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Antibiotic resistance often incurs fitness costs that can impair bacterial growth, 

competitiveness, or adaptability in drug-free environments. However, these 

disadvantages are frequently offset by compensatory mutations, ecological 

interactions, and horizontal gene transfer, enabling resistant strains to persist 

and spread. This review explores the molecular basis and evolutionary 

dynamics of resistance-associated fitness costs, with a focus on how genetic, 

physiological, and environmental factors shape bacterial adaptation. We 

highlight experimental approaches to quantify fitness costs, the role of 

microbial communities and host environments, and emerging strategies to 

exploit evolutionary trade-offs. Integrating fitness cost insights into antibiotic 

stewardship and predictive modeling offers a promising path to managing 

resistance more effectively and prolonging the efficacy of existing therapies. 
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Introduction 

The emergence and spread of antibiotic resistance represent 

a significant challenge to global healthcare systems. While 

the benefits of resistance for bacterial survival under 

antimicrobial pressure are clear, the consequences of 

resistance acquisition on bacterial fitness are often 

overlooked. In many cases, resistance mutations or the 

acquisition of resistance genes impose physiological 

burdens, leading to reduced growth rates, impaired 

competitiveness, or attenuated virulence in drug-free 

environments (Dhital et al., 2024; Andersson and Hughes, 

2010). These costs, collectively referred to as the fitness 

cost of resistance, can influence the evolutionary dynamics 

of bacterial populations and the stability of resistance traits 

over time (Melnyk et al., 2015). 
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Understanding the fitness costs of resistance is crucial for 

anticipating how long resistance traits might persist in both 

clinical and environmental settings, especially when 

antibiotics are no longer in use (Andersson and Hughes, 

2010). Additionally, bacteria can sometimes overcome 

these fitness disadvantages through secondary mutations or 

changes in gene regulation, which makes managing 

resistance even more challenging (Hemez et al., 2022). To 

effectively mitigate the spread of antibiotic resistance, it is 

essential to thoroughly understand the factors that influence 

fitness costs, including the molecular mechanisms of 

resistance, the genetic background of the host, and 

environmental conditions (Vogwill and MacLean, 2015). 

This review examines the biological basis of fitness costs 

associated with antibiotic resistance, the methods used to 

measure these costs, and their implications from both 

evolutionary and clinical perspectives. We also discuss 

recent findings on compensatory evolution and consider 

how these insights could help guide antibiotic use and the 

development of treatment strategies that take bacterial 

evolution into account. 

Mechanisms of Antibiotic Resistance and 

Their Associated Fitness Costs 

Enzymatic Degradation 

One of the primary mechanisms by which bacteria evade 

the action of antibiotics is through the production of 

enzymes that degrade or modify the antimicrobial 

compound. A well-characterized example is the production 

of β-lactamases, which hydrolyze the β-lactam ring of 

penicillin and cephalosporins, thereby inactivating these 

antibiotics and conferring high-level resistance to the host 

bacterium (Bush and Bradford, 2016). Although enzymatic 

degradation is an effective mechanism of antibiotic 

resistance, it is often associated with fitness costs. The 

biosynthesis and secretion of resistance enzymes require 

significant cellular energy and metabolic resources, which 

can reduce bacterial growth rates in antibiotic-free 

environments (Melnyk et al., 2015). Furthermore, the genes 

encoding these enzymes are frequently carried on plasmids 

or other mobile genetic elements, whose replication and 

maintenance can impose an additional metabolic burden, 

particularly in competitive environments (Andersson and 

Hughes, 2010; San Millan and MacLean, 2017). 

Target Modification 

Alterations in antibiotic target sites, typically arising 

through point mutations, constitute a major mechanism of 

resistance in many bacterial species. Notable examples 

include mutations in ribosomal proteins or rRNA that 

confer resistance to macrolides and aminoglycosides, as 

well as mutations in DNA gyrase (gyrA) or topoisomerase 

IV (parC) that lead to the resistance against 

fluoroquinolones (Vila-Sanjurjo et al., 2023).  While these 

mutations can effectively reduce antibiotic binding and thus 

confer resistance, they often compromise the native 

function of essential cellular machinery. For instance, 

mutations in ribosomal components may impair the fidelity 

or efficiency of protein synthesis, whereas alterations in 

DNA gyrase can hinder the supercoiling and replication of 

DNA (Andersson and Hughes, 2010). These disruptions in 

core biological processes can impose fitness costs, 

commonly observed as reduced growth rates, impaired 

competitive ability, or decreased adaptability under 

fluctuating environmental conditions (Melnyk et al., 2015; 

Durão et al., 2018). 

Efflux Pumps and Permeability Changes 

Another common mechanism of antibiotic resistance 

involves either increased efflux or decreased permeability 

of the bacterial cell envelope. Multidrug efflux pumps, such 

as the AcrAB-TolC system in Escherichia coli, actively 

transport a wide range of antibiotics and toxic compounds 

out of the cell, thereby reducing intracellular drug 

concentrations and enhancing bacterial survival under 

antimicrobial pressure (Du et al., 2018). However, the 

overexpression of these efflux systems can impose a fitness 

cost by disrupting cellular homeostasis and consuming 

significant amounts of energy, particularly in antibiotic-free 

environments (El Meouche and Dunlop, 2018). Similarly, 

reduced membrane permeability, often caused by mutations 

or loss of outer membrane porins in Gram-negative bacteria, 

limits antibiotic uptake but may also hinder the transport of 

essential nutrients, impairing bacterial growth under 

nutrient-limited conditions (Helmy et al., 2023). These 

resistance strategies, while effective against antimicrobial 

agents, are frequently associated with fitness trade-offs that 

may reduce bacterial competitiveness in the absence of 

selective pressure (Andersson and Hughes, 2010). 

Bioenergetic and Metabolic Consequences 

Many antibiotic resistance mechanisms exert direct or 

indirect effects on bacterial metabolism and energy 

production. For example, mutations that confer resistance to 

aminoglycosides frequently disrupt components of the 

electron transport chain, resulting in a reduced proton 

motive force and impaired ATP synthesis (Lopatkin et al., 

2021). Similarly, resistance-associated alterations in 

membrane composition or function, such as changes in lipid 

structure or porin loss, can interfere with ion gradients and 

membrane potential, key elements of cellular bioenergetics 

(Ghai, 2023). These disruptions not only compromise 

bacterial growth and survival under specific environmental 

conditions but may also diminish the cell’s capacity to 

manage additional stresses, such as oxidative damage or 

nutrient limitation, thereby exacerbating the overall fitness 

cost associated with resistance (Melnyk et al., 2015; Durão 

et al., 2018). 
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Quantifying Fitness Costs: Experimental 

Approaches 

Growth Kinetics and Competition Assays 

Different experimental approaches for quantifying fitness 

costs of antibiotic resistance are summarized in Table 1. 

One of the most widely used approaches to quantify the 

fitness costs associated with antibiotic resistance involves 

the analysis of bacterial growth kinetics. Traditional growth 

curve assays, typically conducted in nutrient-rich media, 

enable the measurement of parameters such as lag phase 

duration, exponential growth rate, and maximum cell 

density. Resistant strains often display reduced growth rates 

or prolonged lag phases relative to their susceptible 

counterparts in the absence of antibiotics, reflecting the 

physiological and metabolic burdens imposed by resistance 

mechanisms (Andersson and Hughes, 2010; Melnyk et al., 

2015). A more sensitive and ecologically relevant method 

involves competition assays, where resistant and 

susceptible strains are co-cultured under identical 

conditions. Changes in their relative abundances over time 

are used to calculate competitive indices or selection 

coefficients, providing precise estimates of relative fitness 

(Durão et al., 2018). These assays can uncover subtle fitness 

differences that are not evident in monoculture and are 

especially useful for evaluating the evolutionary dynamics 

of resistance in heterogeneous environments. 

Animal Models and Ecological Settings 

Although in vitro assays provide controlled conditions to 

assess the fitness costs of antibiotic resistance, they often do 

not reflect the multifactorial complexity of natural or host-

associated environments. In vivo models, such as murine 

infection systems, offer valuable insights into how 

resistance impacts bacterial fitness within a host context. 

Host-related factors, including immune responses, tissue-

specific nutrient availability, and competition with resident 

microbiota, can significantly influence the expression and 

magnitude of fitness costs (Diard and Hardt, 2017; Melnyk 

et al., 2015). These models help elucidate how resistance 

affects colonization, virulence, and transmission dynamics 

in ways not captured by laboratory media. Similarly, 

ecological studies conducted in more natural environments, 

such as soil, aquatic systems, or host-associated 

microbiomes, have demonstrated that the fitness effects of 

resistance are often context-dependent (Santamaria de 

Souza et al., 2025; Allen et al., 2010). Resistance mutations 

that impose a growth disadvantage under laboratory 

conditions may be neutral or even advantageous in certain 

ecological niches due to environmental pressures such as 

nutrient limitation, microbial competition, or co-selective 

factors like heavy metals or biocides. These findings 

underscore the importance of integrating diverse 

experimental systems to fully characterize the evolutionary 

and ecological consequences of antibiotic resistance 

(Herren and Baym, 2022). 

Table 1: Experimental approaches for quantifying fitness costs of antibiotic resistance 

Experimental approach Main advantages Main limitations 

Growth kinetics assays Simple, high-throughput; 

Quantitative measures (e.g., doubling 

time, growth yield). 

May miss subtle fitness effects; 

Artificial laboratory conditions. 

Competition assays Sensitive to small fitness differences; 

ecologically relevant. 

Requires precise strain labeling (e.g., 

fluorescent markers); interpretation can 

be complex. 

Animal infection models Captures host-pathogen interactions; 

clinically relevant. 

High variability; ethical and technical 

challenges. 

Environmental/ecological studies Real-world relevance; incorporates 

community interactions. 

Difficult to control confounding 

factors; complex data interpretation. 

Single-cell analysis (e.g., microfluidics, 

microscopy) 

Reveals population heterogeneity; 

detects rare subpopulations. 

Technically demanding; often lower 

throughput. 

Fitness landscape mapping (e.g., 

barcoded libraries, deep mutational 

scanning) 

High-resolution fitness profiling 

across many variants. 

Requires large datasets and 

computational analysis. 
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Advances in Single-Cell Analysis and Fitness 

Landscapes 

Recent technological advancements have significantly 

enhanced the resolution at which fitness costs associated 

with antibiotic resistance can be studied. Single-cell 

approaches, including time-lapse fluorescence microscopy 

and microfluidic-based tracking, enable the direct 

observation of individual bacterial cells, revealing 

phenotypic heterogeneity in growth, division, and survival 

among resistant populations (Hare et al., 2021; El Meouche 

and Dunlop, 2018). These methods uncover population-

level dynamics that are often masked in bulk measurements, 

providing deeper insight into how resistance influences cell-

to-cell variability and adaptive potential. In parallel, high-

throughput genomic tools such as transposon sequencing 

(Tn-seq) and CRISPR interference (CRISPRi) have 

facilitated the construction of comprehensive fitness 

landscapes. These approaches allow systematic evaluation 

of the relative fitness effects of resistance mutations across 

a range of environmental conditions (Lopatkin et al., 2021). 

Mapping such landscapes not only refines our 

understanding of resistance-associated fitness costs but also 

elucidates the potential evolutionary pathways accessible to 

resistant strains, including those involving compensatory 

mutations that ameliorate initial fitness burdens (Durão et 

al., 2018). Together, these technologies provide powerful 

tools for predicting resistance dynamics and informing 

evolution-informed treatment strategies. 

Genetic and Environmental Modulators of 

Fitness 

Compensatory Mutations: Offsetting the Costs of 

Resistance 

Antibiotic resistance frequently incurs a fitness cost, 

particularly in antibiotic-free environments. However, 

bacterial populations can often mitigate these costs through 

the acquisition of compensatory mutations (Hinz et al., 

2024; Andersson and Hughes, 2010). These adaptations 

allow resistant strains to persist and even thrive in the 

absence of selective antibiotic pressure, complicating 

efforts to reverse resistance through withdrawal strategies 

alone. Well-documented examples include mutations that 

modify ribosomal assembly to offset the translational 

defects associated with aminoglycoside resistance in 

Escherichia coli (Björkman et al., 2000), as well as 

regulatory mutations that fine-tune the expression of 

multidrug efflux pumps to reduce metabolic burden (Sun et 

al., 2014). The rate and success of compensatory evolution 

are influenced by factors such as population size, genetic 

background, mutation supply, and environmental context 

(Maeda and Furusawa, 2024). Understanding the genetic 

mechanisms and physiological pathways involved in 

compensatory adaptation is essential for predicting the 

persistence and evolutionary stability of resistance traits. 

Influence of Microbial Community Context and Host 

Environment 

The fitness costs associated with antibiotic resistance are 

not fixed properties but are highly context-dependent, 

varying significantly across microbial communities and 

host environments. In polymicrobial ecosystems, 

interspecies interactions such as competition, mutualistic 

cross-feeding, or cohabitation in biofilms can modulate the 

expression and magnitude of fitness costs. For example, 

metabolic cooperation among species may alleviate the 

resource burden of resistance mechanisms, while 

competitive interactions may intensify selective pressures 

against less fit resistant strains (Stubbendieck et al., 2016; 

Vega and Gore, 2014). Within host organisms, additional 

factors such as immune system activity, spatial 

heterogeneity, and fluctuating nutrient levels further 

influence the cost-benefit balance of resistance traits. 

Resistance mutations that reduce bacterial growth in vitro 

may provide a net advantage in vivo by enhancing survival 

against host-derived stressors such as antimicrobial 

peptides, oxidative bursts, or phagocytosis (Melnyk et al., 

2015; Gifford et al., 2020). Tissue-specific 

microenvironments, including differential oxygen tension 

or pH, may also reshape the physiological impacts of 

resistance-associated alterations (Hancock et al., 2017). 

Similarly, Tu et al. (2025) demonstrated that the expression 

of metallo-β-lactamase VIM-2 imposes a significant fitness 

cost on bacterial pathogen under zinc-limited conditions 

lead to increased membrane vulnerability and greater 

reliance on envelope stress-response pathways. These 

weaknesses can be exploited using antibiotics that target 

membrane integrity, thereby helping to overcome 

resistance. These ecological and host-mediated influences 

underscore the importance of evaluating resistance fitness 

within biologically relevant contexts. 

Role of Horizontal Gene Transfer and Mobile Genetic 

Elements 

Horizontal gene transfer (HGT) plays a pivotal role in the 

dissemination of antibiotic resistance genes (ARGs) across 

bacterial populations and species. These genes are 

frequently embedded within mobile genetic elements 

(MGEs) such as plasmids, transposons, and integrons, 

which facilitate their rapid horizontal spread in clinical, 

environmental, and agricultural settings (Partridge et al., 

2018). While the acquisition of MGEs often imposes a 

fitness cost due to the metabolic burden of replicating and 

expressing additional genetic material, bacteria have 

evolved multiple strategies to mitigate these costs and 

stabilize the elements within their genomes. Stabilization 

mechanisms include plasmid addiction systems (e.g., toxin-

antitoxin modules), which ensure plasmid retention by 

killing plasmid-free segregants, and genetic linkage with 

other advantageous traits such as heavy metal or 

disinfectant resistance, a phenomenon known as co-

selection (San Millan and MacLean, 2017). Additionally, 
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the insertion of resistance genes into low-cost chromosomal 

loci or integration into genomic islands can reduce the 

physiological burden and promote long-term persistence 

(Porse et al., 2018). Moreover, HGT can introduce not only 

resistance determinants but also compensatory elements 

such as regulatory genes or stress response factors that 

offset the fitness costs of resistance. This genetic co-transfer 

may enhance the adaptive potential of bacterial hosts, 

allowing resistance to persist even in the absence of 

selective antibiotic pressure (Dimitriu et al., 2021). The 

dynamic relationship between MGEs, fitness modulation, 

and resistance stability underscores the complexity of 

resistance evolution. It highlights the need to consider 

mobile genetic ecology in antibiotic stewardship and 

surveillance strategies. 

Evolutionary Outcomes and Persistence of 

Resistance 

Dynamics in the Presence and Absence of Antibiotic 

Pressure 

The evolutionary dynamics of antibiotic resistance are 

profoundly influenced by the presence or absence of 

selective pressure. In environments with sustained 

antibiotic exposure, resistant strains are positively selected, 

enabling their proliferation despite any associated fitness 

burdens (Andersson and Hughes, 2010). Conversely, when 

antibiotic use is discontinued, resistant populations may 

experience a competitive disadvantage relative to 

susceptible strains due to the metabolic or physiological 

costs of resistance (Melnyk et al., 2015). However, the rate 

and extent of resistance decline in the absence of antibiotics 

are highly variable and depend on multiple factors, 

including the magnitude of the fitness cost, the ecological 

niche, and the genetic context. Importantly, resistance can 

persist even without ongoing antibiotic pressure. This 

persistence is often facilitated by compensatory mutations 

that restore fitness while maintaining resistance (Hinz et al., 

2024), or by genetic linkage between resistance genes and 

other advantageous traits, such as virulence factors or stress 

response elements (San Millan and MacLean, 2017). 

Additionally, resistance determinants located on stable 

plasmids or within integrative elements may persist due to 

low fitness costs or the presence of co-selective agents such 

as heavy metals and disinfectants (Pal et al., 2015). These 

evolutionary outcomes underscore the importance of 

evaluating not only the acquisition of resistance but also its 

long-term stability and reversibility under varying 

environmental conditions. 

Cost Amelioration over Evolutionary Time 

Over prolonged evolutionary periods, bacterial populations 

can acquire mutations that alleviate the fitness costs 

associated with antibiotic resistance. This phenomenon, 

referred to as cost amelioration, may occur through the 

accumulation of compensatory mutations, global regulatory 

changes, or epistatic interactions that mitigate the 

deleterious effects of resistance determinants (Chowdhury 

and Findlay, 2023). These genetic adaptations can restore 

cellular functions impaired by resistance mutations without 

compromising the resistance phenotype itself. Experimental 

evolution studies have shown that even resistance 

mechanisms associated with substantial initial fitness costs 

can become nearly cost-free following successive rounds of 

adaptive evolution in the absence of antibiotics (Pal and 

Andersson, 2024). Such compensatory evolution enhances 

the evolutionary stability of resistance, enabling resistant 

strains to persist and compete effectively even in antibiotic-

free environments. Consequently, the long-term fixation of 

ameliorated resistance traits complicates efforts to reverse 

resistance trends solely through reduced antibiotic use or 

stewardship programs. Understanding the mechanisms and 

dynamics of cost amelioration is therefore critical for 

predicting the durability of resistance in microbial 

populations. 

Reversibility of Resistance and Evolutionary Constraints 

Although theoretical models predict that antibiotic 

resistance alleles carrying significant fitness costs should 

decline in frequency when selective pressure is removed, 

empirical evidence demonstrates that the reversion to full 

susceptibility is uncommon in natural and clinical settings 

(Andersson and Hughes, 2010). Several evolutionary 

constraints limit the reversibility of resistance. Genetically, 

some resistance-conferring mutations may be irreversible or 

unlikely to revert due to low mutation rates or deleterious 

effects of back-mutations. Ecologically, low-level or 

intermittent antibiotic exposure commonly found in clinical 

and agricultural environments can sustain selective pressure 

that favors resistant strains (Sundqvist et al., 2010; Pal et 

al., 2015). Additionally, the accumulation of compensatory 

mutations can restore fitness without reversing resistance, 

allowing resistant bacteria to persist even in the absence of 

antibiotics (Hinz et al., 2024).  Moreover, resistance alleles 

can become genetically linked to other advantageous traits 

through pleiotropy or genetic hitchhiking, further 

stabilizing resistance within bacterial populations (Trindade 

et al., 2009; Bustamante et al., 2024; Hall et al., 2011). 

These evolutionary dynamics highlight the limitations of 

relying on antibiotic withdrawal as a resistance reversal 

strategy and underscore the necessity of integrated, 

proactive resistance management approaches that consider 

the potential for long-term persistence of resistance 

determinants. 

Clinical and Therapeutic Implications 

Designing Treatments to Maintain or Amplify Fitness 

Costs 

One approach involves the use of combination therapies in 

which a conventional antibiotic is paired with an adjuvant 

that disrupts compensatory pathways. For instance, the co-
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administration of antibiotics with efflux pump inhibitors or 

agents targeting key metabolic functions can exacerbate the 

physiological stress experienced by resistant bacteria, 

thereby increasing their susceptibility to host immune 

defenses and subsequent antimicrobial interventions (Blair 

et al., 2015). Such synergistic treatments may prevent the 

evolutionary optimization that typically reduces the fitness 

burden of resistance over time. The evolutionary and 

ecological dynamics that shape resistance development and 

persistence propose that understanding fitness trade-offs is 

crucial for designing more effective antimicrobials 

strategies (Fuzi, 2025). In addition, adaptive dosing 

strategies such as intermittent or pulsed antibiotic regimens 

have been proposed to destabilize resistance by periodically 

removing selective pressure. These dynamic treatment 

protocols can prevent the fixation of resistance traits and 

delay the emergence of compensatory mutations, thereby 

prolonging the clinical utility of existing antimicrobials 

(Day and Read, 2016; Hansen et al., 2020). By integrating 

insights from microbial physiology, evolutionary biology, 

and pharmacodynamics, these approaches offer a rational 

framework for designing treatments that not only eliminate 

pathogens but also manage resistance evolution more 

effectively. 

Exploiting Collateral Sensitivity and Evolutionary Trade-

offs 

Collateral sensitivity, where the evolution of resistance to 

one antibiotic increases susceptibility to another, represents 

a promising strategy to counteract multidrug resistance by 

exploiting evolutionary trade-offs inherent to bacterial 

adaptation (Baym et al., 2016). This phenomenon typically 

arises when resistance-conferring mutations incur structural 

or regulatory changes that simultaneously compromise 

defense mechanisms against alternative drugs. By 

systematically identifying these collateral networks, 

clinicians can devise sequential or cycling antibiotic 

therapies that maintain therapeutic efficacy while limiting 

the emergence of broadly resistant strains (Barbosa et al., 

2019). Furthermore, a comprehensive understanding of the 

evolutionary trade-offs between resistance and other 

bacterial functions such as virulence, metabolic efficiency, 

and stress tolerance can inform the design of interventions 

that target the unintended consequences of resistance 

evolution (Melnyk et al., 2015; Lázár et al., 2013). For 

instance, drugs that exploit metabolic bottlenecks or 

attenuate virulence in resistant strains could synergize with 

conventional antimicrobials to enhance treatment outcomes 

and suppress resistance maintenance. Integrating collateral 

sensitivity into treatment design thus offers a dynamic, 

evolution-informed approach to resistance management, 

with the potential to extend the lifespan of existing 

antibiotics.  

Integrating Fitness Cost Data with Antibiotic 

Stewardship Programs 

Incorporating insights into the fitness costs associated with 

antibiotic resistance into stewardship programs presents a 

promising avenue for enhancing the precision and 

sustainability of antimicrobial use. Quantifying the fitness 

burden of resistance across different bacterial taxa enables 

more accurate predictions regarding the persistence, 

dissemination, and reversibility of resistant strains under 

various clinical and environmental contexts (Melnyk et al., 

2015; Andersson and Hughes, 2010). By integrating such 

data into surveillance systems, clinicians and public health 

officials can monitor the trajectory of resistance evolution, 

including the emergence of compensatory mutations that 

may stabilize resistance even in the absence of antibiotics 

(San Millan and MacLean, 2017). This knowledge can 

directly inform treatment strategies by identifying regimens 

that maintain or amplify fitness costs, thereby limiting the 

competitive advantage of resistant strains (Baym et al., 

2016). Additionally, fitness cost metrics can support the 

development of antibiotic cycling protocols and narrow-

spectrum therapies tailored to local resistance dynamics, 

helping to prolong the clinical utility of existing antibiotics 

(Muteeb et al., 2023). At the policy level, integrating 

evolutionary and ecological principles into stewardship 

frameworks may aid in reducing the selection and spread of 

multidrug-resistant pathogens, promoting a more 

evolutionarily informed and globally coordinated response 

to antibiotic resistance. 

Future Perspectives and Research Directions 

Predictive Models of Resistance Spread Based on Fitness 

Landscapes 

Recent advances in computational biology and systems 

modeling have opened new avenues for forecasting the 

dynamics of antibiotic resistance. Predictive frameworks 

that incorporate fitness landscapes quantitative maps of the 

fitness effects of resistance mutations across various 

genotypic and environmental contexts offer a powerful tool 

for understanding and anticipating resistance evolution 

(Lässig et al., 2017). By integrating genomic data with 

information on mutation effects, epistatic interactions, 

population structure, and ecological variability, such 

models can simulate the trajectories of resistant clones 

under differing selective regimes. These models have the 

potential to identify high-risk evolutionary pathways, 

forecast the emergence of resistance under specific 

treatment regimens, and pinpoint geographic or clinical 

hotspots of resistance emergence (Farrokhian et al., 2022). 

Incorporating dynamic environmental variables, such as 

fluctuating antibiotic concentrations, microbial 

competition, and host immune pressures, can further 

enhance their predictive accuracy and relevance to real-

world scenarios (Levin-Reisman et al., 2017). Future efforts 

should prioritize the calibration of these models using 
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empirical data from clinical, environmental, and 

experimental evolution studies to improve their 

translational utility in informing antimicrobial stewardship 

and public health interventions. 

Novel Strategies to Prevent Compensatory Evolution 

While compensatory mutations serve as an adaptive 

mechanism by which resistant bacteria alleviate the fitness 

costs of antibiotic resistance, they also complicate efforts to 

reverse resistance and restore antimicrobial efficacy. 

Preventing or delaying compensatory evolution is therefore 

a critical goal in resistance management. Emerging 

strategies focus on disrupting the molecular pathways that 

facilitate compensation, including regulatory networks 

involved in stress responses, energy metabolism, and 

protein homeostasis (Njenga et al., 2023). Targeting these 

pathways pharmacologically could prevent the restoration 

of fitness in resistant strains, thereby maintaining their 

competitive disadvantage in antibiotic-free environments. 

Additionally, the development of small molecules or RNA-

based therapeutics that selectively interfere with 

compensatory mutations represents a promising frontier. 

For instance, antisense RNA approaches have been 

explored to inhibit the expression of genes involved in 

resistance maintenance or fitness restoration (Jia et al., 

2022). Moreover, exploiting synthetic lethality or collateral 

vulnerabilities that emerge during compensatory adaptation 

may provide a means to selectively eliminate compensated 

resistant bacteria (Lopatkin et al., 2021).  

Role of Fitness Costs in Multi-Drug Resistance 

The global rise of MDR and co-resistant bacterial pathogens 

poses a critical challenge to public health. Understanding 

the role of fitness costs in the evolution and persistence of 

resistance to multiple antibiotics is essential for addressing 

this threat. MDR often imposes cumulative or synergistic 

fitness burdens, resulting from the simultaneous expression 

of multiple resistance mechanisms such as efflux pumps, 

target modifications, and enzymatic inactivation 

(Andersson and Hughes, 2010; San Millan and MacLean, 

2017). These costs may reduce bacterial competitiveness in 

drug-free environments, but can be mitigated through 

compensatory adaptations or favorable genetic 

backgrounds. In co-resistance scenarios where resistance 

determinants to different antibiotics are genetically linked, 

often on mobile genetic elements, fitness trade-offs become 

more complex. For instance, plasmids carrying multiple 

resistance genes can impose a substantial metabolic burden, 

yet their persistence is frequently supported by co-selection 

with other beneficial traits (Alonso-del Valle et al., 2021). 

Investigating how such fitness constraints influence the 

evolutionary trajectories of MDR bacteria may reveal 

vulnerabilities that can be exploited using rationally 

designed combination therapies or antibiotic cycling 

strategies. Future research should prioritize the 

identification of genetic interactions and ecological 

pressures that govern the stability of MDR and co-

resistance phenotypes. Integrating fitness cost data into 

these studies will improve our ability to forecast the spread 

of resistant strains and inform strategies for curbing the 

expansion of MDR pathogens. 

Conclusions 

Antibiotic resistance, often accompanied by fitness costs, 

represents a highly dynamic evolutionary process 

influenced by complex genetic, physiological, and 

ecological factors. Although resistance mutations 

frequently hinder bacterial growth or competitiveness 

without antibiotics, these disadvantages rarely suffice to 

eliminate resistant strains from clinical or environmental 

contexts. The rapid emergence of compensatory 

adaptations, the effects of microbial communities, host 

environments, and the mobilization of resistance genes 

through horizontal gene transfer all play a role in the 

persistence and spread of resistance. Understanding the 

nuances of fitness costs, how they arise, how they are 

mitigated, and how they influence bacterial evolution offers 

critical insights into resistance management. Emerging 

strategies that exploit collateral sensitivity, evolutionary 

trade-offs, and metabolic vulnerabilities have the potential 

to enhance treatment efficacy and delay the stabilization of 

resistance. Moreover, incorporating fitness cost data into 

stewardship programs and predictive models can help 

design more informed, adaptive interventions. Continued 

research into compensatory mechanisms, ecological 

contexts, and multi-drug resistance dynamics is essential to 

counter the persistence and spread of resistance. 
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