 

To evaluate the antibiotic susceptibility profile of each isolated strain, particularly their 

resistance to tetracycline, a broth microdilution assay was conducted under controlled 

laboratory conditions: 

Methodology Reference 

The MIC determination followed the Clinical and Laboratory Standards Institute (CLSI) 

guidelines (CLSI, 2020), employing the broth microdilution technique in sterile 96-well 

microtiter plates. 

Preparation of Antibiotic Dilutions 

A two-fold serial dilution series of tetracycline was prepared, ranging from 0.125 µg/mL 
to 128 µg/mL. The dilutions were made in nutrient broth supplemented with 2–5% NaCl 

to replicate the saline conditions of the Sundarbans estuarine soil. 

Standardization of Inoculum 

Each bacterial isolate was grown to mid-log phase and adjusted to a final inoculum 
concentration of approximately 10⁶ CFU/mL. This standardized culture ensured 

consistency across all wells. 

Plate Inoculation 

Each well received 100 µL of the respective tetracycline dilution and 100 µL of the 

bacterial suspension, making the final volume 200 µL per well. 

Control Wells 

Negative control wells containing only sterile nutrient broth (no bacteria) were included 
to check for contamination. Positive control wells containing bacterial culture without 

antibiotics were used to confirm normal growth. 



 

 

Incubation Conditions 

The microtiter plates were incubated at 30 ± 2°C for 24 hours under static conditions. No 

shaking was applied to simulate natural aquatic sediment environments. 

Growth Assessment 

After incubation, each well was visually examined for turbidity, which indicates bacterial 
growth. Quantitative assessment was performed by measuring optical density at 600 nm 

(OD₆₀₀) using a microplate spectrophotometer. 

Determination of MIC 

The MIC for each isolate was defined as the lowest concentration of tetracycline that 

completely inhibited visible bacterial growth (i.e., no turbidity in the well). 

Sub-inhibitory Concentration Selection 

Half of the determined MIC (0.5× MIC) was calculated for each isolate and used as a 
sub-lethal dose for subsequent experimental evolution assays. This concentration was  

chosen to simulate chronic environmental antibiotic exposure—conditions under which 

bacteria are known to gradually evolve resistance. 

3.5 Experimental Evolution Under Tetracycline 

Stress 

To investigate the evolutionary trajectory of antibiotic resistance, 15 

morphologically distinct and culturable bacterial isolates were subjected to 

experimental evolution (EE) under sub-lethal tetracycline pressure. 

Preparation of Sub-Inhibitory (½ MIC) Antibiotic Concentrations 

For each isolate, the Minimum Inhibitory Concentration (MIC) was first 

determined (see Section 3.8). Based on the MIC value, a sub-inhibitory 

concentration equivalent to 50% of the MIC (½ MIC) was calculated to ensure 

chronic stress without complete growth inhibition. 

Example: 

These ½ MIC solutions were freshly prepared by diluting sterile stock tetracycline 

(filter-sterilized 10 mg/mL solution) into nutrient broth with 2–5% NaCl, ensuring 

accurate dosing and saline compatibility. 

Initiation and Maintenance of Experimental Evolution 

Each isolate was inoculated into 5 mL of nutrient broth supplemented with its 

respective ½ MIC tetracycline concentration, and incubated at 30 ± 2°C with 

shaking at 120 rpm to promote aerobic growth. After 18–24 hours, bacterial 



 

 

density was measured using a spectrophotometer at 600 nm (OD₆₀₀). Then, 1% of 

the growing culture (50 µL) was transferred into fresh 5 mL nutrient broth with 

the same ½ MIC concentration, initiating a new cycle of sub-lethal antibiotic 

exposure. This serial passaging was repeated every 3–4 days, simulating natural 

selection over time. A total of 15–16 evolutionary transfers were carried out per 

isolate, corresponding to approximately 100–150 bacterial generations, based on 

typical doubling times of environmental bacteria. 

 Monitoring Adaptation and Antibiotic Response 

To assess whether bacterial adaptation or resistance had occurred: 

• Growth kinetics (OD₆₀₀) were recorded before and after each transfer. 

• Any noticeable increase in growth rate, shortened lag phase, or higher 

final OD₆₀₀ was interpreted as adaptive fitness gain under antibiotic stress. 

• At key generations (e.g., Generation 0, 8, and 16), evolved strains were 

tested by re-inoculating them into fresh broth containing ½ MIC 

tetracycline, and compared with their ancestral (non-evolved) 

counterparts. 

• Control assays were also conducted in antibiotic-free nutrient broth to 

differentiate general fitness from antibiotic-specific adaptation. 

Aliquots from evolved populations were plated on NA and NA + tetracycline (½ 

MIC and full MIC) to screen for phenotypic resistance, and colonies were 

preserved in 15% glycerol at –80°C for future molecular analyses (e.g., genome 

sequencing or PCR-based detection of ARGs). 

 

 

  



 

 

CHAPTER 4 
Image Documentation  

 

.Representative photograph of the Sundarbans 

mangrove area, from where soil samples were collected for 

isolating environmental halophilic bacterial strains. 

 

 

 

Laboratory goods containing evolved 

bacterial cultures post-exposure to 

antibiotic selection pressure, ready for 

16S rRNA extraction. 

 

 

 

 
Incubation setup showing serial 

passaging of bacterial cultures in 

nutrient broth containing sub-inhibitory 

(½ MIC) tetracycline concentrations. 



 

 

Close-up view of different morphotypes of bacterial colonies isolated from 

halophilic soil samples, indicating microbial diversity. 

 

Stepwise serial dilution of soil samples followed by plating on nutrient agar to 

isolate individual bacterial colonies. 



 

 

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) 

 
Enhanced Growth After 15 Transfers in Sub-inhibitory Tetracycline 

After 15 sequential transfers in nutrient broth containing ½ 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 

• RS isolates already had higher variability in OD before evolution, 

reflecting inherent adaptability. 

• 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. 

 



 

 

 

 

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. 

 

 

   

   

   

   

   

   

   

  
 
  
 
 

 
 
  
 
 

  
  
 
  
 
 

 
  
  
 
  
  
 
 

 
  
  
  

  
 
 

 
  
 
 
 
  

  
 
 

 
  
  
  
  

  
 
 

 
  
  
  
  
 
  
 
 

 
  
  
  
  

  
  
 
 

 
  
  
  
  

  
 
  
 
 

  
 
  
 
 

 
 
  
 
 

  
  
 
  
 
 

 
  
  
 
  
  
 
 

 
  
  
  

  
 
 

 
  
 
 
 
  

  
 
 

 
  
  
  
  

  
 
 

 
  
  
  
  
 
  
 
 

 
  
  
  
  

  
  
 
 

 
  
  
  
  

  
 
  
 
 

  
 
  
 
 

 
 
  
 
 

  
  
 
  
 
 

 
  
  
 
  
  
 
 

 
  
  
  

  
 
 

 
  
 
 
 
  

  
 
 

 
  
  
  
  

  
 
 

 
  
  
  
  
 
  
 
 

 
  
  
  
  

  
  
 
 

 
  
  
  
  

  
 
  
 
 

  
 
  
 
 

 
 
  
 
 

  
  
 
  
 
 

 
  
  
 
  
  
 
 

 
  
  
  

  
 
 

 
  
 
 
 
  

  
 
 

 
  
  
  
  

  
 
 

 
  
  
  
  
 
  
 
 

 
  
  
  
  

  
  
 
 

 
  
  
  
  

  
 
  
 
 

                

    

                                                           

                           

 

   

   

   

   

   

   

   

   

   

 

  
 
  
 
 

 
 
  
 
 

 
  
  

  
 
 

 
  
  
 
  
  
 
 

 
  
  
  

  
 
 

 
  
  
  
 
  
 
 

  
  
  
  
 
  
 
 

 
  
  
  
  
 
  
 
 

 
  
  
  
  

  
  
 
 

 
  
 
 
 
 
 
 
 
  
  
 
 

  
 
  
 
 

 
 
  
 
 

 
  
  

  
 
 

 
  
  
 
  
  
 
 

 
  
  
  

  
 
 

 
  
  
  
 
  
 
 

  
  
  
  
 
  
 
 

 
  
  
  
  
 
  
 
 

 
  
  
  
  

  
  
 
 

 
  
 
 
 
 
 
 
 
  
  
 
 

  
 
  
 
 

 
 
  
 
 

 
  
  

  
 
 

 
  
  
 
  
  
 
 

 
  
  
  

  
 
 

 
  
  
  
 
  
 
 

  
  
  
  
 
  
 
 

 
  
  
  
  
 
  
 
 

 
  
  
  
  

  
  
 
 

 
  
 
 
 
 
 
 
 
  
  
 
 

  
 
  
 
 

 
 
  
 
 

 
  
  

  
 
 

 
  
  
 
  
  
 
 

 
  
  
  

  
 
 

 
  
  
  
 
  
 
 

  
  
  
  
 
  
 
 

 
  
  
  
  
 
  
 
 

 
  
  
  
  

  
  
 
 

 
  
 
 
 
 
 
 
 
  
  
 
 

                    

                                                               

                           



 

 

                         

 

 

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. 
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