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Antibiotic-resistant bacteria are common in the natural environment, including the microbiota of 21 

animal and human hosts. The local physical, chemical, and biological conditions of environmental 22 

patches and matrices vary in both qualitative and quantitative aspects. Often, these conditions 23 

diffuse in gradients, creating intersections that can either facilitate or inhibit the spread and 24 

evolution of antibiotic resistance (AbR). Ecological kinetics (EcoK) describes how these 25 

conditions and their combinations influence the abundance and transmission of antibiotic-resistant 26 

populations, as well as the mobile genetic elements that carry resistance genes. Evolutionary 27 

dynamics (EvoD) concern the effects of environmental conditions on genetic variation, the 28 

expression of resistance traits, and the evolvability of host bacteria, ultimately contributing to the 29 

emergence and selection of AbR. This study examines the influence of various environmental 30 

conditions, including temperature, oxygen availability, fluidity, humidity, osmolarity, acidity, 31 

particulate material, nutrients, organic matter, microbial density, and the presence of metals, 32 

pharmaceutical substances, biocides, pesticides, antibiotics, and antimicrobials produced by 33 

phytoplankton, plants, and animals, on EcoK and EvoD. This field remains scarcely understood, 34 

and further research is essential to identify high-risk areas where surveillance for the emergence 35 

and spread of AbR should be implemented.  36 

  37 
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1. INTRODUCTION 67 

The evolution and transmission of bacterial phenotypes, including antibiotic resistance (AbR) 68 

occur within a two-dimensional framework of space and time, possibly a space-time continuum. 69 

The varying conditions of Earth's habitable space undergo selection for bacterial populations, 70 

leading to changes in local abundance over time, resulting in genetic variation. Spatial selection 71 

relies on the potential for bacterial migration as well as the heterogeneity of spaces and 72 

environmental matrices. Selective spaces differ not only in size but also in their physical, chemical, 73 

and biological compositions, driving genetic diversification. These conditions exhibit varying 74 

intensities across space and time, and the gradients of each component intersect, creating a multi-75 

component selective network that influences a vast multiplicity of resistance phenotypes. Specific 76 

tessellated spaces resulting from intersections hold greater significance, facilitating and selecting 77 

various phenotypic pathways and trajectories that differ in robustness and evolvability (16, 79). 78 

We are interested in analyzing the effects of the physical, chemical, and biological components of 79 

a landscape that contribute to shaping the ecological kinetics and evolutionary dynamics of AbR, 80 

as defined below. Our primary conclusion is that AbR emerges, is expressed, and spreads, driven 81 

by a vast interconnected network of ecological traits, particularly when acting in combination with 82 

antibiotic exposure. 83 

In this work, the term ecological kinetics (EcoK) refers to the various spaces colonized by 84 

microbial organisms that undergo change and how this temporal heterogeneity influences the 85 

transmission of antibiotic-resistance genes (ARGs) within and between cells, populations, and 86 

communities or the transfer of resistant bacterial cells between different ecological spaces. 87 

Following source-sink dynamics, variations in habitat quality may affect resistance to population 88 

growth or decline. Local EcoK relies on local sources that shape fitness and the abundance of 89 
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antibiotic-resistant bacteria (52, 123). Spaces near hotspots of resistant organisms, such as farms, 90 

human and farm sewage, including hospital, municipal, household, and aquaculture effluents, or 91 

those resulting from agricultural technologies like composting, act as sources of resistant genes 92 

and populations. However, other spaces do not promote the transmission of resistance, serving as 93 

resistance sinks. The term evolutionary dynamics (EvoD) refers to how ecological changes in 94 

defined compartments influence genetic variation, the expression of resistance traits, and the 95 

evolvability of the hosted bacteria, leading to the emergence and selection of antibiotic resistance 96 

(AbR)  and its progress over time toward more efficient mechanisms—such as increasing 97 

resistance levels, offering a broader spectrum of antibiotic inactivation, and incurring lower fitness 98 

costs (112). Similar to EcoK, EvoD is triggered by a wide range of local conditions. EcoK and 99 

EvoD are necessarily intertwined; thus, the genetic evolution of microorganisms can alter the 100 

composition of these ecological spaces, triggering genetic and phenotypic diversification that 101 

results in contingent yet continuously changing interactions between EcoK and EvoD.  102 

ECOLOGICAL KINETICS 103 

Ecological kinetics is the study of environmental changes that alter the conditions of colonized 104 

spaces, leading to fluctuations in the abundance, diversity, and transmission of antibiotic resistance 105 

genes (ARGs) and their associated populations. In this work, changes in the host’s  spaces are also 106 

considered. Microbial transmission also occurs inside the host, which is composed of a series of 107 

spatially differentiated but connected environments (143). The effects on ARGs and bacterial pop-108 

ulations result from both macro- and microenvironmental variables that shape the sources and 109 

transport of resistance (48, 78). In each of the sections below, we begin with the impact of changes 110 

in environmental conditions on the density and transmission of bacterial populations, followed by 111 

an examination of how these changes modify the transmission of AbR determinants.   112 
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2.1.  Temperature 113 

Even after brief periods of exposure to elevated mean temperatures, whether from daily tempera-114 

ture fluctuations or short-term heatwaves, the intestinal microbiota of mammals, reptiles, amphib-115 

ians, and birds shows a reduction in Firmicutes and Actinobacteria, and an increase in Proteobac-116 

teria (136). Hot summer weather is linked to a higher prevalence of Gram-negative bacterial in-117 

fections (119). Temperature can also rise within an individual host, especially due to inflammation 118 

and immune activation following infection; in addition, different animals have varying body tem-119 

peratures. Bacteria possess mechanisms, such as the diguanylate signaling network, that enable 120 

them to sense temperature (3). Generally, as temperatures rise, enzymes demonstrate greater effi-121 

ciency, boosting the growth rate. Overall, warmer conditions may optimize metabolic and biosyn-122 

thetic adaptations, leading to a hypermetabolic state in cells and accelerating the mutation rate 123 

(82). Beyond animals, such heat-generating activity occurs during agricultural microbial compost-124 

ing, where animal and human waste are combined with green manure, plant matter, refuse, and 125 

soil. Bacteria are also subjected to heat in air conditioning appliances, such as bladeless electric 126 

fans (4), or heated water, which affects microbial biofilms found in colonized sinks and plumbing 127 

systems. 128 

Microbiota alpha-diversity decreases in cold-stressed animals, accompanied by an increase in 129 

members of the Gram-positive Lachnospiraceae family of Firmicutes, leading to the overproduc-130 

tion of short-chain fatty acids with antimicrobial activity, which may orchestrate internal thermo-131 

genesis (35, 63). Among Gram-negatives, the abundance of the families Bacteroidaceae and En-132 

terobacteriaceae is reduced under these cold conditions. However, rare species of the genus Esch-133 

erichia, such as E. marmotae, seem relevant in the microbiota associated with hibernation in ani-134 

mals like bears and marmots, as well as in winter torpor in birds. An unusually high proportion of 135 
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E. marmotae strains produce the antimicrobial lasso peptide microcin J25 (MccJ25), which sim-136 

plifies the microbiota, increases body weight (nutritional reserves) as an initial step in hibernation, 137 

reducing the bioenergetic demand of the animal, thereby limiting host activity by functioning as a 138 

neurotransmitter-like peptide (11), which decreases the transmission of AbR.  139 

Within the limits imposed by the trade-off between increased enzymatic activity and fitness-140 

reducing protein folding alterations, most microbial cells, including mesophilic ones, have a 141 

maximal growth rate peaking at 42 °C, with secondary peaks at 67 °C for thermophiles (37, 96). 142 

However, the range of temperatures sustaining a reasonably high growth rate is wide for certain 143 

organisms; for instance, cold (4-6ºC) selectively enriches Listeria monocytogenes, which can also 144 

grow at higher temperatures. In some cases, the same organism can adapt to both cold and warm 145 

temperatures by protecting proteins from misfolding through the activation of a chaperone (53).  146 

The biokinetic effect of sub-inhibitory temperatures on various bacterial organisms influences the 147 

overall transmission of AbR.  First, in clinically significant organisms such as Enterobacterales, 148 

the spread of these organisms and their resistance determinants is likely to increase with the 149 

temperature-driven absolute abundance of cells harboring mobile resistance elements. Second, 150 

higher ATP levels resulting from elevated temperatures provide more energy for plasmid transfer. 151 

The interbacterial transfer of different plasmids may have varying optimal temperature ranges, 152 

typically between 25 °C and 30 °C. The optimal growth temperature of the mating pair also serves 153 

as the optimal condition for plasmid transfer (58, 147). Exceptionally, such as with IncH plasmids, 154 

temperatures of 37 °C can inhibit conjugation (121). A temperature of 37ºC may elevate reactive 155 

oxygen species, triggering the SOS response and pilus channels that facilitate conjugation. 156 

Bacterial acquisition of resistance through DNA transformation also increases with temperature 157 

(57). Third, some plasmids, particularly smaller ones, relax their copy number control when 158 
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temperatures rise, potentially leading to enhanced AbR and eventual co-transfer with helper 159 

conjugative mobile elements (128). Whether through increased bacterial abundance or horizontal 160 

gene transfer (HGT), AbR escalates with local temperatures (90). These observations about 161 

temperature and the transmission of AbR should be considered in light of global warming (145).  162 

2.2.  Fluidity and Relative Humidity 163 

Fluids, flowing substances across denser material, facilitate the transmission of antibiotic-resistant 164 

organisms and chemicals, favoring bacterial reproduction and selection. Additionally, 165 

environmental wetting is essential for swimming and twitching bacterial self-motility. Fluids as 166 

water or high-water products, are therefore critical in the spread of resistance (15). On the contrary, 167 

high fluidity facilitates dilution and reduces the local density of resistant organisms, as observed 168 

when comparing the upper, middle, and lower courses of contaminated rivers (118). A hotspot for 169 

antibiotic emergence and spread is sewage and sludge (15); it cannot be ruled out that sewage 170 

treatment plants may contribute to this process (9, 110). The blending of fluids and solid particles, 171 

like the gut-to-mud process (66), creates water vapor (humidity) in the local air, which also 172 

promotes bacterial growth on surfaces. The increased frequency of extreme precipitation events, 173 

which cause catastrophic floods, disrupts limited sanitation facilities and contributes to the growth 174 

and spread of AbR (51). 175 

In contrast, dry conditions limit the growth and dispersal of resistant microorganisms and reduce 176 

local selection by antibiotics (21). In urban areas, including hospital built-environments, fluids 177 

contribute to the local biofilm formation, serving as refuges for antibiotic-resistant organisms over 178 

decades, particularly water running in water pipes and drained in basin sinks (8). Biofilms maintain 179 

fluidity and humidity, ensuring a spatial association of bacterial communities within a common 180 

hydrated polymeric substance, which may facilitate the transfer of antibiotic-resistance genes (80).  181 
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The combination of conditions, such as mixing temperature and relative humidity, significantly 182 

enhances bacterial growth and proliferation of antibiotic-resistant bacteria. Ventilation decreases 183 

the effects of temperature (106). Storage cabinets, including those containing food, are typically 184 

enclosed, with minimal ventilation and very low interior air movement, often resulting in high 185 

humidity levels that favor bacterial multiplication,  promiscuity, and HGT of resistance. The food 186 

industry, particularly in medium- to low-income countries, should be aware of the effects of 187 

storage conditions, including the use of containers designed for shipping activities. In this respect, 188 

large and closed reservoirs, such as those containing ship ballast water, have also been identified 189 

as potential risks for the evolution and spread of AbR (89). 190 

2.3.  Acidity or Basicity 191 

The significance of pH as a regulator of microbial metabolism is a well-established fact in 192 

determining the abundance and location of specific bacterial species. pH influences both the 193 

integrity of cell structures and metabolism, including microbial respiration. In natural 194 

environments, it is estimated that a decrease or increase in environmental pH by one unit can 195 

reduce the metabolic activity of microbial communities by up to 50% (69). Studies of soil pH 196 

gradients demonstrate that the relative abundance and diversity of bacteria positively correlate with 197 

pH, nearly doubling between pH 4 and 8 (115). The populations of acidophiles, neutrophiles, and 198 

alkaliphiles, which depend on optimal pH for growth, are ecologically separated, but only at 199 

extreme pH levels (69).         200 

Klebsiella pneumoniae can thrive between pH 6 and 8, P. aeruginosa from 4 to 9, and 201 

Enterococcus from 4 to 10. It is noteworthy that bacteria growing under highly acidic conditions 202 

are not necessarily acidophiles, as illustrated by Helicobacter pylori, which possesses mechanisms 203 

to survive stomach acidity. A similar case is Escherichia coli, which grows optimally at pH 7.2-204 
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7.8 but can thrive in a pH range from 5 or lower in the stomach to 9 in the pancreatic duct (26). 205 

Fertilization regimes influence soil pH and the trajectory of ARGs (141). Plasmid transfer may be 206 

modulated by pH, but the information is scarce and likely variable depending on the type of 207 

plasmid (70, 72). For example, it has been demonstrated that a plasmid containing a CTX-M beta-208 

lactamase is inhibited from transferring at pH 9  (5).  209 

2.4. Osmolarity, salinity 210 

Osmotic stress decreases enzymatic activity, leading to reduced bacterial growth and expression 211 

of resistance genes (7). This likely occurs due to decreased water availability, resulting in 212 

intracellular molecular crowding, impaired protein folding, and altered protein-nucleic acid 213 

interactions (139). These biophysical effects influence subcellular structure, with spatial 214 

(topological) changes driven by variations in the quantity or local density of molecules within cell 215 

compartments. Such structural alterations may lead to structural epistatic phenotypes associated 216 

with AbR (17). However, most bacterial species possess osmoregulatory protective mechanisms, 217 

often utilizing proline and glycine betaine to alleviate osmotic pressure (31). Conversely, hypo-218 

osmotic stress can occur in E. coli when it is expelled from the host intestine into a diluted external 219 

environment (32). This stress can be mitigated by specific mechanosensitive channels that release 220 

cytoplasmic solutes, preventing the cell envelope from bursting (45).  221 

The EcoK of many pathogenic and antibiotic-resistant microorganisms is certainly determined by 222 

environmental osmolarity. For instance, there is a clear gradient of salt concentration between 223 

feces, where halophilic species can be established, brackish water, seawater, and freshwater. The 224 

survival rate in these conditions varies significantly; for instance, the percent survival of E. 225 

coli after 48 h was estimated to range from 75% in brackish water to 8% in full-strength seawater; 226 

however, these rates can differ in different ecological sites (120). The interaction between salinity 227 



  

11 
 

and temperature, modulated by nutrient availability, shapes the distribution of the resistome across 228 

geographic regions in the sea (120). 229 

Plasmid conjugation frequency in non-growing cultures in 9.1mM NaCl is similar to that in LB 230 

broth growing cells, but much higher than in non-growing cells in 1mM or 90.1mM NaCl. The 231 

reason may be that salinity induces conformational changes in cell surface macromolecules, 232 

thereby altering cell-cell interactions (58).  233 

2.5. Oxygen availability  234 

Microbial oxygen availability is primarily determined by direct contact of this element with sur-235 

faces exposed to the atmosphere, the rate of diffusion in soil, depending on soil porosity, and dis-236 

solved oxygen in freshwater, including aquifers, groundwater, lakes, rivers, drinking water, 237 

wastewater, and seawater. This availability varies with turbulence and distance to the atmosphere. 238 

A reduction in oxygen availability is influenced by local oxygen consumption, mainly through 239 

chemical oxidation and respiration, often aided by local aerobic or facultative microbes found in 240 

the gut, soils, and water bodies, especially those enriched in organic matter like sewage. Areas of 241 

anoxic waters mainly result from local eutrophication due to the discharge of nitrates and phos-242 

phates from farmlands, aquaculture ponds, or urban and industrial zones, which can lead to me-243 

thane enrichment. The availability of local oxygen affects the bacterial composition of communi-244 

ties, which vary in the proportions of obligate aerobes, facultative anaerobes, strict anaerobes, 245 

aerotolerant anaerobes, and microaerophilic species. In human feces, anaerobic organisms out-246 

number aerobic and facultative anaerobic microbes by about 1,000 times; in surface soil, aerobic 247 

and facultative microbes are predominant, while anaerobic microbes are more common in deep 248 

soil, particularly in compacted or hydric soils, within soil particles. The effectiveness of 249 
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wastewater treatment plants may benefit from either aerobic-facultative or anaerobic bacteria, de-250 

pending on whether the treatment is aerobic, which is more frequent in high-income countries, or 251 

anaerobic. Flowing rivers favor aerobic-facultative bacteria, although frequent biofilm formation 252 

may help maintain the persistence of anaerobic organisms. In estuaries, aerobic anoxygenic pho-253 

totrophic bacteria, primarily belonging to the Alpha, Beta, and Gammaproteobacteria groups, tend 254 

to dominate. In the ocean, the balance of aerobic and anaerobic conditions depends on the distance 255 

from the surface and the depth of the water column. In oxygenated subseafloor sediment, faculta-256 

tive Gammaproteobacteria and Firmicutes are predominant. In contrast, anaerobic organisms from 257 

the groups Atribacteria, Chloroflexi, Planctomycetes are prevalent in anoxic sediments (60). How-258 

ever, clinically relevant resistance does not significantly increase with exposure to antibiotics in 259 

marine sediments (141). Relatively low bacterial densities, along with phylogenetic and ecological 260 

barriers, complicate predictions about the transmission of these populations. Plasmids in bacterial 261 

populations in water bodies might also belong to different plasmid taxonomic units (PTUs), pre-262 

venting mutual genetic interactions. Additionally, in wastewater ecosystems, gene transfer fre-263 

quencies tend to be lower in the presence of oxygen (92). Moreover, plasmids found in marine 264 

sediment microbial communities appear to differ from those harboring ARGs (124). An open field 265 

of research explores the connectivity of bacterial gasoreceptors that detect oxygen, exemplified by 266 

the phosphodiesterase DosP in E. coli. Additionally, the FeS cluster-containing transcription fac-267 

tors FNR and NsrR, which also detect nitric oxide (6), play a role in this area. The resulting regu-268 

lation of bacterial metabolism impacts both growth and genetic transfer. 269 

2.6.  Biofilms and particulate material 270 

Biofilms, which are social consortia of cells adhered to surfaces and embedded in an extracellular 271 

matrix, represent the most common forms of bacterial coexistence in nature, as often contain 272 
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various species. In ecological kinetics, biofilm formation serves multiple, sometimes contradictory 273 

roles. On one hand, it decreases the transmission rate among ecological compartments since 274 

bacteria are fixed within the matrix and replicate at a very low rate. However, fragments of these 275 

biofilms, with a high inoculum, can detach and potentially colonize other surfaces more efficiently 276 

than planktonic bacteria, thereby ensuring the transmission and persistence of cooperative 277 

consortia. Biofilms, such as those found in P. aeruginosa, reduce ecological competition among 278 

different species in adjacent patches by releasing antibacterial substances, particularly under stress 279 

conditions (101). Among the many physical substrates for biofilms,  mineral particles, such as 280 

clay, carbonates, and silicates, as well as anthropogenic materials, including wastewater particles, 281 

and microplastics should be considered. Other physical surfaces are provided by  phytoplankton, 282 

zooplankton, humus, and various forms of biodetritus. Water flow, tides, tsunamis, currents, and 283 

strong winds, along with agriculture, wastewater management, mining, excavation, and 284 

construction, facilitate the interaction and merging of microbiotic particles in soil and water, 285 

leading to enhanced coalescence of heterogeneous biofilm communities capable of exchanging 286 

genetic material, including plasmids harboring antimicrobial resistance genes (12). These complex 287 

biofilms also arise from the merging of a patient’s microbiota with hospital-associated microbiota, 288 

such as that found in water sinks, and have been suggested as reservoirs of AbR in intensive care 289 

units (8). In hospital sinks, whether using cold or warm water, the metal of the pipelines, or 290 

introduced disinfectants and drug residues, can induce bacterial stress, promoting plasmid 291 

persistence and conjugation in local biofilms (54, 130). Although biofilms are often considered 292 

hotspots for HGT, several studies have indicated that plasmid transfer is primarily restricted to the 293 

outer layers (58). In turn, plasmids contribute to biofilm production and expansion (125). In their 294 

turn, plasmids contribute to biofilm production and expansion (111).  295 
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2.7.  Organic matter, nutrients 296 

Ecological adaptation implies that genotypes should be expressed in adaptive phenotypes. This 297 

process is influenced by variation in concentration of organic matter and nutrients (146). 298 

Nutritional deficiency reduces the number of ribosomes and, therefore, the bacterial growth rate. 299 

The reduction in ribosomal number contributes to a vicious cycle in the synthesis of critical 300 

nutrients. Such variations lead to decoupled relationships between carbohydrate-active enzymes 301 

and peptidases from genetic potentials involved in protein expressions (146). The ecological 302 

consequences of nutrient availability have been proposed to result from biological stoichiometry, 303 

that is, the influence of the balance of multiple chemical elements, as C:N:P- stoichiometry, in 304 

ecological interactions (47). The mechanism primarily involves an increased allocation to P-rich 305 

rRNA, leading to rapid protein synthesis by ribosomes. Under nutrient-limited conditions, the 306 

production of ribosomes tends to decrease in order to conserve energy. In dense, structured 307 

populations, such as biofilms, collective nutrient consumption may limit antibiotic efficacy (55). 308 

However, that might be mitigated by the local exchange of metabolites (142). 309 

Metals 310 

Metal resistance and  AbR frequently result from the same type of mechanisms of cellular 311 

protection, as: 1) reduced membrane permeability (metals: As, Cu, Zn, Mn, Co, Ag; antibiotics: 312 

beta-lactams, fluoroquinolones, tetracycline, chloramphenicol); 2) chemical alteration of the 313 

antimicrobial (metals: As, Hg; antibiotics: beta-lactams, chloramphenicol, aminoglycosides); 3) 314 

efflux pumps (metals: Cu, Co, Zn, Cd, Ni; antibiotics: tetracyclines, chloramphenicol, beta-315 

lactams; 4) alteration of cellular targets (metals: Hg, Zn; antibiotics: ciprofloxacin, b-lactams, 316 

macrolides, trimethoprim, rifampicin; and (5) antimicrobial sequestration (metals: Zn, Cd; 317 
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antibiotics: coumermycin A) (10). Therefore, heavy metal contamination can contribute to the 318 

dissemination of  AbR.  319 

The effect of metals on resistance plasmid transfer is heterogeneous, depending on the level of 320 

exposure, type of plasmid, and bacterial organism. HgCl2 at concentrations above 1.0 mg L-1 321 

negatively affected transfer, whereas 2,4-D at concentrations up to 0.3 mM had no effect; the 322 

negative effects of mercury were attributed to stress on the recipient (71). This effect may vary 323 

across different taxa, such as increased or decreased conjugation permissiveness by more than 324 

1000-fold (74). In Escherichia coli, zinc oxide and copper sulfate increase the conjugation 325 

frequency of IncL plasmids (109).  326 

2.9 Radiation and Lightning 327 

Different bacterial species and genera are heterogeneous in resistance to radiation. A correlation 328 

has been found between AbR or heavy metal resistance in bacteria dominating areas contaminated 329 

with both artificial and naturally occurring radionuclides, as Acinetobacter, Burkholderia, 330 

Streptomyces, Bacillus, and Staphylococcus. Bacteria with yellow, orange, red, or pink colonies, 331 

mainly due to carotenoids, show higher resistance to radiation (22). Radiation at the UV region 332 

(265 nm) was most efficient at killing the E. coli cells. However, even in the visible light spectrum, 333 

a reduction in E. coli viability also occurs. Viability decreases exponentially with the increase in 334 

radiation dosage at a given wavelength (129).  335 

In aquatic environments, the conjugative transfer frequency of AbR was unaffected by visible light 336 

irradiation but was slightly increased (2–10-fold) by simulated sunlight irradiation and 337 

significantly accelerated (up to 100-fold) by UV irradiation. These results are likely due to 338 

oxidative stress (33). 339 

Pharmaceuticals, biocides, pesticides, antibiotics 340 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ultraviolet-irradiation
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Many non-antibiotic pharmaceuticals are present in the environment. The most frequently detected 341 

molecules in river water include carbamazepine, metformin, and caffeine (135). Carbazepine 342 

influences host-bacterial interactions; metformin belongs to the molecular class of biguanides, 343 

which eventually selects for AbR; caffeine has antimicrobial activity. Biocides certainly decrease 344 

local bacterial abundance and, at subinhibitory concentrations, select for AbR mutations (134). 345 

Antimicrobial pesticides, such as endosulfan, carbofuran, and malathion, favor bacterial pesticide 346 

degraders and are likely to have a higher potential for antimicrobial resistance by using similar 347 

mechanisms of detoxification (108). The key role of antibiotics in selecting for resistant 348 

microorganisms, whether in individuals or the environment, even at very low antibiotic 349 

concentrations, has been extensively reviewed and will not be addressed here (15, 137). 350 

Mycotoxins, an extensive group of molecules produced by fungi, share a close structural 351 

relationship with antibiotics; in fact, many natural antibiotics and mycotoxins are conceptually 352 

distinguished by the therapeutic utility of the former. As a result, mycotoxins often exhibit 353 

antibacterial activity and may locally select for antibiotic-resistant organisms (77).  354 

It is generally accepted that the presence of antibiotics may induce conjugation, although this effect 355 

may depend upon the antibiotic family (58). Plasmid transfer increases with the metabolic activity 356 

of the cell, following an increase in ATP levels (1). However, the effect of selection introduces a 357 

substantial bias, such that eliminating this variable, the presumed increase in conjugation almost 358 

disappears (86). Sub-inhibitory concentrations of biocides, like chlorhexidine, digluconate, or 359 

triclosan, and quaternary compounds, can increase in-vitro horizontal transfer events (40, 83). 360 

Peracetic acid and sodium hypochlorite slightly increased conjugation rates (5). Additionally, non-361 

antibiotic drugs that act on the central nervous system, such as carbamazepine, increase 362 

conjugation rates (140). Moreover, antipyretics like ibuprofen, naproxen, and gemfibrozil promote 363 

https://www.sciencedirect.com/topics/immunology-and-microbiology/sodium-hypochlorite
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the transmission of multidrug resistance plasmids at clinically and environmentally relevant 364 

concentrations (39). Similar effects have been observed with artificial sweeteners and food 365 

preservatives (2). Pesticides, as the insecticide cyromazine and the fungicide kresoxim-methyl, 366 

greatly facilitate the conjugative transfer of antibiotic-resistance plasmids (148). Lastly, the 367 

widespread use of herbicides also promotes AbR in soil microbiomes (81).  368 

2.11. Antimicrobials from phytoplankton, plants, and animals 369 

Phycotoxins are secondary metabolites produced primarily by photosynthetic micro- and 370 

macroalgae in aquatic environments, including flagellates, diatoms, haptophytes, raphidophytes, 371 

and cyanobacteria, and possess antibacterial properties (122). Phytotoxins, produced by many 372 

plant species, including polyketides, peptides, and terpenes, also exhibit antibacterial activity and 373 

eventually antibiofilm properties (73), and are utilized in food preservation and processing. 374 

However, we lack systematic scientific knowledge about the antimicrobial mechanisms of 375 

phytotoxins and their influence in the microbiosphere, as well as the potential of phyco- and 376 

phytotoxins to influence microbial soil and water populations. Even less is known about the 377 

mechanisms of bacterial resistance to these compounds and their potential for cross-resistance with 378 

conventional antibiotics. However, for instance, the phytotoxin albicidin, inhibiting DNA gyrase, 379 

has some cross-resistance to quinolones (36, 56).  380 

Animals, ranging from insects to nematodes, reptiles, and mammals, possess antibacterial 381 

zootoxins. Most correspond to innate immunity and are primarily based on antimicrobial peptides 382 

that disrupt bacterial membranes, including cecropins, magainins, and defensins. Exposure to these 383 

peptides can lead to mutations in genes encoding enzymes, transporters, transcriptional regulators, 384 

and other essential bacterial functions, ultimately resulting in resistance to different classes of 385 

antibiotics (25). Most animals produce substances that harm bacteria, which are ecologically linked 386 
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to the animal's anti-infective functions or its physiological microbiome. These substances include 387 

antimicrobials produced by commensal bacteria, such as antimetabolites and bacteriocins, which 388 

can be short peptides, like microcins (13) or larger proteins, like colicins.   389 

2.12. Abundance and diversity of local bacterial populations 390 

Cell density reduces the antibacterial effect of antibiotics by either decreasing the effective 391 

concentration of the antibiotic or lowering the per-cell antibiotic concentration (127). The 392 

collective of all human and animal-associated microbiotas forms a segmented yet stable and 393 

inheritable ecological reservoir, serving as the primary source of major antibiotic-resistant 394 

pathogenic and commensal bacteria, with high-density populations. These populations 395 

contaminate the external environment, particularly in areas with high humidity, optimal growth 396 

temperatures, a granular structure, and availability of natural nutrients. Consequently, the 397 

abundance and population density of bacteria indirectly influence nutrient availability; this 398 

relationship is non-linear, as higher abundance promotes greater population density through the 399 

excretion of chemical attractants, such as glycine. Regulatory mechanisms help alleviate the 400 

negative impact of excessive abundance; for example, if warm temperatures saturate the potential 401 

population size, individual bacteria may become cold-seeking (44).  402 

Most bacteria in human microbiomes are commensals or opportunistic pathogens. Their domi-403 

nance likely arises from an ancient evolutionary interaction with the host, leading to a greater 404 

tolerance for the host's antibacterial molecules. Consequently, human or animal commensals en-405 

counter therapeutic antimicrobials much more frequently than the minority, more transient patho-406 

genic organisms, thus playing a critical role in spreading resistance genes (46). It is important to 407 

note that many antibiotic-resistance genes are not inherently designed to promote resistance but 408 

rather to perform physiological functions or resist other types of stress (16). Therefore, highly 409 
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complex external environments characterized by high microbial diversity and low antibiotic pres-410 

sure also contain a wealth of antibiotic-resistance genes that can be acquired by humans. 411 

The question of species diversity is also of critical importance; the higher the diversity, the less 412 

the probability of minoritarian (potentially pathogenic) populations acquiring resistance. First, due 413 

to the potential competition between predominant non-pathogenic commensals and pathogens for 414 

acting as recipients of mobile genetic elements. Second, the population of pathogens can be 415 

reduced by interspecies interactions involving antagonistic-amensalistic substances (98). Third, if 416 

it is true that HGT is facilitated by the close physical proximity of bacteria, the opposite 417 

phenomenon also occurs when the populations are extremely dense. Under these conditions, not 418 

only are bacterial antagonistic substances more effective, but conjugation becomes limited by the 419 

engagement time, the interval required between two successful matings (114).   420 

If epidemics of resistance to pathogens occur frequently in hospitals, it is primarily because the 421 

antibiotics use significantly reduces microbiota diversity, allowing originally pathogenic 422 

minorities to dominate in number. This dominance facilitates the transfer of ARGs and mutational 423 

resistance (29, 61). Additionally, in dense populations, some mechanisms of resistance protect 424 

surrounding bacterial cells, promoting HGT (133).  425 

 426 

2. EVOLUTIONARY DYNAMICS 427 

Bacterial organisms often face unfavorable environmental conditions, displacing them from their 428 

optimal niches, where they can experience optimal reproduction or persistence, provoking a 429 

physiological adaptive stress or shock response. Classically, we differentiate conditions as 430 

starvation stress, osmotic stress, acid shock, cold or heat shock, oxidative DNA damage, or 431 

antimicrobial stress, many of them implying common sources of stress, such as envelope stress. 432 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/osmotic-stress
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However, the response to all these types of stress is modulated by complex adaptive networks, 433 

typically controlled by two-component systems, including histidine kinases, transcriptional 434 

regulators, and sigma factors of RNA polymerase. Bacterial stress response is frequently the result 435 

of cross-talk among these systems, so it is tempting to propose that bacteria are unaware of the 436 

stress's origin, only of the consequences, the reduction in fitness. Therefore, there is a basic general 437 

stress response that can be exerted in different ways. A frequent adaptation mode is entering a low-438 

energy style of life, such as the stationary phase, persistence, or sporulation. During the process of 439 

stress, the EcoK, as well as the EvoD of the population, reflected, for instance, by the number of 440 

substitution mutations, are deeply influenced (29). Evolutionary trends occur even during the 441 

stress-promoted stationary phase (150). On the other hand, different levels of stress intensity or 442 

combinations of different stresses can select different types of mutations or adaptive responses. If 443 

essentially there is a common global stress response, that does not preclude a certain imperfect 444 

specificity in some cases (38).  445 

Evolvability involves not only inheritable variation established by specific selection but also the 446 

processes related to phenotypic variation. The concept of phenotypic variation originated in 447 

developmental biology, emphasizing the unity of the organism rather than a single trait as the 448 

primary driver of adaptation. New stochastic mutations, once incorporated into the genome, may 449 

create developmental constraints that shape the future direction of phenotypic evolution. This 450 

collection of mutations altering the antibiotic susceptibility phenotype has been labeled the “dark 451 

matter” or resistance (62). Any mutation, even one that does not provide a specific phenotype, may 452 

potentially alter a network of physiological traits, which can be analyzed by constructing a genetic 453 

covariance matrix, commonly referred to as the G matrix. The set of traits that will impart the 454 

highest fitness is the gmax, which may predict the optimum phenotypic adaptation (99, 131). 455 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/sigma-factor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/rna-polymerase
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Consequently, the susceptibility phenotype to antibiotic action, resulting from cellular 456 

mechanisms, may vary under different environmental conditions. In summary, there is a wealth of 457 

variation in  AbR in nature, independent of its clinical implications (67).  458 

3.1. Temperature 459 

Temperature influences the dynamics of bacterial cellular processes in various ways, and 460 

consequently, the dynamics of antibiotics and  AbR. In E. coli, high temperatures decrease 461 

negative DNA supercoiling, increase protein misfolding, and promote protein aggregation, 462 

resulting in increased membrane fluidity and general membrane damage. Warm temperatures 463 

favor resistance to aminoglycosides, nitrofurantoin, or trimethoprim, likely influencing uptake 464 

modulation (87). Sub-lethal heat shock enhances the bactericidal effect of aminoglycosides, likely 465 

by promoting antibiotic uptake, increasing protein aggregation, and increasing reactive oxygen 466 

species (ROS) production (88). 467 

Cold temperatures increase negative DNA supercoiling, reduce ribosomal translation processes, 468 

decrease membrane fluidity, alter fatty acid structural composition, and result in a general 469 

reduction in enzymatic activity. Low temperatures favor resistance to tetracyclines (97), 470 

macrolides, lincosamides, and fluoroquinolones (49). Similar phenotypes occur for warm-adapted 471 

and cold-adapted variants (38). In long-term evolution experiments (2,000 generations), the super-472 

optimal temperature (42 °C) of E. coli populations increased the rate of substitution mutations by 473 

1,000 times compared to the control (24, 31). 474 

3.2. Acidity 475 

The reasons explaining the vast genetic diversification of beta-lactamases remain poorly 476 

understood and cannot be solely attributed to exposure to a limited number of beta-lactam families. 477 
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A possible explanation is that specific mutations optimize the enzymatic effect under different 478 

environmental conditions, such as changes in local acidity influencing the dynamics of beta-479 

lactamase molecules on the cellular external surface (50, 100). Acidity, including urine acidity, 480 

with a pH of 5, reduces fosfomycin chromosomal resistance but increases ciprofloxacin resistance 481 

in low-level resistant mutants (94). Additionally, acidity promotes AbR through plasmid 482 

conjugation (144). 483 

3.3. Osmolarity 484 

Osmolarity is increased in saline environments, as well as in soil and feces. In the presence of beta-485 

lactams, the hydrostatic intracellular turgor pressure, which is otherwise essential for bacterial 486 

replication, promotes the mechanical rupture of the cytoplasmic membrane, followed by bacterial 487 

lysis. Similarly, aminoglycosides, either directly or indirectly, weaken the cellular membrane and 488 

lyses bacteria (138). Increasing osmolarity counteracts the intracellular turgor and protects bacteria 489 

from lysis (31, 113). Similar results have been observed for glycopeptides, and it is expected to 490 

occur for fosfomycin as well. Natural or artificial seawater tends to increase the minimum 491 

inhibitory concentration (MIC) of gentamicin, amikacin, nalidixic acid, tetracycline, and 492 

ciprofloxacin (91). In other organisms, such as Klebsiella pneumoniae, increased osmolarity 493 

represses efflux pumps, reducing resistance (132). Bacterial responses to hyperosmolarity and 494 

desiccation differ, but there are commonalities. 495 

3.4. Oxygen availability 496 

In E. coli, a reduction in dissolved oxygen levels (for instance, a decrease in aeration rate) impairs 497 

the rate of cell growth but promotes β-lactamase synthesis (116). Under anaerobic conditions, the 498 

ARGs expression is altered, leading to a significant decrease in resistance. For example, decreases 499 
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in resistance were observed for ertapenem (blaVIM ß-lactamases) and fosfomycin (fos genes). 500 

However, other genes were likely hyper-expressed, as evidenced by the blaOXA-48 carbapenemase 501 

(102). Fosfomycin chromosomal resistance mutations are also significantly less effective under 502 

anaerobic conditions, including those found in urine (94). In nature, oxygen deficiency is certainly 503 

intertwined with other ecological factors; for instance, in natural water bodies, the amount of 504 

dissolved oxygen depends on the depth of the water column, the action of winds and waves, the 505 

presence of photosynthetic organisms, temperature, and salinity (102).  506 

3.5. Biofilms 507 

The biofilm lifestyle, on its own, does not significantly increase antibiotic resistance (AbR) by 508 

raising the mutation rate. However, differential gene expression may occur. The expression of 509 

antibiotic efflux pumps is decreased in P. aeruginosa biofilms, thus not contributing significantly 510 

to AbR in these environments (42).  511 

3.6. Nutrients 512 

Nutrient deprivation of different molecules prevents cell envelope modifications due to its high 513 

energy demand, enhancing the effect of targeting antibiotics, e.g., polymyxins and β-lactams; this 514 

occurs even at concentrations that do not alter growth rate (76 The abundance of nutrients may also 515 

alter the susceptibility phenotype. For instance, mecillinam reversion to susceptibility varies 516 

between urine samples collected from different individuals, depending on cysteine levels, 517 

particularly under conditions of low osmolality (126). Metabolic genes, including those involved 518 

in cell stress response, are not unusual in conjugative plasmids; interestingly, they can contribute 519 

to AbR (103). Overall,  metabolomics is emerging as a promising field of study in the expression 520 

of AbR phenotypes. The plasticity of metabolic routes under different environmental conditions 521 
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should influence those altered by antibiotic action, offering a wealth of non-genetic mutational 522 

phenotypes.  523 

3.7. Radiation  524 

In a phenomenon likely linked to oxidative stress, sunlight, particularly UV light, increases AbR, 525 

by increasing the mutation rate. It has been suggested that antibiotic gene expression is also 526 

triggered by radiation (34, 149). High-frequency electromagnetic waves reduce  AbR (59). 527 

Radiation influences metal acquisition, as iron, which also affects oxidative stress and may 528 

increase the expression of resistance (84).  529 

3.8. Antimicrobial agents, pharmaceuticals, mycotoxins 530 

Stress induced by exposure to antimicrobial agents influences the mutation rate, primarily due to 531 

the effect of superoxide released during the SOS stress response, which damages bacterial DNA 532 

(14). This phenomenon was first discovered for fluoroquinolones, which also damage DNA, 533 

ultimately facilitating AbR (28). However, antibiotic exposure may increase the number of 534 

mutations through mechanisms independent of the induced SOS response, as seen with the 535 

hyperexpression of dinB, which encodes the error-prone DNA polymerase IV (27). Some 536 

microorganisms excrete toxins, such as cytosine deaminases, that have mutagenic activity on 537 

bacteria, ultimately contributing to the emergence of antibiotic-resistant phenotypes (43). In the 538 

environment, mycotoxins—numerous antibiotic-like molecules—can act on bacteria, potentially 539 

increasing the mutation rate in stressed cells (77). However, mutations leading to resistance are 540 

not the only consequence of antibiotic exposure at subinhibitory concentrations; another possibility 541 

is the selection of persisters, a subpopulation of cells that can survive intensive antibiotic treatment 542 

without developing resistance. In this trade-off, there is an increase in the emergence of mutations 543 
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and a decrease in the production of persister cells, thereby reducing persistence levels (65). Not 544 

primarily antimicrobial compounds, including antidepressants, increase AbR following superoxide 545 

mutagenesis (68). This suggests that the coexistence of antidepressants and antibiotics, either in 546 

individuals or in the environment, might occur and impact AbR.   547 

3.9. Host Colonization and Infection 548 

The colonization of host internal and external surfaces, including in humans, implies bacterial 549 

adaptation to host molecules that may provoke bacterial stress. In some cases, it can be expected 550 

that the biological cost associated with the expression of resistance mechanisms may be increased 551 

by antibacterial substances, thus explaining the persistence over time of antibiotic-susceptible 552 

populations. For instance, intestinal colonization generates bacterial stress derived from acidity, 553 

biliary acids, pancreatic enzymes, short-, medium-, and long-chain fatty acids, polyphenols, 554 

flavonoids, polyamines, host, and bacterial antimicrobial peptides (20). 555 

The microecological conditions that bacteria encounter during the infection should influence the 556 

evolutionary dynamics of AbR. Tissue and intracellular invasion, as well as phagocytosis, exert a 557 

strong stress on bacterial cells. Antimicrobial peptides from innate immunity can be mutagenic, as 558 

well as superoxide exposure in phagosomes. Phenotypic phase-like variation altering antibiotic 559 

susceptibility occurs in phagocytes merely as a consequence of the more acidic conditions (30). 560 

Infection, mutagenesis, virulence, and  AbR are frequently linked characters, which can explain 561 

the expansion and genetic diversification of bacterial clones during epidemics (93, 117).  562 

 563 

 564 
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3. THE INTERPLAY of EcoK-EvoD IN ECOLOGICAL COMPLEX LANDSCAPES 565 

AND THE RISK ASSESSMENT FOR ANTIBIOTIC RESISTANCE 566 

Ecological kinetics constantly trade off with evolutionary dynamics. Ecological changes expose 567 

bacterial organisms to various stressors. Chemotaxis is an EcoK strategy used to locate areas where 568 

ecological conditions minimize nutritional environmental stress. Chemoattractants include amino 569 

acids, organic acids, fatty acids, sugars, polyamines, quaternary amines, purines, pyrimidines, 570 

aromatic hydrocarbons, oxygen, inorganic ions, and polysaccharides, resulting in changes to the 571 

ecological distribution of microorganisms (95). Antibiotic stress from environmental 572 

aminoglycosides or tetracyclines can be mitigated in chemotactic E. coli as they migrate to more 573 

acidic environments, where the dynamic effects of these antibiotics are weakened (141). However, 574 

escaping one type of stress may expose the population to new stressful conditions, and this way 575 

out of the vicious circle requires EvoD. This explains the constant emergence of numerous random 576 

adaptive mutations, including those derived from transposition events triggered by stress, many of 577 

which directly or indirectly influence AbR (67, 85).  578 

Unfortunately, our understanding of the landscape ecology and quantitative biology of resistant 579 

pathogens, which informs us about the absolute abundance of specific resistant species or clones 580 

in various environments at specific times, remains quite limited (19). A crucial point to consider 581 

is the challenge of obtaining reliable data for general application; microbial ecology is inherently 582 

local, primarily based in microecological environments that are highly diverse and variable. Of 583 

course, our role as biological scientists is to confront this complexity to identify the conditions, 584 

particularly the combinations of conditions, that might pose a specific risk for the dispersal (EcoK), 585 

emergence, and/or evolution (EvoD) of AbR, both in organisms and genes. The concatenated 586 
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figures 1-4 aim to provide the reader with a schema for identifying local risk areas and can serve 587 

as a conceptual frame to illustrate how this challenge can be addressed.  588 

 589 

 590 

Figure 1. A schematic chart illustrating the various natural and artificial conditions that may influence the 591 
regional abundance and transmission of antibiotic resistance. These conditions, represented in different 592 
colors, vary spatially, resulting in multiple gradients emanating from their sources. The overlapping of these 593 
gradients forms distinct spaces or patches (arbitrary black stars) where several conditions impact the anti-594 
biotic resistance load. 595 

 596 
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 597 

Figure 2. Conceptual schema showing how overlapping ecological conditions may determine 598 
the risks of antibiotic resistance. In this simplified version of an ecological landscape (as in Fig-599 
ure 1), different drivers of selection for antibiotic resistance are represented in different tones, with 600 
darker ones indicating higher risks. In the presence of fecal pollution, there is a significant risk of 601 
resistance; however, if the conditions are not favorable for high bacterial density or selection, the 602 
risk is low (1). A certain, but low risk (1), also occurs in areas facilitating a high density of envi-603 
ronmental bacteria. The intersection of fecal contamination and antibiotic exposure creates a high-604 
risk area (3), and industrial pollution further exacerbates this risk (4). However, even in the absence 605 
of fecal bacteria, a determining antibiotic contamination can still select for antibiotic resistance in 606 
environmental bacteria, particularly in the presence of industrial pollution and high humidity, 607 
thereby facilitating growth and spread, and in the presence of stress, as low pH (2). A similar risk 608 
arises in the absence of antibiotics when fecal bacteria are exposed to environmental stressors, 609 
such as high temperatures, acidity, and favorable growth conditions, including high humidity (2). 610 
This schema illustrates the multiplicity and co-determination of environmental factors involved in 611 
ecological dynamics, including the growth and spread of resistant bacteria, as well as evolutionary 612 
kinetics, which lead to the emergence and selection of resistant organisms. The schema emphasized 613 
the need to measure local environmental conditions of different ecological patches to determine 614 
surveillance areas for antibiotic resistance, but the currently available methods and data to quantify 615 
the local risks remain extremely limited.  616 

 617 

 618 
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 619 

Figure 3. The overlapping ecological conditions that determine the size of risk areas for an-620 
tibiotic resistance change over time. This schema illustrates how the darker, high-risk areas are 621 
enlarged when the circles representing antibiotic pollution, fecal bacteria pollution, and other fac-622 
tors that facilitate bacterial growth, such as humidity or temperature, converge (white arrows) dur-623 
ing specific periods of time.  624 

 625 

Figure 4. The ecological conditions of different areas or patches determine the ecological dy-626 
namics and evolutionary kinetics of antibiotic resistance. Variation in ecological conditions from 627 
time t1 to t2 in various source environmental patches may lead to an increase, decrease, or even provocation 628 
of extinction for certain organisms. On the right side, under antibiotic exposure, the pink species boosts its 629 
population because it carries a plasmid (red ring) with resistance genes. A: From this source patch, the 630 
organism can migrate (arrows) to other patches and transmit its plasmid to the local kin, yellow and green 631 
bacteria, thereby protecting them from extinction and allowing their populations to grow from time t2 to t3. 632 
B: However, the ecological conditions of the other patches may hinder plasmid transmission, so protection 633 
does not occur (broken arrows), and the bacterial population in these patches faces extinction. C: If the 634 
conditions of the patch prevent protection by the plasmid, the red and yellow populations face extinction, 635 
but these conditions may increase mutagenesis in the green population, which survives and grows in pop-636 
ulation size.  637 
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These trade-offs in conditions that affect AbR phenotypes occur at the intersection of gradients; 638 

each concentration in a gradient may serve as a specific selector for a particular bacterial variation, 639 

known as concentration-specific selection (18). This phenomenon significantly adds to the 640 

complexity of AbR. However, we are rapidly making progress in technological advancements 641 

toward networks of sensors that gather environmental data, which are then integrated to predict 642 

the probability of hotspots for AbR, including metagenomic data analysis (41, 64, 105). Eco-643 

evolutionary response modeling and modern cellular computational models can assist in such tasks 644 

(29, 104). Additionally, advancements in Artificial Intelligence and Machine Learning offer 645 

exciting prospects for condensing relevant information to enhance the EcoK-EvoD knowledge of 646 

AbR (107). Our main conclusion is that AbR emerges, is selected, spreads, and is expressed due 647 

to a vast multiplicity, a connected universe of ecological drivers of various natures, particularly, 648 

but not necessarily (75), acting in combination with antibiotic exposure. Identifying those areas 649 

that condense a specific combination of conditions at a given time, favoring AbR, determines the 650 

hotspots for monitoring AbR processes (23). 651 
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