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SUMMARY

Evolution is the hallmark of life. Descriptions of the evolution of microorganisms have
provided a wealth of information, bk nowl edge regarding fiwhat
precluded a deeper understanding of #Ahowo
antimicrobial resistance. The difficulty i
multihierarchical dimensions of evolutionaryopesses, nested in complex networks,
encompassing all units of selection, from genes to communities and ecosystems. At the
simplest ontological level (as resistance genes), evolution proceeds by random (mutation

and drift) and directional (natural selext) processes; however, sequential pathways of

adaptive variation can occasionally be observed, and under fixed circumstances
(particular fitness landscapes), evolution is predictable. At the highest level (such as that

of plasmids, clones, species, micro ot as ) , the systembOs degr e
dramatically, related to the variable dispersal, fragmentation, relatedness or coalescence

of bacterial populations, depending on heterogeneous and changing niches and selective
gradients in complex enviraments. Evolutionary trajectories of antibiotic resistance find

their way in these moving, frequently random landscapes and become highly entropic and
therefore unpredictable. However, experimental, phylogenetic and ecogenetic analyses
reveal preferentialréquented paths (highways) where antibiotic resistance flows and
propagates, allowing some understanding of evolutionary dynamics, modelling and
designing interventions. Studies on antibiotic resistance have an applied aspect in
improving individual healthone health and global health, as well as an academic value

for understanding evolution. Most importantly, they have a heuristic significance as a

model to reduce the negative influence of anthropogenic effects on the environment.

KEYWORDS: antihotic resistance, evolutionary biology, trajectories, pathways.
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INTRODUCTION

The evolution of antibiotic resistance has bequentlyreviewedin recentdecadegli

4). We are trying to offer here a different scope, not centered into the facts, but on the

processes determining these fadise main objective of this review is to examine the

causal (deterministic) and stochastic processes that have shaped the evolution of

antibiotic resistancd?athwaysare sequences of changdkeat formchains in which each
step facilitates thenext, favoring, step by step, a significant increase in antibiotic
resistance-However, antibiotipathways explain only paot thetrajectoriesof antibiotic
resistance, which flow for numerous reasons in addition to antibiotidiselem many
casestaking tortuous pathsletermined bychance involving unlinked and arbitrary
events, or determined by selective events unrelateshtibiotic exposure. The classic
theoryis that evolution progresses in accordance with general bialogias along
evolutionary pathways, describing trajectorfes different variants of organisms and

genotypes, to reach, step by step, significant antibieitstant phenotypes.

In fact, the truth is less clear and directionah inescapableconsequece of the
complexity of the entitiethat influenceantibiotic resistanceyhich encompass various
levels of biological hierarchie&volutioncannot be tracedlonga single dimension (as
a phylogenetic trgebut rather is the consequence of interactiomaultiple dimensions,
thereby resulting in multidimensionabjectories, following itinerariealonga network

rather tharon aflat plane.

This review is less concerned aboutlescribingfiwhat h a p p e n & bistoiy rof
resistance (tmpe cddd ercitp tnigwe off s tf Bology,dn, t
theironic statement b¥rnest Rutherford) han t o haw pndmaecitient n
covering the processes, mechanisms and reasons fopatiieular trajectoriesof

antibiotic resistanceBacterial organisms have a high degree of variability, and the
13
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adaptive opportunities diieirvariants are fostered blye frequentlymmense population

sizes and frequent exposumhaw t perch@mer@ti innge em
eventually identify dpreferential d paths a
resistanceknowledge thais critical for preventing and controil this significant public
healthproblem. Theace of evolutionary biology is changing framne that attempts to

reconstruct and analyzihe past toone that predictguture evolutionary processes,
creating a fApr edi ¢5). Thehewandwhyappyoach,ffdirecteat| ut i on o
predictability, also needs a high degreepoddictability, our logical way of judging,

remembering, understandingnd communicating and thus is inevitably biased by the

limits of our representatiof®).

Ernst Mayrmade alistinction between proximate and ultimate causes in bid{oig);

usingh pr oxi mat e c a utlkeanmedate factorsgg., mutafioe, horizootal

gene transfer) of processes amgingfi ul t i mat e caus asbrn®o s wi t h 7
mechanisms causing the outcongeg(, natural selection, evolution). The proximate
causesconstitutethe chain of eventthat explainthe final production of an effecthe

fihowo ; w Iini oarhcaseare theelements and processeseating thepaths and
trajectoriesthat shapehe current situation of antibiotic resistan¢@e ultimate causes

are the reasons explainitige evolution othese paths and trajectories.

From an anthropogenic perspective, antibiotic resistance is a classical evolutionary
process, basauh a specific reaction (natural selectidyy) microbego survive antibiotic
exposur e. However, this apparently wulti mat
redwed, facilitated, enabled, increased and otherwise affected by the presence of other
causesA causeisnotthesamasi t s mani festationo. Antibi ot
extremely complex and variable ebmlogical system encompassing the whole pglane

involving numerousther causefl0). Causalityshouldthereforebe clearly differentiated
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322

from correlation alone(11). There are proximate and ultimate causes in antibiotic
resistancghowever,the existence of causes does not imply logic in the evolution of
resistancewhich isa blind proces®asedfundamentallyon chance(12). This review
therefore focuses aime proximate causes, patlasd trajectoriesral only occasionally
discusses the@rimary drivers of such processeStudies on evolutionary paths and
trajectories of antibiotic resistance are scattéhedughoutthe scientific literature. We
would like to offer a more integrative vie®y increasingour knowledge about paths and
trajectories we might eventually predict relatively close trends in antibiotic resistance.
The predictions of evolutionary paths and trajectories reviewed in this vesdémble

meteorologicapredictions, whictalsoconsiderchance and necessity.

RESISTANT BACTERIA AND RESISTANCE GENES

From an anthropocentric, clinical standpoint, a bacterial organidefirsed as antibiotic
resistantwhen the chances of success when treating an infection produced by this
organism witha specific antibiotic are low. Bacterial species can be intrinsically resistant
to certain antibioticsHuropean Committee on Antimicrobial Susceptibility Testing. 2016.
EUCAST expert rules. Version 3.1. Intrinsic resistance and exceptional phenotypes
tables); consequently, infections caused by these species should not be treated with these
antibiotics. Other organismshowever belong to bacterial species catalogued as
suscetible to those antibioticdVhen there igesistancen this caseit is related tahe
acquiredability of theoriginally susceptibldacterial organisms to survive and reproduce
when exposed to antimicrobial agerore simply, acquired resistance ispaenotype
dependent on the modification of existing genes or on the acquisition of novel genes; the
genes responsible for the resistance phenotype are -twlsdiresistance genesd | n
contrastto the situationwith intrinsically resistant microorgamss, the risks of

therapeutic failure are higher if onpathogenidentification is performedThe actual

15
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335

336

337

338

339

340

341

342

343

344

345

346

347

susceptibility to thevarious antibiotics typically administeredfor treating particular
infections needs to be determinedimplement thecorrecttherapeutic procedure. The
detection of resistance genes in genomes or metagenomes should be carefully evaluated
to predict the risk of therapeutic failure and the dissemination of harmful resistance traits

(13).

Overthe last haltentury, therdas beembroadconsensusenthe criteriafor classifying
bacteria asntibioticsusceptible or resistarforclinical purpogs, susceptibilitgignifies
treatability, which is basedn thetoxicological, pharmacodynamiand pharmacokinetic
properties of the antibiotic in questiand onthe clinical informatiorfrom clinical trials

andthe cumulative experience of antibioizccessn treatingparticular infectiong14);
however,a lack of therapeutic success might be unreldtedhe resistanceof the
offending organism-ore pi demi ol ogi cal p umethaddomlefininga mo
susceptibility is basedaecognizinghat a particular bacteria belongs to the majafty

susceptible wiletype populationsof the specie€l3). A resistant bacterium is considered

r e

Auntr eoart afbrleeqoui ri ng a si gni f itobecanelnkibitddi g her

than for most straingft h e s Resstaneesifbequentlyrelative and cadependon

thed r u ghéarmacokineticend pharmacodynamid®K/PD) (15). A worldwide effort

to standardizecriteria has led tot he uni ver sal c r (pasedron a f
Abr ealkpoifnotrsous andbioticsa(d0). These breakpoints, which separate
susceptible and resistant bacteriare however mainly based on a single
pharmacodynamic parametéhea nt i bi ot i ®idbitoryrooncentnatiom(MIEC

under standardefinedfin-vitto0 condi ti ons. The benefits
standardized approach and the possibility of conducting comparative studies on the
resistance rate among countries, but to a certain extent have hindered attempts to gain a

more complete picture of thphenotypic differences between isolates exposed to
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359

360

361

362

363

364

365

366

367

368

369

370

371

372

antimicrobial agents. In fact, bacterial organisms with identical MIC values might differ
in the kinetics of antibiotic actio(iL6). Breakpointbased MICs ar@ot availablefor a
large majority ofmicroorganisnspeciessuchas environmental bacteria that do not infect
humans(17), or for several relevant antimicrobialsuchas biocideswhich are not
employedfor human thenay (18) exceptfor body or tissue decontamination procedures

(197 21).

The criterion for ambnormal MIC leve(when compredwith moststrains of the specigs
can provide epidemiologicaltoffs(ECOFFs) that define microorganisms with acquired
resistance mechanisms as thtsat presenMIC values above the upper limit of the
normal distribution (wiletype population) in @y given specieor for any given
compound regardless ofvhether this information has clinical relevan@? 24). By
using this approachye canstudy bacteria and antimicrobial compounds without clinical
relevanceas well adbiocides, for which classical breakpoints havetgdtedefined. The
major drawback for this definition is that it requirasalyzinga large number of
independent isolates tbtainreliable information on the normMIC distribution fora
bacterial species/antimicrobial compound paire ECOFFslo not suffciently account
for the diversity of lowlevelresistancenechanisms in different intraspecific populations

which has been addressed in the resispapulation cutoff (RCOFF) approa¢hb).

The proposedoperational definition for resistance(13) is basedon the pairwise

comparison of a parental (wilgpe) strain with another derived strain either carrying an

acquirel putative resistance determinant or containing a mutation thatitdtangibiotic

susceptibility If the wild-type parentastrainis more susceptible than the derived strains,

the acquired gene should be conaifdreerseids taa ma
mutatioro , I r r ef the reststanckevel achieved which couldhelp predict future

trends in the emergence of resistd@6e28). Thedirected evolution of multiple genomic
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379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

loci has been proposed to improve such predic{ig®s If the mutants obtained are more
susceptible than the wiltype strain, the mutated genes probaiggrespond to those that
contribute to the characteristic natural or intrinsic antibiotic susceptibility phenotype and
in this senseare considered intrinsic resistance ge(8% 32). The exactnumber of
antibiotic resistance geneaRGS) is unknown but extremely large; a list 8000
sequences has beemployedin genecapture studiewith the aim of characterizintpe
intestinal resistomé33). There is a longand continuously growindjst of acquired
(nonintrinsic) ARGsand their alleles(34) thanks towidespread whole genome
sequencing technology, but this information is extremely biased by the overrepresentation

of clinical and epidemic strains in databases.

ResistantBacteria and UnsusceptibleBacteria

Basedon the populationaE COFFdefinition of resistance, any microorganism that falls
beyond the normaMlIC distribution for a given bacterial species should be considered
resistant.From aclinical standpointhowever,it is importantto distinguish between
resistant bacteriati{osethat have acquicka resistance phenotype) and unsusceptible
microorganismsthat were naturallyantibiotic unsusceptibldintrinsically resistant)
before antinfective therapy was availableAny bacterial species is naturally
unsusceptible to some antimicrobiaks.g(, Gramnegative bacteriare intrinsically
resistant to glycopeptidebut can underantibiotic selective pressuragquire resistance

to those antibioticso which they were naturally susceptibleor those antibiotics to
which bacteria are known to be naturally unsusceptible, susceptibility tests are not
needed. However, such tests are requivesstablistthe right therapeutic procedures in
the case of antibiotics for which bacteria are naturallyceptible but can acquire

resistance.

18



397 Giventhis situation, most efforts to analyze antibiotic resistance have concentrated on

398 acquired resistance, whereas the study of the elements making bacteria unsusceptible to

399 these drugs hasntil recentlyreceivel less attentionTherecent interesharosefrom the

400 study of the intrinsic resistome of bacterial pathogens, understood as the set of genes

401 whosemutationincreases given bactericd peci es 6 ant i (B0,8)The suscery
402 finding that several different mutationsght increaseantibiotic susceptibility(35i 39),

403 includingtothose antimicrobials to which the studied leaiet are resistant froanclinical

404 standpoint,might enable the sensitization pfeviously unsusceptible organisms and

405 increase the activity of antibiotics even in bacteria that are already considered susceptible

406 (32, 40)

407 If an organism is considered susceptible when thiiatic reaches the target at a

408 sufficient concentration to inhibit the ta
409 antibiotic insusceptibility: (1) the bacterium lacks the antibiotic target, or the antibiotic
410 target interaction is too weak to allofer the inhibition of the latter, in which case

411 sensitization of the unsusceptible microorganism is not possible, which also occurs if the
412  antibiotic requires an activation step (e.g., isoniazid, metronidazole) and the unsusceptible
413 bacterium does not pssss the enzyme responsible for this activation(4hyphlthough

414 the antibiotic can recognize the target, its intracellular concentration is too low, which
415 can be due to reduced permeability or activity of efflux pumpsoahe action of

416 housekeeping multidrug efflux pump$2). This is the situation with many macrolides,

417  which are not effectively accumulated by Graggative bacteria and cannot then inhibit

418 protein ynthesis in this group of microorganisms. This is the same situation with bacteria

419 that carry housekeeping antibiotic inactivating enzymes.

420 The Antibiotic Resistome

19



421 The conceppbftheant i bi ot i ¢ nAr esi s@ Wngktdo desailethepr op o s e
422 ensemble of gengand their precursors in both pathogenicmonpathogenibacteria

423 present in a given habitat or bacteria abteto confer resistance to a certain antibiotic
424 (43, 44) Severarecentstudies have explored the presence of ARIBE52) in various

425 ecosystemwvith the aim of predicting the future emgence and spread of resistd@0e

426 27, 28, 53) According to functionajenomicassays, any ecosystem contains its own
427 ensemble of genes capable of conferring resistance in a heterologous bactef@&vinost.
428 of these genes have previoubbendetected abBaving beemcquired through horizontal

429 gene transfer (HGT) by human pathogears] the overall structure of the resistomes is
430 linked to their phylogeny(51) indicating that most resistance genes present in
431 microbiomes belong to the intrinsic resistome. These findiggeewith studies on the

432 intrinsic resistome of bacterial pathogens, which show that up to 3%e djatterial

433 genome (100200 genes per genome) might contribute to antibiotic resis{@88ca9).

434 Considerig the number of different species present in any given habitat and the diversity
435 of microbiomes invariousenvironmentg54, 55) therearelikely millions of genesn

436 naturecapable of conferring resistance to antibiotics in a heterologous host.

437 Incontrast, there are only a few hundgeshedhat haveactuallybeenacquired by human

438 pathogens ancbnstitutea risk for human healtiAs occuravith the TEMandOXA beta

439 lactamasdamilies, they areccasionallyalleles derived from the same ggid€). This

440 misbalance between the number of genestalitetransferred anthatconfer resistance

441 to human pathogens and the actual number of genes that have been acquired by such
442 pathogensndicatesthat, despite their relevance for expanding our knogdexf the

443 elementghat haveheability to confer resistance, the predictive potential of tlgses

444  of studies is low in comparison.
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445  Whenattemptingo predictantibiotic resistancehere aréwo types of systenmthat need

446 tobeconsideredrom an ectogical point of view. The first is formed by closed systems,
447 definedas those¢hatcan be analyzed in fullue totheir limited complexity. An example

448 of a closed system is a bacterial isolate, which can be sequenced, nantdtedbjected

449 to experimentieevolution. A number of strain or species can be analyzed in datatb

450 theirlimited complexity, which allows determininthe geneghatcontribute to antibiotic

451 resistance (either acquired or intrinsic) can be achieved using current tools, which
452 supports the feasibility ofracking the resistome for key relevant isolates. This igsk
453 more difficult for bacterial species presenting small core genomes and large pangenomes
454  (suchas Escherichia coli than for speciesuchas Pseudomonaseruginosa which

455 presentlarge core genomes. Timmangenomas the ensemble of all genes present in
456 members of the species atwhsists othe core genomg@ncluding the genes found in all

457 members of the specjeand the accessory genome, genes that aseptin only one or

458 a certain proportion of the groupemberg57). When analyzing the pangenome of a
459 species, the increasethe intrinsic resistomis expected tbe proportimally incremental

460 to the number of different isolates analyzedich alsoapplies for mutatiomriven

461 resistance. The exploration of mutant libraries and the implementation of evolution
462 experiments under different conditiof8, 59) might helpdeternine the universe of

463 mutations capablef conferringantibiotic resistance, even for antimicrobials still under

464 development.

465 The second category is formed by open systemisch primarily comprise ARGs
466 acquired by HGT. We can determine the genes and #aeels involved in their
467 dissemination that currentlyontributeto resistance, but we cannot predict which gene
468 will come next. For this type aflement the study of the hierarchical struct6®, 61)

469 of the elements involved in the dissemination of resistarag, @enes, integrons,
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494

transposons, plasmids, clones, species, hosts, ecosystems), togetlerandlysis on
co-resistance, plasmid stabiljtand fitness costsould help establish the networks
involved in the dissemination of resistance amedlikely to predictthe trendsfor the

future spread of antibiotic resistan@s). Neverthelessforehandknowledgeof the first
transfer event of the resistance gene from the original host to a pathogenic microorganism
before this everccurs is not possibl@2), anuncerainty thatis the consequence of the
aforementioned large number of potential resistance genes present in any ecosystem,
which then constitute an open systtmat iscomposedf an overwhelming number of
elements thaarealmost impossible téully catalogwithin a reasonable timigame In
addition, this first transfer event has a large degree of serendipity, which impedes the use
of deterministic approaches for predicting this emergence. Although the study of the
antibiotic resistance mobilome, understasdhe set of resistance genes present in mobile
element§44)(63), could help in the early detection of noveand potentiallyrelevant
resistance genes before they disseminate arbaotgrial pathogen@4). Determining

which novel antibiotic resistance gene among those present in argigsbiota will

transfer and constitute a problem for human health is likely beyorabdities

What is a ResistanceGene andHow doesit Emerge?

EmergenceThe term fiemergenceo intuitively
or coming into view(65) and refers tgieces (sequences, genes, replicons, populations)
and patterns (the oeded, meaningful combinations of pieces influencing the natural
engineering of antibiotic resistancé®0). The current meaning of emergence in
evolutionary biology is highlyinfluenced by the conceptuéamework of systems
biology (66, 67)and has been expanded to encompas®usconcepts and types of
emergence(68, 69) A key issue in these concepts that emergence requires

observability i.e.,something might exist but only emerges if the emerging eathyeves
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the abundance teeachthe boundaries ofisibility, which, inprinciple, implies growth
asa prerequisit€69). In this ageof advanced technologies, growth might becane
increasinglyless necessary conditiogiventhe powerof our analytical instruments and
the criteria for identifying evolutionary individuals (see later, section 2.2) potentially
enablingthe recognition of the first bursts of emergent phenonmmrahas in studies of

ancient DNA focusedn antibiotic resistance paleomicrobiolo¢y0).

The infinite universe of preresistancebacterial functions. The clearesanswerto
the question fAwhat i & dsdhe evautidnanpon@3) ARGsSr esi st
were presentin the microbiosphere before the anthropogenic release of antimicrobials
(49, 71) which probably explainghe presence of ARGa the metagenome of remote,
pristinesoil (72). Most ARGswerenot born as resistance genes ésigeneghat encode
the basic functions of cell machineryhere arefor example,the seeminglyinfinite
variety and ubiquity in the bacterial world of modifying enzymsgchas acety
transferases, methylasesjcleotidyltransferasegsterases, phosphorylaspsptidases,
thioltransferased)ydroxylasesglycosyltransferases, amxidases. Modifying enzymes
act in a diffuse manner amultiple targets, contributing to phenotypic versatil{#3).
Thesefunctions have th@otentialof reducinginhibitory activity or inactivating past,
presentor future antibiotic substances, and antibiotic exposurdikedg contributed to
the evolution of these genkyg formingefficient ARGs.The evolution of genes involved
in metabolic pathwaysdas probably followed a similar trenslichthat current efficient
enzymes aréikely the result otthe evolution of relatively inefficient small enzymes of
broad specificity and the availability of suitable substrdt@sning increasinglymore
substratespecific enzymeér4, 75) Thesame pattern was probably followed in the case
of antibiotic resistance, and significant resistance genes can be conoéiesl

i e x a pst am winioh @ sequence coding farparticular function evolves to produce
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another function required for novel adaptatiof¥®, 77) In our view, however,

exaptationgnaintainthe functional core of the pristine trait.

In a universe of potentiaésistancenechanisms, everything depends on selective events.
Expanding orthe classicBaaBec ki ng hypot hesi s, ,buetheery gen
environme t s g748)eTbdartildioticmight have a chance encounter vatie of these

pre-existing geneencoded functionsperhapsthis coincidentally provides a certain

inactivation of the antibiotic compounth this casethe bacterial organism expressing

such a function (certainly withpurposeotherthan resistance) will increase in fitness in

the presence of the antibiot{ce., it will be selectefl For example aminoglycoside
acetyltransferasesre part of the supemily of Gcn5related Nacetyltransferases

sharing domains allowing usé acyFCoAs to acylate different types of substrafésese
aminoglycosideesistance genes are also able to acetylate eukaryotic hictopédsthe

exposure is frequent, the selected functionshouddc r easi ngly augment th
to detoxify the antibioticglosing in onan efficient antibiotic resistance ger@&@quences

that codeparticular protein domains that are more common in the total pool of genomes

appear to have a proportionally higher chaofdeeingtransferred80, 81)

Thisprocess of emergence of resistance genes can be accelerated by combinatorial events
involving the building up of complex (chimeric) proteins from sequedetsrmining

protein domainsi.e. protein sequences able to evolve and fundinaependentlyFor

instance, the metalbetalactamase protein fold is a protein domain contained in class B
betalactamaseandin many other proteins unrelatemresistancesuchasthioesterases
glyoxalasesand DNA-acquisition competence protei(B2). Synergies étween genes

involving mechanisms of resistance direciéithe same group of antibiotics might evolve

by the fusion of preexistnggenes, as i n t -An@noglgcasde of t

phosphotransferase andadhinoglycosidea c et yl t ransf erameg@8)ibi f unct
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There are numerousacterial genewhose function is stiluinknown, even isuch wel

known pathogens asscherichia coli(35% of genes)84). Advances inthe functional
determination b bacterial genesvhose function has beearonsideredunknown until
recently has revealed a wealth of new candidate resistance genes in diverse
microorganismg85). Preresistancgenes can bassumedby searching variant stochastic
sequences of the canonical resistance genes, basédaimnghomologous proteinisy
applying a hidden Markov modéB3, 86) or sequences with increased susceptibility
phenotypes in transposon mutants {RiSeq) of unknown function geng85) or
sequences predicted as involved in resistance by pairwise comparathedging with

canonical resistance gen@s).

The possibility that antibioticesistance genes might also eneeagde novogenesi.e.,
new genes derived from changes of tleacodingsegments of the genonf@8i 90), is
almost unexplored91). However, synthetic proteins have been obtained fthen
noncodingDNA of E. coli, and a number of these pseudogdagved proteins were
predicted to be enzymé&92). Random sequences can also evolve rapidlydetoovo

functional promoter$93), eventually increasingRG expression.

All these emergent evolutionary processes ultimately depend on antibiotic exposure.
Given tha@antibiotics are natural compounds @etsin the environment, it conceivable

that the microbial populationsoexistingwith producers should have mechanisms to
avoidt h e a n tactilaty (64). Antitsotic producersmustalso have detoxification
systems that serve to counteract the activity of the antimicrobials they produce. Although
detoxification systemshould not be considered lagna fideresistance genagven that

they do not serve to resist a competitbey still fall into the category of elements that
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might have evolved to avoid the action of antimicrobials. In agreement withathis
earlier studysuggested that the origin of resistance genes might be the antibiotic
producers(95, 96) Indeed, producers present resistance genes belonging to the same
structural and functional families as theesrcurrently acquired by bacterial pathogens.
However, in the few cases in which the origin of resistance has been trackealgeneh
wasnot present in a producemd it is difficult tobelievethatthe genevas selected for
conferring antibiotic restance in its original host. A clear example of this situation is the
quinolone resistance gergnrA, now widespread invarious plasmids (97). Genes
belonging to this family aréousekeepinglements present in the chromosomes of
Shewanella algaandVibrio species, which are not antibiotic produg®®). Quinolones

are synthetic antibiotics, which makiegifficult to accept thatgnrA evolved in nature

for millions of years to overcome the action of this huspesducedantimicrobial.Due

to theirwidespreagresence in species from aquatic environments, a basic physiological
function could be suggest€d9). The function of resistance is acquired jasthe gene
becomes decontextualizéda new hogfl4, 41, 100)when challenged with antibiotics

in clinical settings and in wastewater polluted with residual fluoroquinol¢b@s)
Bacteriathat are antibiotic producers have resistance genes but prabatdptlyplay a

minor role ingereratingclinical resistanc€102)

The limits of the operational definition of resistance gend-roman operational
perspective, a resistance gene produces resistancebactarial host, beyond its
evolutionary and ecological prehistoig.this context,a resistance gene makes bacteria
hypersusceptiblepont h e gractiatios and more resistant ifig expressed a
higher level than normal or when transferred to a new i&3tUsingthis definition,a
number ofregulatorscan be included in the category of resistance gehesvever,

resistance geneshould be considered thoséiose expression is triggered by such
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regulator buthat arenot regulators themselveghus,even when using an operational
definition of resistance, amual curation is needed for interpreting the results of blind
high-throughput studies of antibiotic resistomesplying that the number of potential
resistance genes largely excedus number othose that are homologous to classical
resistance elementsuchas antibiotic inactivating enzymesd efflux pumps.Genes
involved in bacterial metabolism or target genes can provide resistance when expressed
in aheterologous hog24), despitehe fact thathey do not resemble classical resistance
determinantsas occursvith the donors of resistanaghich arenot confined to antibiotic
producersAny bacteriumthatis ecologically connected with a bacterial pathogen can

thereforebe the origin of a resistance determinant of potential health concern.

Intrinsic ResistanceGenes adkesilienceGenes

Resilience is the property of a systemréturn to a stable state following a perturbation.
During antibiotic exposureghe biodiversity of the microbiota is alterefin option for
regainingthe original diversity is theeacquisitionof the lost populations, typically by
food contamination, ascours with animalsvhenfood is heavily contaminated by feces
(103) Evenwithout transmissionmhowever,the microbiota has the adaptive capatity
fight against deep perturbatioriGenesof the intrinsic resistome tharovide antibiotic
resistance are nat a strict sensaecessaly ARGs, understood as those that have been
recently (inevolutionaryterms) acquired as the consequenicantibioticuse for treating
bacterial infectionslrrespectiveof the function these genesght haveon their original
hosts,one of theirpossiblyrelevantfunctionsin the recipientorganismis conferring

resistance to antibiotiesmployedfor therapy.

By maintaining their basic housekeeping functions,géees of the intrinsic resistome
de factgprotect their hosts from antibiotic exposure. ifgtance, AmpC betkactamases

from entericgammaproteobacteria, which provigsistance to betactam agents, have
27
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evolved inmammalian gastrointestinal systems awdtions of yearsin whichno beta

lactam producers have been reported. Chromosommallyc o ded fAanti bi oti c

efflux pumps are highly conserved and might have evolaghysiological functions
and nodue toantibiotic exposurél04i 108). Giventhat hes e Ai ntr i nsi C
code forphysiologicecologicfunctions,they are present in all (or most) isolates of a

given species, generally contributing to some degree of insusceptibility.

In an antibiotiepolluted world, intrinsic resistance geremble bacterigdopulationghat
harborthem to persist in theresence of antimicrobialereby contributingo selection

over more susceptible organisrivkstsuch selection occurs withoaiprevious mutation

or acquisition of foreign genetrinsic resistance genes, which are present and are
maintained irrespeive of the presence of antibiotics, cdrereforebe better considered

as antibioticresiliencegenes. Resilience refers@#o s y sabilgyna recover froma
disturbance(109). Thanks to intrinsic resistance, the resilience of many of the
components of complex microbiotic systerag(,intestinal microbiota) iensuredvhen
confrontedwith antibiotic exposure, but antibiotic resilience is a coincidental effect of
their functions. In other words, the functional relevance of resilience genes is to ensure
canalization of the microbiota in the presence of disturbing agefgstalbreak the
environmental integrity of the microbial syst¢&y, 110) Environmental canalization is
defined as the property of a biological system to maintain the normal standard phenotype
despite environmental perturbations. Although most resiliencesgeslong to the core
genome of bacterial cellshey can contribute t@xpressingantibiotic resistance only
when their level of expression changes. Classical examples of this situation are
chromosomally encoded antibiotic inactivating enzymes or efflux pumpsse

overexpression confers clinically relevant antibiotic resistaincthis casethe basisof
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resistance are mutations at the regulatory elements of the resilience genes, not the

presence of the genes themselves.

Distinguishing resilience genes within the overall resistance geigis aidthe analysis

of the risks associatewith the presencef these genem a microbiota(13), which are
currently groupedogetherand ranked similarlyResilience genes afenarkers of the
normal microbiota, and variation in the content of resilience genes might influence the
stability of bacterial communiti€d10). Concerning the evolution of antibiotic resistance,
the most important effect of resilience genes andlcation is the preservation of an
important part of the indigenous microbiota under antibiotic expotheesbylimiting

the selective effectiveness of drugs on antibiotgistant organisms.

If massive exposure to anthropogenic antibiotics has ditbeseffectiveness of resilience
genes in improving the detoxification activity of commensal organisms, then the blurring
of the distinction of resilient genes within resistance genes could be a key field of research
that has been scarcely explorddbwever, this blurringoccurs when widening the
substrate spectrum of AmpC bdtatamaseg111, 112) The opposite phenomenon
might also occur. Lowevel intrinsic resistance is reduced in lelegm laboratory
experimental evolution assays in the absence of antibiotics, typically 20@0
generations irkE. coli (113), which further supports the concefhat intrinsic resistance
genes are relyant elements fatabilizingbacterial populations in their natural habitats,

yet they can be dispensable when bacteria face novel environments.

EVOLUTION: UNITS, TOPOLOGIES AND TRAJECTORIES

What does Evolution Mean when Applied to Antibiotic Resistance?

29



667 The term fevaedfrontti hoen 0L aotréevomtiomor (I unioll as one
668 woulda scroll book, thus providinga highly suggestive image of gain of information and
669 adaptation. Theerm was firstemployed in its modern forrm 1832 by the geologist
670 Charles Lyell, whaesignificantly influencedCharlesD a r w inhé sonceptiorof the
671 0 Or i gSpeciesbyfmeans oNatural Selection , fauhdengtext of evolutionary
672 biology (114) Inits original meaninggevolutionenmmplies that whats currently visible
673 now is the present phastacontinuumin biology terms, it mearthat presenvrganisms
674 have direct ancestors and will have successors, in both cases hidden (past gnaisfuture
675 in the scroll. Thiseminal metaphor applies identically fiages ira book or a compass
676 in a musical scoreEssentiallywhat we perceiveow can be explained by whaame
677 before What is of interest fothis review iswhetheris if what we see now as
678 0 o b s er vantibiotc resstandd h a deehdaterminedy preexistingoiological

679 features, much as the contamqtagein a book isidetermined by the previoupagesAs

680 previously noted owur i nterest eds I easds hBwlkatol bappaean
681 resistance, than fhowtoccamed, more obscurely
682 To study the Ahow and whyo i mplies the po

683 resistance can in fabe understoodin other wordswhetherthe evolutionof antibiotic
684 resistanceanbe predictableThemajor difficultiesin predicting antibiotic resistanege
685 relatedto i) the complexity of the biological and environmental components shaping
686 antibiotic resistance and ii) the influence tfe randomness fobiological and

687 environmental processes the evolutionaryuncertainty of resistan¢é15, 116)

688 Whatd o0 eevdutibnO me a nappldu éorantibiotic resistanc&¥olutionis abasic
689 global phenomenon in biology, and bacterial organisms essentially evolveréase
690 their abundanceas much agossible, which eventually includes the development of

691 resistance to growthibitory substances against competitors. The main objective of
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evolution isto enableorganisms (evolutionary individuals at large, see 2.2.) to survive
indefinitely. Achievingabundance and spabelps ensur@ersistencever time (117).

Thereis no evolutionary success without persistence; Wodugonary arrow cannot be
broken. In the case of organisthatare strongly dependent on a fixed environmerg.(
intracellular bacteria, endosymbionts, phagesbacterial cells,and bacteria with
antibioticdependent growjh evolution is constrairte and eventually willregress
restoring the original adapted master copy. Purifying selection (removing non
advantageous mutations) leads to genomic erosion mediated by small or large deletions
resulting fromfrequent DNA homopolymerd 18) Thus,evenif the evolutionary arrow
cannot be brokergvolution doesnot necessarily alwaygrogress forwardat least as

structural or networking advances.

Evolution is a streseeducingprocess, wherthe enginalriving it consists othe potential
difference betweea n o r g eurrantditmesssanthe possibility forbetter fithessto
thereby bring itmorein balancewith its environment. This difference can be expressed
as a difference in stressith equilibrium generallypeingawarded witHower stress and
successful replicatiotunderthe conceptb fiul t i mat e c ahussteessful ant i
agents for microorganisms; evolution works to minimibes stress by developing
antibiotic resistance mechanisms. Stress is fear of enangytheloss of order and
integrity. A tempest of noise is frequently the immediate response to stress, fighting
entropy with noise in the hope of a creative solution. The prolilesnin whether
exposure to successive stresses (and soluttwmsits the biologyof the evolutionary
individual far from the first equilibrium point.e.,if evolution is a diversifying forceAs

we will discusdater in this reviewthere is a possible link between successive antibiotic

exposures, spread, clonal diversification, antfopic evolution.

The Units of Evolution: Evolutionary Individuals
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The nature of units of evolutidthe evolutionaryndividual) is critical for understanding
antibiotic resistance processes and traject¢tied, 120)figure 2).Trajectories of which
kind of biological objects? There should be a network of paths associated with the
evolution of different types of indiguals, biogenic unit§l21)with growing information
complexity, from molecules to organisms and communities. Howwarapproactihe
identification of evolutionary individuals, the biological units sequentially modified in
time by natiral selection? As a condensation of the concepts of Stephen J.(G22)d
123), there are four minimal criteria to define an evolutionary individi)aeproduction,
given thathe individual is a replicator and biologicalodwtion is a genealogical process
2) inheritancegiven thatthe informative attributes of the individual should be faithfully
maintained irtheir progeny 3) variation,given thata certain degree of variability in the
progeny is needed to provide infaative novelties in populations, and ultimately targets
(traits) enabling natural selection to;aad 4) theability to interact that is, thebility to
enterinto the dynamics of individuaénvironment causal interactive relations, resulting
in the selection of particular variants in the populatibatare the best fifor particular
conditions or stressful changdleproduction inheritance, variation, and inteteve
relations clearly occur from the lowest hierarchies, startiiidp genes However,
evolutionary individuals also encompass largequencess(ichas operons), cellular
genomes, mobile genetic elemerfiddGES) (suchas phages, transposable urarsd
plasmid$, cells, clonal populations, specigsultispeciesassemblies, and holobionts

(hosts andnicrobiotaas single biological entitie§l24 127) (Figure 1)

The key concept is that these evolutionary units are individings canevolve
independently but are frequently embeddedanhanother resulting in thantegration
of lower level replicators into higlevel replicators. At eaclstep, this integration

constitutes a novel individuatith particular adaptive needs and possibilities fenmhe
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construction(128, 129) which occurs asymmetrically following hierarchyselected
events. Therefore, the evolution of any unit at any level of the hierarchy might influence
the evolution of all others, both in a tdpwn and in a bottormp dynamic creatinga
complexmultidimensional landscape wheitee evolution of antibiotic resistandows
alonghierarchies. The most important issue is thatréh&tionshipamong these units is
highly asymmetricalNot every resistance gene is in every mobile element, not every
mobile element is in every bacterial clone or speaes,not every bacterial species
belongs to every bacterial community or to every type of host. There are recognition codes
between evoluticary units in fact, understanding evolutionary trajectorigl depend

on deciphering thedg/percode$65, 124, 130, 131Yhese recognition codes, which give
rise totranshierarchicahteractions, are the precondition for emergence of novel entities

(132).

Evolutionary Topology ofAntibiotic ResistanceT rajectories

Evolutionary trajectories of antibiotic resistance (a colleatigphenotypes) occur within

a complex space of -Gpes (genotypes, genomotypes, amgtagenomic typ@s
corresponding to the whole variety of evolutionary individuals. Each of thégees has

a room of possible variation in space and time, eventuallpuliswed (punctuation),
irreversible,changeconstrained, or able to progress in novel directions (innovation)
(133) The interactions among these spaces of variation essentially provide a virtual space
of accessibility distributions allowing the flow of evolutionary trajectories. The
accessibility of a phenotype is represented by gengiippaotype mapg§l34) which

determinenow phenotypes vary with genotypes.

An evolutionary trajectory can be viewed as a map from the time axis into the virtual
space of phenotypdhat are accessibldue tothe existence of @ypes. This complex

space has a 0t op @33pang theophth df évelutignarystrmjectolies o0
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767 across this complex topology identifies the evolutionary topology of antibiotic resistance.
768 Thistopology,which lacksmetrics, ishardto describeaccurately; however, metaphoric

769 (mental) representatiomanhelp illustrate the possible paths of antibiotic resistance.

770 As represented iRigure3, any evolutionary individual has a (clonal) descent; following

771 replication, any biological individual is an individdakttime, an individual perpetuated

772 overtime and transformeavertime. This series of copies of the individeakertime can

773 be represented by a cylinder, a tube that progresses in time. There are internal changes in
774 the clonal lineagesfichas mutationsthat providechanges, so that the trajectarf

775 changes occurs inside the tube (the space of vanatdmch might occur in synchrony

776 and sympatry with many other lineagé&sfferent neighbor cylinders might exchange

777 characters by horizontal transfez.d., gene$, which are now introducednto other

778 cylinders and influence the vertical descent inside these tubes. A set of tubes exchanging
779 adaptive characters should tendardsecological convergence; for instance, filogv of

780 ARGsinto different bacterial clones or even spediesdsto ensure coastenceof the

781 organisms in the same antibiepolluted environment, increasing interactive relations.
782 This processcanoccurin a single individual (g., in the gut microbiome§135)or in a

783 higher hierarchical niche @, wastewater plantgl36)andcan be represented as a new

784 tube (meaning possible -®volutionary trajectories) composexf related tubes, a

785 topological space that might be broken in other environmeigs<ib).

786 As illustrated in figureXX, antibiotic resistance trajectories amaultidimensional
787 trajectorieghat encompasa variety of evolutionary individuals at various levels of the
788 biological organizationThis isin fact a processual ontologye37, 138)of antibiotic
789 resistance.The structure of ths review is basedn considering the evolutionary

790 trajectories of th@ariousontological hierarchies involved in antibiotic resistance.
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Evolutionary Trajectories Interactions. The flow of evolutionary individuals
occurs in a complex fitness landpe (see later) determined only in part by antibiotic
exposure.A realistic description of evolutionary trajectories of antibiotic resistance
should include a compleaxanshierarchicahetwork of trajectories encompassing entities
at variouslevels, from poteins to populations and communiti@&l, 139, 14Q) The
evolution of antibiotic resistance should be necessarily compatible at any level of the
hierarchy with other evolutionsther trajectories in search foumerousother types of
adaptive advantages unrelatéol antibiotic resistance. These adaptive needs can
eventually conflict with the evolution of antibiotic resistance, and their paths might
eventuallyconverge during paof the journey (acquisition of traits that are advantageous
for the adaptive need®f both organisms)For instance, traits favoring. coli gut
colonization, given the production of microcins (small antimicrobial peptides) are
frequent in multiresistantiones,suchas O25BST131 Antibiotics mighteventually
select not only antibioticesistantalso but successful colonizer strains avide versa
(141) thereby decisively influencingntibiotic resistanceAdaptivetrends unrelatetb
antibiotic resistance are extremely important in shaping resistance trajectories. In the
phylogenetic diversification of a bacterial spe@eashasE. coli, which isdriven by its
exposure to different environmer{tis42), a number ofjroups have evolved (speciation
clonalization)in a way that hagacilitatedthe acquisition of antibiotic resistant&43).
Interestingly, E. coli phylogroups with smallest genomes (probably with a reduced
intrinsic resistome) have the highest rates of gene repertoire diversification and fewer but

diverse mobile genetic elemerfisi4)

An adaptive gain, modification, or loss of metabolic pathways all influence antibiotic
susceptibility (asa bactericidal effect) and resistan¢®45, 146) The evolutionary

mutational path toward antibiotic resistance are constrained by the type of nutritional

35



816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

substrates available; on the other hand, antibiotic resistance traits might modify the
bacterial metabolism; for instancby a shift from a respiratory toa fermentative
metabolismof glucose or through the use of alternative respiratory chains effior

pump overexpressior{147 149). The bacterial metabolism is also determined by the
coexistence with other species in small habi{a&0) Bridging the gap betweethe
cellular metabolism and the community metabolism of microbial communities embedded
in a commonfichemosphexe (141, 151)and its influence on antibiotic resistance
mutational paths (or horizontal gene transfer) is#aresting line ofesearct{147, 152)

that might helpletect their Achilles heéb specifically inhibit resistant organisms.

However, the evolutionary trajectories dominated by resistance (to antibiotics, biocides,
metals) might haveertain advantagesver other trajectories, given th#he selective
effect is strongerObservationg other fields have suggested that, in case of conflict, the
evolutionary side thatansurvive and grow at thexpensef others (antagonism) is able

to adjust the variable in its preferred directi@$3) In summary,the evolutionary
trajectoriesof antibiotic resistanceare not only dependerdn antibiotic exposure
(selection but alsothe absolute fitness of the evolutionargits (organisms, mobile
elements, communities) involved in the prodd$st). Interactions (suchs competition)
between trajectories might occur between successive alleles csaretrajectory;
variants with a higlmitial fitnessmight havelessfitness later and might be outcompeted

by other variant$155).

The Quedion of Causality in Evolutionary Trajectories. The classic meaning of
Afevol uti on 0a biologdl (oe genetic)hemtity undergoes progressive and
cumulative changes to become, above a critical threshalidferent entity (ontology.
Thetermiaf ect oryo includes the descrithati on

determine th@ath a biologicaéntity takes whemoving from one significant ontology
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to another; howevetrajectories are more thguast predictable chains of events. The
standarchotion ofan evolutionary trajectory requires that these changes have an order,
logic, andregularpath determined by aecessity(by fitnes®). As we will see in this
review, anisotropic evolutionary trajectorieasn be tracedot only by necessity but also

by the interplay of determinism and randomness.

Biologists (and not only biologists!) tend believe thathanges are accompanied by a
force causing themtHowever, it has been proposed that there is a speotigrtendency
for evolutionary individuals to differentiategsulting indiversity and complexitarising
from the simple accumulation of random accideifit$ i zerofdrce evolutionary law
stateghat in any evolutionary system in which there is vasraand heredity there is, in
the absence afonstraintsa random tendency for diversity and complexity to increase
(156). Following the second law of thermodymécs, randomness in the molecular
evolution of bacterial sequences increases over {ifvé), and bacterial diversification

hasgenerally increasecbntinuously over the past billion yedi$8)

Randomness (chance) can be treated probabilistically (probability to detgrmine
however, there are frequently multigeolutionary trajectories linking two points in the
evolutionary proess, and the frequency of each of these trajectories depends on the local
factors influencing the fitness landscapesantibiotic resistance, the distribution tbie

fitness effects of random mutations is highly variable among antibiotics, as has been
detected by higkithroughput fithess measurements for genovide E. coligene deletion

strains(159)

Ar e ther e Random Trajector i e.sAhtibidid ochast.i
resistance evolvalroughprocessethat involvedeterminism, stochasticitpndrandom
drift. ADr i f t 0 ineplies thattainomber of variant phenotypes tfiis case,

resistance phenotypes) in a population have emerged and spread by ceaguagely
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unrelatedto themi ¢ r o o r gdaptive evdssvhen exposed to antimicrobial agents
or to other adaptiveeedsExperimental evolution studies have suggested that antibiotic
resistant variantsan evolve even in the absence of antibiotics, driverth®g/genetic
adaptation of bacteria to various growth conditions in natural environments and hosts
(152) These variants can be hooked by antibiotic selection and enriched by drift in small

populations.

Themost characteristic case of digtrandom samplinglake for exampl@ population
of identical bacterial cells with any proportion of random resistant variant$nder
antibiotic exposure, this resistant minority will be selected (antibial&terminethe
disclosure of resistangeHowever,there is anotheway by which resistant minorities
prevail. If the original populatiospreads int@ large space (disperyal the population
is broken because the cetislonizeseparate areasychasthe colonization otlifferent
hostsand thecontamination ofwaterandsoil environmentdy sewagg the fresistant
varianb cells might become isolated from the ancestor population and will produce a
local resistant progeny in the absence of antibiotic selective prepssuresistant
population. In contrast, that we can also consider the opposite possibdaity:
homogeneously resistant population with a minorityfiavertand susceptible cells,
which can give rise to susceptible populatiddsft can also remove resistant variants
arising in susceptible populatio(i60) Thenoise created by drift might limit to a certain
extent the refining activity of natural selection on particydaenotypes (dritbarrier

hypothesis)161)

In the first edition ofiOn the Origin of SpeciésCharles Darwinndicatedthe possibility
of fluctuations in the frequency of variationgh no adaptive significance, at least at the
moment oftheiremergenc¢162). Paradoxically, sch observation was the ground stone

of the concept of neDarwinian evolution(163). Sewall Wright was the first to attach
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891 this significance to random drift and small, newly isolated populatibreugh his

892 shifting balance theory of speciatiche Wrightian modality of evolution, presented by

893 Sewall Wright in 1932 during the Sixth Congress of Genetics in his seminal lecture on

894 6The roles of mutation, inbreeding, crossbr
895 subsequentlgreated convincing modeis show that the decline in genetic variation and

896 small populationsizesfollowing a local invasion across a bottleneck were critically

897 important forthe development ofiew specieqgenerally taxong. Drift, stochastic

898 introgression and hybridization eveptoducei hopef ul monst emesddo, over
899 for gradual changes in evolutionary trajectofie84i 167), eventually giving rise to high

900 risk resisant bacterial clones.

901 Dispersal and spatial structuration as sources of drift Dispersal provides
902 adaptive chances for minorities. Random drift is frequently presentedsaspling
903 effect suchthatthesampling of gopopulation adifferentlocationsmight yielddiffering
904 resultsin the frequency of particular variants. If the frequency is the s#mea,the
905 sampling number in eadbcationis likely above the effective size of this population (the
906 number of cells in a sample that faithfullyptare the genetic diversity of the whole
907 population). In other words, reducedpulations shoulgield increased genetic drift.
908 Largebacterial populationsostly evolve deterministically, whereas small populations
909 follow more stochastic evolutionary patks68). Drift is a powerful process in the
910 formation of specie€l69, 170)which isalsotruefor the clonalization processes inside

911 bacterial species.

912 Bacterial dispersal distributes small populatianger space, eventually leading to
913 gspatially structuredpopulations colonizing different environmental patche3hese
914 ffragmented populations have evolutionary possibilities that are lacking in the original

915 dense population. For instance, a genetic variation allowing access to an antibiotic
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resistance phenotgpmight havea significant biological costvhen competingvith the
wild progenitor populationThecells containing this wilthereforebe prone to extinction

in the absence of antibiotic selectiobaboratory microbiologists knows well that
particularmutants can be detected by spreading dilutions of the sampldture plates
(creatingspatial isolation), ircontrast tdoroth tubes whe thefittest mutant eliminates
the others Given thatcompetition is not an issul spatial isolation the resistant
populationcangrow and eveachievebetter fithess by compensatory evolution, retaining
the resistant phenotyp@rift is a diversifyig processhat takesadvantage of small
populations as much as it B mutation, an eventhat takesadvantage of dense
populations.n both cases, newiselectable varianbsare offeredto antibiotic selective

forces.

When isdrift evolution of antibioticresistance expected to ocearpractic® The main
conditions area reduction in population size by spattamporal fragmentation and
opportunities for growth of the reduced groups in favorable patches, forming
metapopulationsAntibiotic exposure willthen select for local drifrevealed resistant
populations.Drift evolution can therefore be interpreted as a form of metapopulation
dynamics. Metapopulations dot necessarilgesultfrom single cellsgiven thabacterial
dispersal might resemble Lévy duwith a range of fractal patterns, from dispersed to

clustered onefl71i 173)

Fragmentation of infective populations, drift, and resistance Reductionsin
population sizes occutue toa number ofactors in infectivetransmissible processes.
First, inhostto-host transmissioprocesses, a smaltopagulunof cellsservedo initiate
colonization or infection in each newost; thusa spatiallystructured fragmentation of
the original populatiorshould occur. Second, further fragmentations ocauthin the

individual host wherebacterial invasion is necessarily linked witte dilution of the
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offending organisms in different compartments, tissaesl cells, and inflammatory
processes frequentliead to sequestration of bacteria in particulacations. Drift
generatedesistant variants mighhereforeeventuallymultiply locally. An increase in

the number of colonizable subhabitats is expected, espedcialyronic infectionsand
whenforeign balies are presenthe increase the number of colonizable-Babitats is

an expected issuiofilms, which arefrequent in chronic infective processes, provide
spatial structuration of bacteria, facilitatitige drift evolution of resistanc€l74) and
diversification at largg175) The bidilm-planktonicinterphasecan triggerdivergent
evolutionary pathwayge.g.,those involving efflux pumpandantibiotic target gengs

(176, 177) Third, the release of human and aniselageand othewastewater into the
environment produces dilution and population fragmentafibeattachment of bacterial

cells to soil particle$178) andorganic remains increases the frequency of independent
mini-patches. Fourth, the use of antimicrobial agents and their release into the
environment can reduce the size of bacterial populations and promoteothtoa of
drift-promoted resistance to different antibiotics, even in the absence of selection; this is
certainly an scarcelfreated topic. Fifth, fragmentatioran occur due toasymmetric

(specific) mechanical forceaffectingbacterial cell adhesidio particular surfaced.79).

Drift, draft, and trajectories . In principle, drift is a chance and contingent effect,
and its contribution to evolutionary trajed&s is nondirectiong| following atype of
random A Bio b wimthedewolutionary space, highsusceptible ta@xtinction
events(180) As stated beforeghe contribution of driftto antibiotic resistance ekin to
that of mutational events, offering random genetic variants to the hook of selBetfon.
might therefore complement directional evolution mediated by successive adaptive
benefits, providing random solutions in broken adaptive trajectd@dy Fitnessplains

and valleys &nd not the peaks) are the territory of driftt82) where low density,
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neutrality and neaneutrality daninate, providing the substrate for adaptwel hidden,

preadaptiveevolution(178). (Figure 4).

Why do rare neutral orpreadaptiverandom variations not disappear in bacterial
populations? As Fisher and Haldane postulated in the 1920s ithieiy of mutatior
selection balance, thanswer lies in the immensaumber of bacterial cells and the
heterogeneityof the fithess landscapes which these bacteria disseminatgeutral
variation canfipersist long enougld to allow the bacteria to reaclan favorable
environment (a peak in the fitness landscdgyeghance (albeit with a small probability),

an environmetin which the bacterial organism carrying the variant trag aradvantage
overits competitorge.g.,a selective antibiotic concentration, resultin@mncrease in
number and fixation of the traifThis fipersistence of neutraldy a p o eequredarge
populations providing sufficient numbers to deal withe low probability of selection
fixation. High numbers might favor aonsiderablemultiplicity of small, isolated
populations across variable fitness landscapes, where drift domisak. mutations
havea chance of being fixeahly in small population sizegiventhere is no competition

with more efficacious changeldowever, evenf a large populatioms not disperseth

small populationsneutral variation can be maintainbdcauset is randomly linked to
selectabl e tr ahitdhlske®a nwli tfhr etgubjectedtol dyectdnal
selectionThat means that tredaptivevariation in a selectable locus dhereforanduce
stochastic dynamics (resembling genetic drift) at a closely linked neutral locus. This
hitchhiking t e g emp d t i, bas lobeengfoposed as a stochastic force analogous to

genetic drift(169, 183)

The randomness of early stages in many evolutionary trajectories leading to antibiotic
resistance is a consequeenof drift, but once the adaptive trajectory stangh low

increases in fitness, directionality (selectieagntuallytends to be imposed. This feature
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indicates that contingency is a major driver of stochastioityard determinism in the
evolution d antibiotic resistanc€l12, 184) Genes near to those that are selected are
preferentially hitchhiked (linked selection, ddafaind increase in numberthereby
increasingheir chances of providing material for novel adaptations, related tw thatt

of t he A diheistveagthof thgireatianal selection at these early stages depends
(accordingo the classic Lande equatjaon the product of additive genetic variance and

the selection intensity for the evolving tréiB5s).

Genealogical, AcrossNetwork, and Spinning Trajectories Adaptivetrajectories
foll ow the fundament al tenet of evolution,
mo di f i @&6) indwating the permanence along replications (time) of a common
genetic patrimonyand the fact that deviations from this heritage occur, either by

modification in the individual or by acquisition ofréagn traits.

The study of phylogenies itherefore essential in classifyirayolving individuals by

similarities andtracing the process (trajectory) dheir relationship with common

ancestors. A limitation in the current phylogenetic (genealogicalysisal the bias

imposed in databases by the predominance of organisms of particular i(gecbsts

those with antibiotic resistance nd t he al most t otcammonabsence
evolutionary ancestodg143). The phylogenetic approachyhich providestrajectories

within treelike patterns, might indicate tipresencef an evolutionary trajectory within

a single progeny (genealoglut shouldbe considered amspirationalhypothesisbut

onethatneeds confirmatiowith actual dataataskthat couldbe facilitatedoy automated

phylogenetic tool$187).

Phylogeniescan be analyzed more accurately dyperimposingthem with other
analyticalmethods suchas those that estimate the frequency of recombinatorial links

between apparently separ@een distantlineageq188). Phylogenieseflectdynamic
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1016 processes, dependenbt only on vertical descent but alson horizontal genetic
1017 interactions. This type of phylodynamiosnsidersemporalchanges in phylogeny under
1018 the influene of changing ecological contextghich could have modified the original
1019 coalescent association between evolutionary usitsh@s genes and species). This view
1020 applies the coalescent theory analysisiyhich both thefiancestor pasétand the present
1021 areconsidered in order to trace the population sHf®3 191) Applications of this

1022 approach to the evolution of antibiotic resistance (in particular to resistance genes in

1023 variart clones) have already be develogg82, 193)

1024 The basic problem with this approach is that lineaglg based phylogenies of bacterial
1025 organisms ardikely corrupted in nature by the high frequency of introgressive events,
1026 leading tothe stable integration of genetic material from one bacterial spdoie

1027 another. Horizontal gene transferisessefdiai b ui | di ng t he web of
1028 different genealogical lineag€s7), whichis true for every evolutionary inddual along

1029 the hierarchy, from genes to communities. Transmission ewents at all levels, and
1030 recombination occurs at all biological leve(394) The representation of these
1031 intergenealogicdiranchesloesnotproduce anore treelike pattern but rather a reticulate
1032 network pattern, whiclikely reflects the space of evdionary trajectoriesn a more

1033 integrative manngfl95, 196) (Figure 6).

1034 However, networkhinking is becoming increasinglynore influential in evolutionary

1035 studies Networkbased approachessuch as sequence similarity networks, gene
1036 networks, genome networks (including core genome, accessory genome, and regulatory
1037 genome networks), families, genus communities netwarks genome bipartite graphs

1038 arefrequently employeth evolutionary studie€l97)

1039 Arefireephylogenetioandfinetworkreticulaiotrajectories mutually exclusive? In many

1040 cases, itis still possible to malabust phylogenetic inferences even in light of substantial
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horizontal gene transfd98, 199) Horizontal linkagescan be hypothesizedetween
vertical phylogeniescreating asuperphylogenyThe linkages can be thoughdf as
resemblingdistinct woolfibers, combed togeth&rith otherstrands which are ircontact
with each other, createsanglerolag (roll) of wool. Spinningproduces thénterwoven
fusion of strandito a single evolutionary aterialcomposeaf vertical and horizontal
interactions, giving rise tacord or spinning trajectorig200) (Figure 4. In summary
the complexity of biological systems, witmultiderived causality andfeedbackin
unpredictable contexts, makidifficult to identify linear causationdResearckshould

be orientedowardwebs and networks ofonlinearcausality(201)

Diversifying and Unifying Evolution in Antibiotic Resistance. Evolution
progressever time (the goal of evolution is the conquest of tyndowever,the
dimensions in which the evolutionary process tailese might at first sighppear
contradictory. Evolution, if not replicationalone (156) leads to progressive
diversification (diversifying evolution),e., producing numerous variaritem a single
structuremany vari ant s exruebusppiuam disrgtive dyramics.i
Resistance genes, transposons, plasmids, resistant clones, spetesymunities are
subjectedo constant diversificatignvhilethese variantr at leasthevariants that have
survived simultaneously tentb aggregate téorm complex configurations witlyreater
evolutionary possibilitiesrésulting in aunifying evolution),i.e., a single suprastructure
emergesrom numerougdiverses t r u ¢ t ex phkiribuys ureum intégrative dynamics
(180, 202) This is a biphasic universal game of rapigpansiorinflation and slow (but
creative) contractiongesemblingother evolutionary patterns in physi¢z03), in fact,

this system habeen presented as entropic amtientropicdynamics.

Diversifying or disruptive evolutions related toevolvability, given the diversity of

configurations is the material required by exan to find novel adaptive solutions.
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Diversification an analytical process, is based on variation and consequently provides
enhanced possibilities for exploration of novel solutiaien faced withchanging or
unexpected environmentsicreasingdispersal (migration) and access to new resources
and taking advantage of disruptive drift. The fuel for bacterial diversification is

replication anr-strategy favoring reproduction in tepatialdimension(204)(180).

In terms ofantibiotic resistance, the mechanisms of diversifying evaitroaddition to
classical mutations in targets, transportarsdregulator$ includemutational events
resistance genes providing spectrantarged or more stable antibieti@activating
functions, mutationghat increasevolvability (hypermutatiop and those derived from
increasesin bacterial population sizelue to antibioticselective effects, including
selection by low antibiotic concentrations. Selecti@sociated replication facilitates
dispersal of resistance elemenssidh as clones, plasms and genes), random drift
effects and interaction with heterogeneous environmewtsich eventually enables
interactions with elements of other bacteria,adliwhich increase theesistance gene,
plasmid, and clonal diversification. Exposure to unetgme@nvironments, including
exposure tdostdefenses, other antibiotics, biocighsavy metalsandbacterial phages
increases stress responsesgjich in turn likely primesresistance gene mutation
amplification,andrecombination, alteringhodularization at largandfostering diversity
(including that involved in antibiotic resistance). Clear examples of diversifying
evolution occur in the natural history of particular families of #atéamases and in the
continuous emergence of noveliipig subclonesand subsub-clones as a result of the
expansion of a particularly successful clonke final image is of an increasingly loose
network reflecting increased dissemination in spaceratidcedpenetration in timéor

each variant.
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Unifying or integrative evolution should improve robustness,e . , a cabifitf i gur at i

to tolerate changes that mighecomedeleterious for survivalUnifying evolution
ensuresstability, longterm exploitation of resources despite alteraticansg niche
construction and might increaske selection of integratedwhole® .Unification is
favored by atype o f Anostal gia of the ancestor o,
benefits in the founder nicl{205). Unification is a synthetic dimension, where evolution
improves the quality and efficiency of the evolution&gnstructions, obtaining all
possible advantages from the exploited areahismisense, it is &-strategy, favoring
reproduction in the temporal dimension. Both dimensions are pivotal in the evolutionary

fidensity gametheory(206).

Themechanisms of unifying evolutian antibiotic resistanceclude antibiotic selective
events as strong reducers of diverdihgreby ensuringhe success of a limited number
of genes, plasmidsand clones. Geneticdiversity is also eventually reduced by
mechanismghat reduceaesistance mutationsychas DNA repair systems), focusing
mutational eventen segment$207)and stressttenuating mechanisn(208), including
gene silencingDiversity is also hampered by mechanisms controlling the uptake or
maintenance of foreign DNAuchas restrictioamodification, resistance plasdsurface
exclusion and incompatibility, restricted h@ahge of mobile genetic elementsnd
clustered regularly interspacedshort interspacedrepeats (CRISPR). Unifying or
integrative evolution is not only driven by reduction in diversifying or disptive
evolution. Horizontal gene transf@nd eventually recombinatiprs facilitated among
members of the same lineaflen) unlike with distant ones (see belowXX). Thus,
related lineages that have bemrbjectedto diversifying evolutionwhich might have
independentlycollected certaingenetic traits involved in antibiotic resistance, can

subsequentlghare such genetic material, which is collected within a single clone or a
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1115 bunch collectionof kin lineages. The final result is a dense network airesth traits,
1116 facilitating integration and robustness.

1117 The buildingup of complex genetic structures of resistance elements is favored by
1118 modularization, eventually facilitated by lateral aintfarepliconintegron dynamics,
1119 (209) Evolutionary cavergence of previously divergent lineages can be modeled
1120 including arbitrary split systems in sequence evolution mo@l8). Disruptive and
1121 unifying evolution compete, producing various types of constranthas evolutionary
1122 processef211) The r/K selection theory indicates that bacterial populations might reach
1123 a certain equilibrium (trade off) between disruptive and unifying evolugnayringa

1124 balance of reproduction (quantity) and carrying capaciith complex local
1125 specialization (quality This equilibrium has been predicted to occur in antibiotic
1126 resistant population®212) These disruptivintegrative evolutionary dynamiasply the

1127 possibility of breaking robustness (leaditm a novel round of diversification). In
1128 complex network systems, there is the possibility of asymmetrical dynanice part

1129 of the complex, giving rise to system clasl®&k3).

1130
1131 STEPS ALONG ANTIBIOTIC RESISTANCE PATHWAYS: SOURCES AND

1132 FREQUENCIES OF VARIATION

1133 PhenotypicVariation: Bet-HedgingAdaptive Strategies

1134 The isogenic offspring o& bacterial celbffer a wealth ofnoninheritable variability,
1135 phenotypic diversityVariability is thesource of evolutio214). In bacterial populations,
1136 the continuous emergence of minorities of phenotypic varipraduces significant
1137 phenotypic heterogeneity (plasticity), whjatiue tothe subdivision of rislspreading,
1138 helpsi ncr ease t he df survigah whendconfrantedawitlc enpredictable

1139 environmental fluctuation@15). In most cases, the origin of the heterogenayears
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to be deri ved

from fAnoisy gene expression

amplification Eee latey, and, with less sthasticity, reversible stochastic switching of

gene expression (bistabilitfR16, 217) Heterogeneityin gene expression increases

genetic variabilityparticularly in poor growth conditior{218). Transient gensilencing,

whichfrequentlyinvolvesframeshift mutationis not infrequent in resistance ger{g9)

S u c rioisyfgene expressiomight itself be conceived as a selectable trait tunable by

evolution,given thaits excesses are regulated by dosagepensation in gene networks

(220). There should be a certdioost of high phenotypic variation d a mp e n s

the strength of selection toward phenotypic heterogeneity and promoting directional

selection ofcertaintrajectorieg221) However, a high ratef phenotypic heterogeneity

is a safeflemergence strategyor bacterial survival, but the advantageousritypic

variantsdo not necessarilyguide the directionality of the genetic adaptive trajectory

(222) Such strategy, whicthas b een

phenotypes are selectediiffering conditions and times, even though in most other cases

dampen

present emviereaestainfi b et h

the phenotypescan reduce the a r i fitmeds @283 225) The bethedging strategy

occurs in ant.i

biotic

heteroresistance,

within a main populatio of susceptible cell§226) This stragégy is not conceptually

different from reductions in susceptibility by decreased growth ratesnaetteod for

reducing antibiotic streq227) This reduced growth imediated by genome inversions

and reversible stochastic but selfganized inversion switchesyhich also affect

antibiotic resistancegnsuring adequatéime to develop compensatory mutations

following the e@nergence of a resistant tré#28 230) and the stochastic emergence of

persister cells with high resistance to the antibiotic killing eff28t, 232) However,

environmental variation in time or space is not a necessary condition for the evolution of

phenotypic heterogeity (221)
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The energence of metabolic heterogeneity in isogenic bacterial cellvanibusgrowth

rates has been observ&B3), with possible consequences for antibiotic susceptibility.
The regulation of adaptive phenotypic resistance under stress has extensive
interpopulationand intrapopulation heterogenegityowever,the stressadaptive genes
with lower expression variabilitgppeato have greater impact on adaptat{@84) To

what extent this phenotypic variation influences the evolution of heritable antibiotic
resistance ianinteresing topic(235).

Particular phenotypes (reflecting physiological states) might indeed facilitate the survival
and selection of a fraction of the bacterial population under antibiotic expdsure
instance, phenotypic fluctuation in outer membrane proteins, bnagm charges
molecules involved in protein synthesis, mistranslation, and expression of pumps might
reduce antibiotic action and produce phenotypic resistdneeany of these cases, the
evolutiontowardinheritable resistance (by mutation or horizoghe transfer) might be
facilitated, just by maintaining a critical population sf2&6). The persister populations

in the gut,which canperiodically recolonize might serve as a reservoir aftibiotic
resistance plasmid236).

Functional o geneticvariationsof the global regulators (as ArcA or RpoS) probably play
an important role in global orsep adaptation(237) Micronutrition and other
environmental effects mighaffect the evolution of antibiotic resistancEor instance,
overexpression of iron gtage proteins, inhibition of iron transpodnd anaerobic
conditionsthat alteroxidative damagénduced mutagenesigere found to suppreske
evolution of fluoroquinolone resistan(238) Inc e r t a i n -hedgiegecanalsoddh e t
asa nonstrategygovernedonly by fortuitous (not inheritable) errors in cell replication

resulting in transient periods nbnreplicatiorand/or slowed ntabolism, asikely occurs
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i n cert aipnhefpmpd(@3p)ieathécellular noise is likely amplified by
epigenetic inheritance, stochastic transmission of profeMAs,and other biomolecules
from parent to offspring celik40).

We previously discussed r r or s i n transl ation as a sour.
Amino acid misincorporation during translation produces mutated pratemsnight
produce novel functions, including antibiotic resistance. Erroneootgip synthesis
might affect thep r o t speécificastivity such asnisfoldingandstability, with possible
phenotypic consequences. The frequencgarfcognateaminoacid incorporation is as
high, in the range 1Das 1@ Onefifth of proteins produce in a givencell containat

least one wrong amino adi@41) however, considering the r o t ghortiifetitne, these
changes can have phenotypic consequengesa short period242), which can be
sufficient for expressingan antibiotietolerant phenotype, particularly in conditions of
slow growth(243). Counterintuitively translation mistakes might have fithesshancing
conseguences, positively influencing antibiotic resistéfozenstanceexacerbating the
effects of deleterious mutations and facilitating their purging and/or stabilizing changes
and increasing the r arobtustness(65, 244)

In summary, phenotypic noise is a potentially important factor in evolytl@y
Phenotypic plasticity and fluctuation accelerate evolutionary rates in multipeaked
landscapes (Baldwin effec(R45) Later in this reviewwe will discuss how stress
produced by antimicrobial agenfsr other causes of strg@ssan enhance phenotypic
variation and consequently the evolution of antibiotic resistance

Mutations L eading toAntibiotic Resistance

Mutation rates. Mutation essentially depends on the error rate of replication set by
the accuracy of DNA polymerases and various DNA repair systems. In most DNA

based microbeshe mutatiorrate ranges fronl01%to 10%cell/generationdepending
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on the specific substitution, gerand organism andonsideringselectively favorable,
unfavorable, or neutral mutatiankhis rateis approximatelylO times lower than the

typical frequencyof mutation(e.g.,10® for E. coli), which measures all mutants present
in a given population as those surviving a given antibiotic concenti@d@) The

lower limits for mutation rates might be set by the costs of maintainingaugiracy

DNA polymerases and repair systems. It is also possible that the evolution of mutation
rates results from the interplay between natural selefigmarily operating to

improve replication fidelityand the limitsof what is possible, imposed by random

genetc drift (247).

Mutation per species, gene, and day in a single ho8imple calculations offean
intuitive image of the mutation frequency in natural populatidhge.E. coligenome has
approximately5000 genes and themutation ratefor wild-type E. coliis 1x10° per
genome (cell) per generatiof248, 249) which, dividedby the number of genes
(0.0016000) yields2x10’ per gene and (cell) generationthere arel0® cells/ml in the
colonin a volume ofL000mI, there would be.0'? E. colicells in a single hostmplying
thatthere are200,000 mutations per geper day (1 generationfor E. coliin agiven
host. Given thatparticular E. coli clones are frequently stable colonizers of the gut,
thousands of gnerations will amplify the total number of possible mutations. Similar
calculationsregardingthe rate of evolutionary change have been recently discussed in
relationto the gut microbiomé&250). Consideringhis enormousnutational load, most
genesdisplay remarkable stability owdime, which is most likely due to purifying
selection i.e., the alleles produced by mutation are selectively removed if they are
deleteriousand do not expand unless they are advantag&rmree stability imlsodueto
the effectsf genetic drift, by which novel alleles are randomly lost due to the frequent

bottlenecks that bacterial populations encounter. The result is stabilizing selection
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through the purging and loss dt onlydeleterious variants that arise in the population
but also of the linked neutral sitéehe removal of a particular allele might also reduce
the diversity of other linked neutral alleles by linked selection or background selection
(251) A number of examples have shown that these calculations are raugghdygt
underin vivo conditions(252). Take for exampleéhe potential mutational wealif a
single individualwith a chronic infection(such as cystic fibrosig in whom 200,000
generations of a single organish @eruginosar Staphylococcus aurelusan be traced
over a nmber ofyears(253) However, thesdigures and frequencies are insignificant

when extrapolatingp the total number of prokaryotic cells on Edqahtimatedit5x10°0).

Therate of mutation per gene is not linear across the chromosome; there are genes and
regional mutational hotspotsuch as slippage contingency sequenddd2, 207)
Localizedhypermutable sequences are frequently involvedutiigenephasevariations
that affecthe outer membrane, restriction systeamsl antigenic variation resulting from
reconbination events These privileged variations habkeen showrto compensate for
the limitations of hosto-host transmission bottleneck®54) Mutation densities are
greatest in regions predicted to have high supertel{ig55) On the other hand, a
mutation that potentially provides resistance does not necessarilgsult in a
fiphenotypically effective mutatian particularly in rapidly growing cellsPolyploidy
derived from multiple replication forks migptoduce a phenotypic delay of a recessive,
antibioticresisancemutation that remains undetectable during the ne4tg&nerations
(256, 257)This is particularlthe caséor plasmid recessive mutatiomgcaus@lasmids
can be regarded as stable polyploid DNA molec(288). In any case, our current ability
to detect rare mutations in the global sequence gpatpotentially provide antibiotic

resistance is probgblow. However, methods of directed evolution with random genomic
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1264 mutationghat allow foran up tconemillion-fold increase ithemutation rate have been

1265 recently propose(29).

1266 Hypermutation in the evolution of antibiotic resistance Increasing mutation rage
1267 can be expectetb offer a wealth of novel mutations that eventually ganduce
1268 selectable phenotypesjchas antibiotic resistance. If the environment changes rapidly,
1269 includes stressful conditions and bottlenecks, and is highly compartmentalizadisvar
1270 with increased mutation rates (mutators) tend to be selegteeh thatthey have an
1271 increased probability of forming beneficial mutatioAgpproximately 1% of E. coli
1272 strains have at lea$00 timeshe modal mutation frequency of 4 (strong muttors). A
1273 very high proportion of straind 1i 38% invariousserie3 had frequencies exceeding 4,
1274 in some cased40times, this modal value (weak mutatof®%9, 260) Hypermutationis
1275 frequently due to the impairment of the mismatch repair systemmzore specifically,
1276 thatinvolvealterations imot only themutSgene but alsmutLandmutH Weak mutators
1277 might also result fronvariations in the DNA translocase protein Mfd, interacting with
1278 RpoB and UvrA interactions, leading to an accelerating evolofiantibiotic resistance

1279  (261)

1280 A mutator allele andts potential beneficial mutations arising frdmpermutabilityare

1281 physically and genetically associated in the same chromosome. As a result, the mutator
1282 allele will hitchhike with increased frequency in the population togethvith the

1283 beneficial mutationMutators are fixed in competition wittonmutatorsvhen they reach

1284 afrequencyreater than cequalto the product of their population size and mutation rate
1285 (262) In populations of sufficient size, advantageous mutations tend to appear in
1286 normomutatorsand the selective process will therefore enrich-howtating organisms.

1287 Eventually, the adaptive successmfrmomutators mighprevent further fixation of

1288 strong mutators. Hypothetically, in velgrge bacterial populationshe likelihood of
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normomutators providin@ substantial number of mutants might be sufficiently high,
suchthat any additional increase the mutation rate might be considered as relatively
irrelevant. However, we should consider the frequent spatial compartmentalization of
bacterial populations (including biofilmsyherethetotal population size frequentlyas

little relevance fothelocal adaptive needs of relatively isolated smaller subpopulations,

in which the emergence of a mutant might be critical. It has been suggestatiethat
emergence of antibiotic resistance might accelerate in connected microenvironments
(263, 264) Antibiotic gradients create a compartmentalizationddfering selective
antibiotic concentration§265) The bacterial population thus exposed to a particular
concentration (in agoticular space) can be relatively low. Antibiotjos innate immunity

during infection by themselves reduce bacterial populations, so that high mutation rates
in the residuabmall population of survivors cahaveadaptive importance. In general,
mutatos arenot moreficreativ® t han n or moimthe saaoclioebergeficialai n s
mutations (or trajectorigs they just reachthe advantageous outcons®oner. The
mutation supply rate affects the speed (tempo) but not the pattern (mode) of evolution
(266). However, not all mutators are equally likely to produce a given mutation. This bias
emerges from the molecular mode of action of the mutation correction system that is
disrupted in each mutator genotype. For instance, inactivation of the mismataeh repai
system inE. coli leads toa specific ~106f ol d i ncrease in G:C Y
mutationg267), whichhas profound implications fatompetitive ability of mutators and
determines their evolutionary succe&68) Experimental evolutionresearch has
demonstratethe possibility that the emergence of a mutator might occur under antibiotic
exposure by the reversible insertion of a mobile element to inactiuat® resulting in

several mutatios independently able to increase resistance (at various levess) to
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challenging antibiotic in the population, thus providiag hef f i ci ent

potentially successful evolutionary trajector{g69).

Thesame effect

of

i s ma | bccupwhprublacketiarossfrand

hostto host in which increased mutation rates might be significantha bacterial

adaptation to novel habitaf254) The evolutionary advantage of small populations in

complex fitness landscapes has been suggestedrious author§l68, 270, 271)On

the contrary, highpopulation densitiegend to reduce spontaneous mutation rates

(densityassociated mutatierate plasticityX272).

It has been shown, both in the case of mutabiased resistan¢273)and in the evolution
of resistant genes carried by mobilengtic element$274) that antibiotieresistant

organisms frequently have increased ratarates, which suggests the evolutionary

consequences ¢fypermutation. Does the fact thatganisms with mutator allelesan

hitchhike withantibiotic resistant phenotypeslicatethat the rise in antibiotic resistance

might increase the evolvability of bacterial populations in genetgbermutatiorshould

have an evolutionary cost, eventually leadibgyond arfierror threshold as proposed

by Manfred Eigep to an fierror catastiphed (275) The accumulation ofadaptive

mutations in a single resistance gene (and mutations in other parts of the geviuote

is needed in ordeto deal with successive antibiotics of the same clasat bigher

dosagesmight producea typeof error catastrophe, destroying theoimhation of the

surve

(bott |

encoded molecule(gnd/or increasing the amount of deleterious mutations unrelated to

antibiotic resistance-dypermutation providea shoriterm fitness benefit for adaptation

of antibiotic exposure but at thexpenseof an unbearable figss cost(276). Thus,

hypermutable variants might not persist, a feature that has been experimentally

demonstrate08).
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Themethod<y which bacteria modify otator phenotypearecertainly of interes{277).

It has been shown that a humberhgpermutableorganisms evolve to phenotypes of
normal mutation rates, eventually by reacquisition of filmectionality of damaged
mismatch repair systems or by the coincidental overexpression of mechanisms that reduce
the endogenous mechanisms of mutafit88). Due tothese effects, populations with
lower fitness but moreobustnes$o mutational effects might displace highly replicative
hypermutable populationshichh as been descri bed a@78it he
279). Experimental evolution shows that although populations with higher mutation rates
increaseggenetic variation, the adaptive benefits of sdstersity in novel environments
might be lower than those derived from modestly increased mutation(28@sThese
modest increases in mutation rate are more frequently found in clinical bacterial isolates

thanin higher one$259).

Mutational events by insertion Mobilization of insertion sequencegIS) in
paricularand transposable elemeirtgeneratause genomic variability in bacte(281,
282) however, theirinfluence on mutation rates and adaptive evolution is small
compared with mismatch repair mutator allelBisereis competition between mismatch
hypermutationand IS propagation byhitchhiking (283) Transposableslements are
eniched by inserting extra copies in the host genomes, which might cause a certain
conflict. Genomesavethereforeevolved suppressotisat limittransposon spredd30).

The effect of IS on resistangenemutational events is discussed later in this review

Polyploidy and GeneAmplification: from Adaptation to Neofunctionalization

As discussed in the previous sectiotreasedopies of a particular gene (polyploidy)

should increase the possibility of mutational modificaiioparticularand evolvability
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in general. During the exponential phase of ad@asting organisma largenumber of
copies (eight or more) efumerougenes are availahlaowever polyploidy alsooccurs
in the stationary phasg@56). Bacterial stres@ncluding artibiotic stres$ might produce

cell filamentation and polyploidysée Section XXX).

Gene amplification (gene duplication in its simplest versien)kely relevant in the
adaptation to antibiotic exposure becaiisgenerateextensive and reversible genetic
variation on which adaptive evolution can act. The steadie frequencies of gene
duplicationareextremely high, typically ranging between™1énd 10 per cell per gene

(90). Amplification produces a gerdosing effect, increasing the transcription of a
resistance gene. For instanselfonamide trimethoprim and betalactam resistance
(including resistance to belactam plus betdéactamase inhibitorspccurs due to
increased gene dosage through amplification of antibiotic hydrolytic enzymes, target
enzymesor efflux pumpq284, 285) Amplification of thevanM gene tuster (acting in

a similarfashion tovanA) in Enterococcugonfers glycopeptide resistan(@36).

Thegeneghat arepresentinhigte o py number pl as mdTheseallse al so
are now selectablie low antibiotic concentrationsncreasingn number and therefore

increasehe probabilityof new adaptive mutations, eventually leading to higher levels of
resistancg287) Oncethis occurs low-level resistance by amplificatioaloneis no

longer efficiently selected. Sequence amplification provides rapid adaptation to
antibiotics but ievolutionarilycostly(288), and gene amplification is inherentigstable

(289) Fitness costs have been evaluated, and each addikitotzdse pairof DNA

reduces fitness by approximately 0.18280), resulting inamplificationreturningto the

original singlegene status. Recent detailed studiem E. coli and Salmamella
typhimuriumhave showrthat gene duplications in a size range of 216 kbp are

associated with costs on the orderadd.05 1.5x102 reduction in fitness per 1 kbp of
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extra DNA (290, 291) No signal of this transient eventll remain in the genome
sequencewhich is why this evolutionary mechanisnemains underdetecte@92)
However, the high prevalence of antibiotic heteroresistance in pathogenic bacteria is most

likely caused by gene amplificati¢293)

Gene amplification is also a source for the evolution of new func{@®¥) Oncethe
adaptive requirement is ovehe duplicated genwill most likelybe lost orsubjectedo
nonfunctionalizatiorby theaccumulation of mutation&ubfunctionalizations possible,

in which both copies acquire neutral or quasutral mutationshowever,the two
partially functional genes complement each othastly, the acquisition of a novel
function, neofunctionalization, occur$ one of the duplicated copies acquires a novel
(selectable) function whileetainingthe old function in the other cog0, 290, 296
298). Infactthei Oh no 6 s 0d i I ethanifa geeeduplication is selected because
of an increase in the original function of thrggmnal single gen¢henthe copyis not free

to be selected for any other novel function. The dilemozan be solvedwith the
enrichment by selection of the total number of copies under continuous se{@9%n
300). Eventual amplification of a resistance gene might severely reduce the fitness of the
strain, both in the presenaadabsence of the drug it counteracts. For instaaecexcess

of the Tn10-encoded tetracycline resistance proté@ietA, produces a partial collapse of

the membrane potentiad E. coli, eventuallyresulting incell death(301).

Gene amplification alstvas consequences on bacterial chromosome rearrangements,

given thatrecombination between duplicated sequences are expected to produce partial
chromosomal duplications, with negative or positive consequences on fitness but
eventually facilitating access to novel niches where new chromosomal arrangements can

be fixed(302)
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An interestingopicis the role of mobile genetic elements in evolution through polyploidy

or gene amplification. Seheplicating mobile genetic elements control their own copy

number in the host cell. Some of these elements, such as the ubiquitous small multicopy
plasmids, usually present 1180 copies per celPlasmids thereforeepresent a potential

platform for the ned uncti onal i zati on of genes that C
dilemma(303) A high number of plasmiborn genecopies wouldallow bacteria to

explore new functions through mutation while conserving the functional backup of

several copies of the ge&04) I n multicopy, pl asmiitds mi ght
ampl i fi c-#tluced muiage®&d(S05). In addition, a number of plasmids encode

for errorprone polymerases (as DinB in the F9lac plasnimdhulticopy, these plasmids

might increase the evolvability of both plasmid and chromosomal ¢g282s306, 307)
Horizontal GeneTransfer

The genessubjectedto horizontal gene transfer Horizontalgene transfer provides
thetheoretical possibility for each gene of the biosphere to arttecontact with the
genome of any bacterial organisiinere is an estimated %o 102 genes producing
different structural and functional propert{@®, 308) Consideringhat studies on the
intrinsic resistome indicate that the percentage of resistance genes in any microorganism
falls within 1i 3% (31, 38) a coiservative evaluation woulddicatethat thereare 1¢?
different gene#n the worldcapableof conferringresistance to antibiotics, a number
obviously beyond ouanalyticalcapability. Mutationsin many genesould contribute a
resistance phenotype foparticular antibioticForinstance, it has been shown that 135
genegeducesusceptibility to tobramycin iR. aeruginosg309)and therefore are
putative resistance genes. Hypothetically, émermousollection could form a
microbial common goqdrovidingoutstanding collective plasticitp the

microbiosphere. This potential commonality is based on the fact\thatemote
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1435 possibilitiesmight occur, sustained by tlhstronomically large numbef bacteria

1436 estimated to exist in the worl@° cells (310).

1437 Not all genes have the same possibility of being transferred. The number of genes of
1438 foreign origin (putatively acquired by lateral geransfer) can be inferred for each group
1439 of bacterial organisms by considering the core gendneeensemble of genes that are
1440 constantly harbored in all members of the group, typically a spdoiesntrast.the

1441 accessory genome reflects the ensembggenés that have been acquired and retained to
1442 adaptsubgroupgtypically clones) to particular environments. The study of the historical
1443 phylogeny of bacterial pathogerstichasYersinia pestishas shown thahe acquisition

1444 (and loss) of specific genas the basis of bacterial speciatigdll) Nevertheless,

1445 evolution toward antibiotic resistancas a recent event in evolutionary termend

1446 speciation is not an expected outcome of the acquisifiossistance.

1447 In a strict senseARGs (not including wild or mutated genes providing physiological
1448 functions) belong preferentially to the acquired (accessory) class of @&)exl2) In

1449 the genesarried in mobile genetic elements, the proportion of genes associated with
1450 antibiotic resistance is uncertabecausedatabases provide a biased sample of the
1451 species however, the proportioshould be high in clinical isolatg813). Curiously,

1452 diverse broashostrange plasmids naturecarry few accessory gengil4).

1453 ARGs arrivingat a particular microbial organism by horizontal gene transfémout

1454 providing any further adaptive advantage besides resistance might not be permanently
1455 i ntegrated i n t bieenthaéntegrdtian affedssgengreeromanieation.
1456 Transferredgenes are concentrated in ordpproximatelyl% of the chromosomal

1457 regions (hotspotsf315), which is likely one of the keyroles of extrachromosomal

1458 elementan integratingadaptive gene€ven if acceptedhe genesnight beunable to

1459 functionas significant pieces of informatiosiychas providing an antibiotic resistance
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phenotype. Disparity in codon usage between the donorempgient organismgan

influence gene translation efficiency and might impose a fitness cost for the receptor

Gene capture by transposable elementsThere is a large spectrum of related
transposable elementbat are vehicles for ARGsIn addition to resistance genes,
transposonmightcarry other adaptive elements thahhelp in the selection of antibiotic
resistance. Notably, the Tn3 family of transposons can capture (or evolve) entire operons,
with resistancdo heavy metals (sucéis mercury), antibiotic resistance, breakdown of
halogenated aromatiasr virulenceg(316). Heavymetals are the most abundant pollutants
worldwide, and heavy metal pollution hasistorical record that begins with early mining
activities. The earlyacquisition of heavy metal resistance genes thousands of years ago,
asaconsequence of miningyighthavehelpedthe expansion of a specific subset ehg
capture and mobilization elements that néovm the task force inacquiring and
disseminatingantibiotic resistanceas an example of the relevance of contingency in

shaping antibiotic resistance evolution.

Genomes in turmoil: gene acquisition, gne lossHorizontal gene transfer artde
integration of these genes in the host genome is a frequent process in nature, resulting in
a constant and variable flux of genes in bacterial organiSheseffectsof transposable
unitssuchas IS include massavexpansion and loss of DNA fragments, producing gene
inactivation and decay, genome rearrangemantsgenome reductid@82). Howis this
turmoil tolerated? There should be a way of regulatingghe n o moptiha size.
Frequenhorizontal gene transfer leadinggenetic innovation iprobablycompensated
for by highly frequent gene loss, leading to genomic contractwentually gradual but
significant gene loss is compensated for by episodes of rapid gen€3@ain This
process is influenced by the fact that gene loss famt@sgroupcollective actionssuch

as crosgeeding,which requires contiguity, a condition for gene g4#18) It can be
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arguedthat the acquisitio of high pathogenicity and antibiotic resistance islands could
be favored in variant clonal backgrounds having experienced genome reddetiame
reductions generally occur in the accessory genomeaimalsooccurin redundant genes
andgenes that aneo longemeeded when bacteria enter a new host/habitat. An interesting
case is the loss of a copy ah rRNA operon in methicillirresistantS. aureusin
association with the acquisition of antibiotic resistaf3®) However, these reductions
might produce a significant stress and fitness agisen thataccessory or redundant
genes are not fully dispensabénd contribute to cellular physiological comfort,
robustness, and adaptation to enwinental fluctuation§320). Streamlining however,

is not necessarily the best evolutionary strai@gl) OccasionallyJarge chromosomal
deletions might produce a growth advantage in the presence of an antibiotic, as in the case

of P. aeruginosaand meropenem or ceftazidime resistaf3&2 324).

Transferable antibiotic resistance, recombination, and bacterial evolutionDoes
the anthropogenic release of antibiotics and the resulting spread of transferable antibiotic
resistance act as a driver (accelerator) of microbial evolution? Under antibiotic exposure,
genetic promiscuity is expected to increaHee transfeiof resistancgenescontributes
to recombination between different replicons ,acohsequentlyto their evolvability
(136, 325) Mobile genetic elements carrying resistance genes frequently have site
specific recombination systems and MBhose location either in plasmids or in
chromosomes favors homologous recombamgtitherebyfavoring different events of
integration or excision and interplay among different elem@ms22 26 MicrobSpect)
Recombination eventare also expected to contribute to the lelegm adaptations of
resistant populations in changing environments (complex fithess landscapes) interacting

with stochastic epigenetic variati¢d32) This collaboration of antibiotiadaptation and
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environmentah d apt ati on at | arge (the Aevolving toc

the naturahistory of resistant organisms.

The consequences of increasing recombinadfbect the evolution of resistance genes
(for instance, favoring the capture of mutated sequences from a relatedgdas, the

bla andgnr genes)167, 333)

Cells have awide variety of protective mechanisms to limit dangerous recombination
events originated by the acquisition of foreign DNA, even if such DNA might be helpful,
as in the case of antibiotic resistance. Restrictiordification (RM) systems and
CRISPR, frequentliocated in'defense islandsn microbial genomes, are the main post
transfer sequenedirected immunity mechanisms protecting a given host cell from
invasion by foreign DNA, either by conjugation transformation or transdusipa7,

28). In particular, the Wadjet condenstbgsedmobile system is an effective barrier
against foreign plasmid837) Some RM systems specifically limit the acquisition of
plasmids to some pathogessdcaninfluence their clonal structu(@38 339)however,

RM systemms are sometimes acquired as a sel
evolution (340) The mismatckrepair system inhibits interspecies recombination, the
inducible SOS system stimulates interspecies recombinatiog,natural selection

determines the effective recombination frequen(3d4, 342)

DRIVERS OF VARIATION AND SELECTION SHAPING TRAJEC TORIES

UNDER ANTIBIOTIC EXPOSURE

Stress andAntibiotics as Drivers of GeneticVariation

Stressinduced mutagenesis is a main drivebatterialevolution(343) Antibiotics are

notonly selectors but also drivers of bacterial genetic variation. Antimicrobials produce
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stress reactions in the susceptible organisms, frequently-attsbliory concentrations,
duringgrowth phases whichantibiotics are less active or during at leasitively short
periods. Bacterial stress ligely the result ofconflicting cellular signalson onehand,
posi ti veos g opmteebbthersignalsi n d i c a timposgibilitythe@e dir o wo .
Mutation rate can be increased by antimicrobials promothmg stressnduced SOS
response, which modulates genetic instabi{844) Subinhibitory concenttins of
antibiotics then produce stress, and stress induces mutations. Various meclkanisms
account for such a process. First, stress (including antibiotic stress at subinhibitory
concentrations) frequently results in bacterial filamentation and aelpdbyploidy,
increasing the opportunities for mutational eversise(section XXX A number of
antibiotics (mainly bactericidal) cause reactive oxygen species production, which induce
the lowfidelity polymerase DinB (PollV), increasing mutagenesis, asumscin E.
coliwith betalactams(345). Small concentrations obetalactam antibiotics induce the
RpoS regulon, reducingMutS availability, resulting in furthemutagenesis and less
mismatch repairn(346) However, studies of evolvability under antibiotic stress at
subinhibitoryconcentrations consider that these concentrations frequently produce slow
growth and death ipart of the populatigrincreases in mutation rates cothereforebe
overestimated347). Antimicrobial substances, including antibiotics and biocides, might
act atsubinhibitoryconcentrations as inducers of horizontal genetic transfer of resistance
genes in bacterial populatioi348) andamong commensal organisms in the intestinal
environmen{349) There is a neefbr quantifying effective stress levels, occurring in a
window of possible evolutionary rescue betweeneifect and extinction of stressed

populationg350)

Antibiotics as Drivers of Populational Variation
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1557 Animportant evolutionary consequence of antibiotic expodealds the changes in the

1558 population structure of microbial organisms. Evolutionary trajectories of antibiotic

1559 resistance dependn the selectedresistant populationsbecausethe final evolution

1560 depends on the interpldyetweenantibiotic resistancand other adaptive traits of the

1561 strains,suchas colonization of a particular hostegidemicity involving different hosts.

1562 Exposure tovariousii h o st ecotypeso produces evolutio
1563 populationg351, 352) The acquisition of antibiotic resistance occurs in particular clones

1564 thatare then selecteahd subsequently compete wihd eventuallyeplaceothersthat

1565 remainsusceptible.

1566 Clonal replacement takes plateoughtwo main processg$5). The first isexogenous
1567 invasion,in which a resistant clone arrivas a particular hostcolonizingthe skin or
1568 mucosal surfaces, eventualilycreasingits absolute size by antibiotic selection and
1569 displacingother susceptible clones of the samedifferent speciestherebyimplying
1570 local clonal shiftsExogenousnvasion by a resistant clom®esnot necessarily require
1571 antibiotic selection if the clone is wedhdowed with colonization factors. Invader strains
1572 generally succeed when their repmotive numbersexceed that of the background
1573 established strajrhoweverthere are scenarias which theless fit succeed in replacing
1574 the previous colonize(353) The secondprocess leading to clonal replacements is
1575 endogenous conversioAs i n gene conver si mihjscontéxe t er m
1576 means that a successful biological ergiyeady establisheth a particular environment
1577 acquires an adaptive trait present only in pathefanalogous entities coexistitg the
1578 same settingeven in a transitorgnanner.n this caseantibiaic resistancentersinto a
1579 well-adapted, higldensity endogenous clon€lonal shift is much less visibléere;
1580 however,if the dominant clone increasds fitness becausef antibiotic resistance,

1581 minority susceptible clones might be reduced in size dominant resistant clone will
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eventuallyhelp restorea certainpopulationaldiversity by transferring adaptive traits to
its kin, neighbor clonedn certain instancegypically in chronic infectionsn patients
with cystic fibrosig, different clones camoexistwithin the same hog253, 354) The
potential cooperation of these different clones in establishing a poputetsaul

phenotype of antibiotic resistance is a feature that has not been explored in detalil.

Bacterial clones that succead acquiring both antibiotic resistance and wide
distribution are the highisk cloneswhich will be analyzedn greater detailater inthis
review. Theseclones have beetefined as highly specialized antibiotic resistant clones
or clonal complexes (a clone with satellite clonal variants) with enhaaloity to
colonize, spreadand persist in particular environments (particularly hwaaimal
mucosal or skin surfaceslhe clonesire endowed with a diversiof natural or acquired
adaptive traits, influencing epidemicity, pathogenic potengiatl anibiotic resistance
(352, 355) Paradigmatic examplesclude the penicillinresistant clones inS.
pneumoniagin which resistance is concentrated in a few lineages, possibly because
recombination is not constant throughout the overall pneumococcal popuyE&ien
Methicillin-resistantS. aureus(MRSA) probably originatedthrough the transfer of
SCQamecinto a limited number of methicillusensitiveS. aureugMSSA) lineage$357)
however, local invasions by MRSA cannotroded out(358). Similarly, a single clone
named ST131 iprimarily responsible fothe global increasen multidrug resistance
(MDR) amongE. coli (359). These three examples illustrate how clonal expansion of a

few clonescouldbe a major contributor to the spread of antibiotic resistance

Selection forResistantNoninheritable Phenotypes

Evolution of inducibility of antibiotic resistance mechanismsA number of
antibiotic resistance mechanisms are inducilide,theyare expressed at a sufficient level

only in the presence of an inducing agent, frequently the antibiotic substrate of the
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resistance or a related molecule. Clagsiamples of inducible resistance are inducible
penicillinase induction in Grafpositivesbacteria suclasStaphylococcuandBacillus
(360) and macrolide resistance in Grapositive bacteria(361) and Bacteroidaceae
(362) In general, the inducibility of resistance genes at very Isubithibitory

concentrationsupportghe hypothesis that antibiotics in nataemore asighly diluted

deterrent Asignal so bet wtoasnthanpae teal rkitinga | | y ¢ ¢
weapons, that ighey followt he ecol ogi cal pori maxmend ted od u ailai
(363 366)

The finducep effector molecule might be not the antibiotic itself logrtain cell
metabolites released as a consequence of antHomlticnteraction. For instance, the
LysR-type transcriptional regulator AmpR activates the expression of chromosomal
AmpC betalactamase iimany Proteobacteria iresponse to changes in peptidogtyca
(PG) metabolite levels that occur during exposurédtalactams(367). If AmpC is
expressed in strains lacking AmpRu¢h as Salmonelly, the biolgical cost is
unsustainablg¢368) The presence of AmpRotentiatesthe evolution of betdéactam
resistance irPseudomonasan effect prevented by theombinationof avibactam,an
AmpC inhibitor(369). However, other typs of resistance might emerge, includafigux
pumpoverexpressio(B23) In other casesuchas inVibrio, a direct interactiohas been
suggested betwedhe betdactam agenanda sensor histidine kinase, leading to the

induction of betalactamase productia(370).

Two-component regulatory systenf$CS) are involved in a number of antibiotic
resistancenducing processesuchas VanAoperonmediated vancomycin resistance,
which involvesthe VanS protein detecting the signal produceddlycopeptideaction,
thereby activating (phosphorylatinganR, acting on the essential promoter of the Van

operon(371) The TCSmediatedprocesses (and the intensity of inductiomght be
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modulatedby other proteins, termed TCS connectors, by affecting the phosphorylation
state ofthe response regulato872) Mostif not all inducible mechanisms leading to
antibiotic resistance have evolved in the absence of antibiatios, thereforethe
induction mechanism should have physiologeadiregulatory functions. For instance,

the erm gene family encodes inducible resistance to macroliiespsamides and
streptogramin (MLS) antibiotics by producing enzymes that catalyadeSosyiL -
methioninedependent methylatioan adenine residue in the 23S rRNA gene molecule,
resulting ntheloss of MLS binding to the ribosome. The induction mechanism, provoked
by ribosome stalling, involves a change in the hairpin secondary structures of mRNA,
allowing the expression of the methylase. This mMRNA attenuation mechanism is found
not onlyin antibiotic producers but also in many Grawsitive organismgL02), most of

which are nonpathogenic,and Bacteroides(362), which suggeststhat induction
evolution is relatedb bacterial growth physiology, as regulation of protein synthesis and
protein folding(373) Someof these mechanisms (n@nm related) are weakly induced

by MLS antibiotics, resulting in lovevel resistancé374).

Theinducer of the resistance mechanism mightxethe antibiotic butatherthe change

in concentration of a physiological substanadich might occurdue not only tahe

ant i bactomn (assnacsumulation aftea pathway has beelisturbedby antibioticg,

but also as a consequence of physiological processes regulating the pathway. If the
endogenous substance is increafeedany reason at a given time, antibiotesistance

will increase, even in the absenceanttibiotics. In addition toendogenous inducers,
ARGs can be induced by exogenous compowvtigchis the caséor efflux pumps that

serve toadaptbacteriato the potentiainjuries present in its habitéd75), that responds

to bile, present in the gut of the colonized h@376) and efflux pumps from

69



1656

1657

1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

1669

1670

1671

1672

1673

1674

1675

1676

1677

1678

1679

environmental pathogensuchas Stenotrophomonas maltophiliwhoseexpression is

induced by planproduced compound404).

In generalthe mechanism®r the evolution of inducibility aréhought to bebased on

the coordination of economy (fithgspreventing the productigand its consequent cost)

of traitsthat have no function except in the presence of the substratprevshtingthe
deleteriousdysregulation associated with productiGat an inappropriatéimeo in the
cell s physiology. The net result i1Is the p!
with changing environments, with different possible outcor(®s7) However, if
exposure to the challenging agent is frequent, a constitutive (constant) expression will
spare the costs relatégdt he i nducti on ma c hsismofephepotypa oc e s s e
pl as t(378, B79)YPepending on the frequency of the exposure to the challenge (the
antibiotic), either induction or constitutive (constant) expression of the mecham@ism
evolve. Both alterratives are not necessarily orthogonal, and there are some cases in
which they might evolve in parall¢B80) For instance, rapid bacterial killing by the
antibiotic might prevent the survival of inducible cells before induction takes plaese
casesinclude those involving the constitutive production of an antibiatigctivating
enzyme releasenmto the environmentsuchas a betdactamase) by a relatively small
fraction of the bacterial population, actingf@®operatorg able to protect the majority

of A b a c tcheeatardanl close spatiallystructured populationé381) This production

acts agn thecommon googdreducing the local activity of the drug afatilitating the
survival of many inducible cells in the populatidaringearly exposure, which are then
induced andeachfull resistance. The proportion é€onstitutived resistant cooperative
mutants for a particular gerutation ratelasticity), in relation to the cheater inducible

population might reflect these global adaptive needs.
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The bacterial population size (and density) in a given compartment should be a predictor
of the local availability of mutants favoring constitutivgpeassion from inducible genes

and is a neighborhootharker favoring i t lteenmong o o donsequently, cross
signalingcan be expecteldetween quorursensing mechanisms and bactemaitations

or inducibility of antibiotic resistance mechanisms. Efflux psnemtruding antibiotics

from environmental pathogesachasStenotrophomonas maltophili@hoseexpression

is induced by plarproduced compounds is an example fL?4). However,there is

little evidencefor such a putativeelationship. Male quorurrsensing modify the rate at
which a bacterial population mutate to antibiotic resistance depending on their biological
environment(382, 383) On the other hand, exposure to low antibiotic concentrations
results in theselection of quorursensingnegativeS. aureus(384) More recently,
HernandeAmado et alstated thathte evolution of antibiotic resistance is contingemt

the quorum sensing netwo(k84) In general, increases in population density and size

might wellinfluence the variation and fitness effects of mutati@as).

The evdution of antibioticinducible resistance should mirror the costs of constitutive
resistanceTheresistance mechanisnms/olving several geneg386), major epigenetic

constraints, or complex higtost molecules willikely be more prone to inducibility.

There are intermediate solutions u ¢ h  avgeak tcdn&itutiieproduction of the

resistance mechanism onspieci fic i n duAmong ithe lattery syste
inducibility of global stress responses to unspedcificlentifiedattacks might influence

the early survival of specificallyinducible organisms. The hypotiesthat highly

produced protein molecules are more prone to misfolding and could decrease fithess has

not beenconfirmed(387).

In summary, antibiotic resistantieat imposesigh costan most casedoes not appear

to evdve toward an inducible regulatianif the regulation doesccur, however, itis
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because thgphysiological inducibility of the genes involved in the processeaffected
by the antibioticsThe expression ofertainresistance genesnalso be regulatbvia an
antibioticresponsive ribosormediated transcriptional attenuation mechan{&88).

The role of thdiregulatory genonteis probably critical taunderstandinghe evolution

of antibiotic resistancé89)

Selection of persistence and the evolution of antibiotic resistancEhe conceptual
differences between resistance, tolerance, and persistaneebben analyzed in depth
(390) Inresistance and tolerandbeentirebacterial population is involved. Persistence
is a property of a fraction @notherwise genetically susceptible bacterial population that
exhibits phenotypic insusceptibilitfpersistence) to antibiotics, being ablestarvive
(viable) in the presence @ntibioticsat concentrations in which the majority of the
population igdies oft Persistence is spontaneously reversibdaminheritable), sucthat
cells regrown from thesefractory bacteria remamsfully susceptible to the antibiotic
as the original populatio(891, 392) Stress favors the switch to persistenghich is
frequently relatedo the random induction of armone (p)ppGppactivation (393)
Mechanismsnvolving the sensing othe early damaging effectsf antibioticsby two-
component regulatory syster{94) or the processing of misfolded proteiri895) are
also likely involved. However, the persistent subpopulation resulting from such
reversible switcltanbe selected during antibiotic expos(886). Moreover, the persister
phenotyperequentlyoffers protectiorfrom death froma broadspectrum of unrelated
antimicrobial agents (crogslerance). The evolutionary importance of thype of
Aphenotypic selectiono is that 1t might
specific resistance to antibioti¢897), including antibiotic combinationé398), or it
might promote the spread of antibiotic resistance plasift@6) The mechanisms

leading to this phenotyp®-genotype transition might involve bothe generation of
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variation and selective processes. On one hand, s&gssnse programs involved in the
generation of persistence might also accelerate gemodeemutagenesis and horizontal
gene transfef399 401). Persistence ensurembility and henceheability to evolvebut

does not necessariipdicate thetotal absence of antibiotic effects on the Ceilus,
persister variants able to acquicertain replicative abilities in the presence of the
antibiotic should be selected with their heritable changesimmary, there is an epistatic
synergistic interan between resistance and tolerance mutations that has been

experimentally observed in strains evolved under intermittent antibiotic treaioa)t

An important issue in thisespectis how antibiotic resistance evol/én nongrowing
populations. Thenongrowingstatus is frequently a phenotypic adaptation to different
types of bacterial stress, most mediated bysth@gent(p)ppGppRpoS response, in
reaction tonot only nutrient starvation (including low levels of lsan, nitrogen or
phosphorusbut also oxidative, osmoti@andtemperature streqg03) and mostikely
immune (phagocytosis) and antibiotic strgd94) Bacteriostaticdrugs producea
nongrowingstatusthat pushes he cel |l ul ar machinery-to
replicating conditionsGiven thatenvironmental conditionéincluding antibiotics and
other stressojsnduce the same set of responses involving similar regulalblsading

to anonreplicatingstatus, a general core hormetic (ddspendent) stress response has
been propose@05). A nongrowingstatus might increagbe mutation rate anthereby

the selection of mutabnal traits under antibiotic exposu(404) In the adaptation to
antibiotic exposure, there is a conflict betwesmninheritableantibiotic protection
associated witmongrowthandthe selection of genetic mutanta/hich is of particular
relevance in antibiotics stoppintpe growth rate guch as ribosomal inhibitorand

numerous others at subcidal concentrations). Howevernongrowth is somewhat
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heterogeneous in bacterial populatiopsviding an intermittent chance of evolving

genetic resistance.

The evolution of antibiotic tolerance, eith®rincreasing the drug concentration that the
bacteriaare able to tolerate or increasing the proportion of tolerant variants, is an
interesting isuethat has been scarcely investiga¢@d6) The number of genes involved

in bacterial tolerance (the tolerojrie larger than the number of genes identified for the
resistome, suggesting that the evolution of increased tolerance might evolve even faster
than antibiotic resistand@90) Consequently, thguestion isvhethertolerancereduces
resistance or favors survival under antibiotic (potentially mutagenic) expadiseareby

increasing antibiotic resistance.

Selection ofAntibiotic Resistance

Antibiotic selective concentration gradents in time and space: concentration
dependent selection and multivariate landscape$here is a correspondence between
antibiotic concentrations and the selection of bacterial genetic variantganiiis
levels of antibiotic resistance. Lelevel antbiotic concentrations, including those
subinhibitoryconcentrations reducing the bacterial growth tat@ certain extenselect
for organisms witlbothlow and highlevel resistance (i.eMIC values). High antibiotic
concentrations select only for ordams with high resistancbecausehose with lower
levels are inhibited or killed. However, the consequences of these selective forces might
differ. The number of very lovevel resistance mechanisms (many derived fgeme
mutations providing housekeeping functions) are only revealed at very low antibiotic
concentrationswhich increasethe bottleneck to lovlevelintermediate rangeandthe
numberof genetic lowlevelintermediate resistance mechanismbich,in any casge

are more numerouban those providing higlevel resistance. With strong
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bottlenecking, strong selection fafew mechanisms is expected to oc(246, 407

408)

Subinhibitoryantibiotic concentrations might increase cellular stress and the mutation

rate. Thuslow-level antibiotic concentrations are expected to sel@tterousompeting
beneficial variantslikely preventing the effective selection the more evolvable ongs
thoselikely to increase theiresistance levelshe evolvability of a particular bacterial
lineageandthe possibility ofachievingfixation is greatly influenced by its coexisting
competitors(409, 410). Low-level antibiotic exposuréikely spares many susceptible
cells, resulting in a low effective strength of selectioow selective force mighéven
compensatéor the mutational consequences of stieskiced populationét11) Fewer
resistant variants athereforeexpected toemergaunder exposure to higlevel antibiotic
concentrationshoweverthose variants/ould have highlevel, highly specificgesistance

mechanisms.

In the real world, bacterial populations are exposed to antibiotic gradients, the

consequence of émo | e c diflustos i a continuous space. When antibiotics are

administeredo a particular hostsichas human patientndlivestocR), there is a wide

set of gradients of antibiotic concentrations in the tissues and mucosal surfaces, and

bacteria aresubjected toa diversity of concentration§412, 413) The release of
antibiotics in natural ecosystems through wastewater fuelpandsthe range of

antibiotic concentrations that bacteria aamcounter(see beloyw Each concenation

(each point in the gradient) should be able to inhibit the population susceptible to it and

to select the organisms able to resist this concentration; hovintkerup the gradient,
these organisms might be inhibited or kill&tieselection of garticular variantherefore
takes place only in a dwi ndo wconzdntratore |

gradientsallow for the selection of different bacterial mutants at different pantthe
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gradient, a procedsrmedfi ¢ 0 n ¢ e +eépendens eolne 414, 4186) Competition
between variants mighthereby be spared(416) Concentration gradients create
Aenvironment al (265) which,avhen odd nvferrsnttegydd wi t h
di ver si tyo chablddleerecse selaction of edrticutar, variants with even
small phenotypic differencesnabling astepby-step evolution from low to higlevel
resistance, favored by gradient shi264, 412, 416, 417)n nature, fluids might force
bacteria to favor ompposegradients; convection into areas wikligher antibiotic
concantrations might increasethe selection of resistant mutan{d18). In particular
environments€.g.,soil, soikwater currenfsandphysical structurege.g.,natural clays
andmicrofiberg might alterthe bacterial cell membranesdfacilitate the acquisitio of

resistancg419)

Oncethe highlevel resistance trait is acquirgaarticularly innonstructuregpaces
where high antibioticancentrations are frequently pregente can expect an increased
invisibility of the mutations influencing the first adaptation to low antibiotic
concentration$420), which now become irrelevanThereforetheir adaptive costs are
minimized by backnutation or gene replacemehRbr cases in which this higlevel
resistance mechanism is unavailable and in the presencetobrsieep gradients, a
collection of lowlevel mechanisms might produaenighlevel resistance phenotype,
suchas in the case of carbapenem resistanée aoli (421) Low level mutational
resistance to carbapenems (in cutermbrane proteins or in PBPSs) facilitates the

acquisition of a adapenemase gei@22).

However, in structured (compartmentalized) spaces, the release of high local antibiotic
concentrations will necessarily produce a space with low concentrations, and selection
for differentresistant variants expected to occur across a stable gradiena resulof

diffusion laws, the space covered by low antibiotic concentrations wakrger ovetime
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and mucHargerthan thespace coveredith high concentration&65). Therefore, local
antibiotic exposure in copartmentalized spaces migit fact pr od u dwncha i
selectioro e firi vehichiallelic variants ofvariouslevels of antibiotic resistance are
selected as group or cluster inneighboringspaces This spatial proximity and the
possible gradient fluctuaions facilitate crossecombination between independently
selectedvariants. Everat very low antibiotic concentrationstochastic clearance of

bacterial populations might occ(#23).

A relevantissueis the concentratiorat whichthe significant gradient fathe antibiotic
effect begins to act This concentration will dependn the minimum selective
concentrationwhichis much lower thathe MIC (58). Selection will resulirom several
pharmacodynamic functions, including the Hill functiovhich describeshe shape of
the bacterial growth dosesponse curve(16, 424) This minimum selective
concentration catve comparedwith the fiminimal effective antibiotic concentratio
(MEAC),, which isthe minimum antibiotic concentration able to produaey effecton

bacteriale.g., byacting as a signand byinfluencing metabolism(363, 413)

Specificantibiotic concentrations along gradients might alsacartducethe expression

of resistanceanechanismsincluding chromosomadnd possiblyplasmidmediated beta
lactamase$425) In other casesuchas in antibiotics acting on ribosomes, the u g 6 s
effect at certain antibiotic concentrations might produce alterations in complex gene
regulation leading to bistability,i.e., bifurcation of a genetically homogeneous
populationinto two subpopulations of different phenotypes (susceptible and resistant),
favoring the selection of the resistant or{é26). The spotted selection by particular
antibiotic concentrations ikighly dependent on the variant growth rg#26) the
antibio t i pharmacodynamic§181, 427, 428)the therapeutic regimer(@29), and
possiblyother host factor&430)
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Antibiotic gradients not onlyary overtime butarefrequently embedded in other variable
gradients, due,for example, tahe presence of other antimicrobialsd other selective
attractors, producing multivariate extended selection lands¢dfé$ In these cases,
selection occurs because of an integrated (but heterogendoial) gelective forcén

which the selected effects of traits or evolutionary individuals respond to thisafieed
figlobal fitnese Additive genetic variances and covariances of phenotypic traits shape
this global fithes$432). The representation of these integrated multivariate landscapes is

a challenge for determining evolutionary trajectories in antibiotic resistance.

Theiwi cked probl emo of modern antibioti
antimicrobial selective pressure.How hasthe history of antibiotic selection, based on
the sequential discovery, use, and release of antimicrobial substances, influenced the
evolution of antibiotic resistanc&¥olutionarytrajectories are historical events resulting
from descents over time withodification at given time®ast events a given historical
momentwill occasionally (buhot necessarily) influence future even#&ntimicrobial
selective eventaodify the bacterial worldinfluencing theentire hierarchy ofunits of

selection(61).

Theearly 20" century (19101945) sawprofound physical and social changesluding
troops mobilizationgn two world wars, workeandrefugeemovementsthe emergace
and development of big pharmatensive farming, extensive miningndthe growth of
thefood industry During this period, the world also enduredssive industrial pollution
and ecosysterdamagewith the colossal mass production and applicatiorsyrfithetic
antimicrobial agents in humans and animéds prophylaxigantiseptictherapeutic
purposes a situationfrequentlyignoredas a factoraffecting the future evolution of
antimicrobial resistance. Antibiotics had in fact been employed sinaaith&940s in

human and animal medicine in thedstof a massivéncrease in the production ahti
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infectives(433 437). Fromthe late 1910s tdhe late 1940sa plethora of old and new
antibiotic and antiseptic compounds weaignultaneouslyand massivelyemployedin
crowdedsettings such as troops in the military, livestock tarms, andpatients in
hospitals By 1907 Paul Ehrlich had already identified hdwypanosoma brucdiecame
resistant to the trypanocidal activity of pararosaniline (arsenic), one of the 605 compounds
analyzed beforalevelopingSalvarsan in 1909438) However,the first example of
antimicrobial restance in bacteridates back t4924 when an arsphenamimesistant
strain ofSpirochaeta pallidavas documented in a clinic Germany afteprolonged use

of arsenicals fotreatingsyphilis (439) Similar observations wemadein France and
the US insubsequengears, and antibiotic polickdeganby cyclingthe antibioticswith
other therapeutic optionsychas mercury and bismuth saltsicreasinghedosage when
necessary440) Sulfonamide resistance alsmergedsoon aftet h e  dcommgréiad
release in 1935as reflected in reportsn pathogens causing severe diseasesh as
Neisseriameningitidis Streptococcus pyogenés aureug441) and many other species
after the end ofWorld War 11 (442, 443) Penicillin resistance was documentedSin
aureusin 1942 (444) and at the time wa®nly demonstratedh vitro in streptococci
(mutant selection{442). The anthropogenic use of antimicrobials includes significantly
heavy metals;in particular, copper and silver saltswvhich have been historically
employed in treating surgical wounds,postpartumvaginal tears and gonorrheal
infections Mercuryand tellurite salteandarsenatefave been employed to tresgveral
infectious diseases. Therganoarseniccompound arsphenamine (Salvarsamas
introducedn the1910s andvas the first effective treatment for syphilis, the starting point
for chemotherapyCopperand silvervessels have been employed &drleast three
thousand years to decontaminate water and {dd&) The translucentwhite, and

colored glazes of ceramic vessels and kitchenware might also release antisepti
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1903 concentrations dhelead, cadmium, chromiunandcobalt(446) Interestingly, many of
1904 t he Amoder no pl asmi ds (and t ranmpans ons)
1905 determinants encoding for heametal resistancdeading to the speculation of whether

1906 the selection of these replicons predated the current antibésigtant mobilome.

1907 The history of modern antibiotics svenmore relevant tour understanding athe

1908 evolution of significant resitance genegl). Syntheticdyes and sulfonamides were

1909 subsequentlyntroducedfor treatinginfections followed by penicillin streptomycin,

1910 tetracycline chloramphenicol, kanamycin, and neomy¢#®7, 448) all of which

1911 selected for organisms carrying genes able to detoxifydheusantibiotic agents. In

1912 terms ofthe evolution of antibiotic resistance, the important fact is that these genes remain

1913 presentaremostly intact andarestill prevalenttoday, despiteheseolder drugsbeing

1914 replacedby novel molecules h at over came t ImechagigsFe6s r esi
1915 instance, the sansil genes areurrentlypresent in integrons, despgalfonamidesiot

1916 being widely employed.ARGs might eventually provide some adaptive advantages

1917 unrelatedo antibiotic resistancesuchas in the case of tetracyclinesistanc€449, 450)

1918 Thereducectlinical use of particular antimicrobial agents does @osurea reduction in

1919 the prevalence of resistance gen@$l1l) There are severalexplanations for the

1920 persstence of resistant phenotypes in bacterial popula{@s2, 453) including the

1921 periodicreplacementvith resistait clones(454) This apparent fdAbacteria
1922 Dbehavior facilitateghe evolution of multiresistance by genetic capitaligime concept

1923 that resistant bacteria tend to becreasinglyresistant (see Section 4.4.3 Genetic

1924  capitalism).

1925 As to whetherthere are particular antibiotics or groups of antibiotics more prone to
1926 pushingevolution to higher resistancee should first consider thantibiotics whose

1927 resistance genes are present in widespread mobile genetic elements contribute to the
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1944
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1946

1947

1948

1949

1950

1951

selection of thesednsmissible units, eventually carrying other resistance genes. Plasmids
containing blaTEM-1 are ubiquitous in bacterial pathogens; the overuse of
aminopenicillinsmight havecontributed to the recruitment in these plasmids of genes
encoding resistance tahitd-generation cephalosporins. Second, antibiosetect
resistance genes or their varigmgomoting high MICsn themselves and other related

drugs,suchas ceftazidime and CTXI andVIM betalactamases (see later).

Genetic capitalism: resistanceraits, global fithess, and evolvability tools The
tebmi genet i ¢ caatpiotit rasistarceméfersi tathe capability of organisms to
accumulate resistance mechanisms, either via mutational or gene acquisitiorserzénts,
that the acquisitionfa resistance trait facilitates the acquisition of further resistances
the richtendto become richef60). This concept can be illustrated in thecentknown
cases of MRA, multiresistant pneumococci, vancomycesistant enterococci,
extendeespectrum betdactamase, and carbapenempseeducing Enterobacterales.
Genetic capitalismenlargesthe field of selection(through multilateralantibiotic
selection) under antibiotexposure and hdikely influenced thencreasegrevalence of
MDR pathogensand the spread and maintenance of resistance genes among

environmental organisms andmmensal bacteria, including those of normal microbiota

Genetic capitalism might work without antibiotic exposure. Organisms with mutations
leading to reduced antibiotic susceptibility frequently emerge during the process of
adaptation to particular growth conditio(i2) Adaptationto environmental changes
generallytends to increase the number of enriched bacteria in mutational traike (or
acquisition of foreign gengswhich might facilitate antibiotic resistance. Similarly,
bacteria under antibiotic exposure or ungeneralsituations of stress or adaptimeed

can be enrichetly evolvability tools,e.g.,the acquisition of mobile genetic elements
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(from plasmids to insertio sequences), which might serve as sculptors of antibiotic

resistance complex determinants.

Pharmacodynamics and selection of antibiotic resistanc®o the bactericidal or
bacteriostatic effects of antibiotidsave any influenceon the frequencyspread and
evolution of antibiotic resistance? Many ARGs in natural populations correspond to
bacteriostatic antibioticguchastetracycline chloramphenicolmacrolidelincosamide,
and sulfonamide.Among the bactericidal antimicrobials, only genes defgixg
compounds acting directly on physical cell structratherthan processg¢sappeato be
less prone teontributingto the emergence or selection of resistance genes. For instance,
the evolution of resistance to antimicrobial peptides, includingé involved irmhuman
or ani mal host ¢ sppearstn laet searcalynafiective465y The
differentiation of antibioticsnto bacteriostatic and bactericidal is extremely dependent
on human criterialn addition topharmacokinetics (available antibiotic in contact with
the bacterial ce)] numerous factors modulate the cidality of antibiotstghas cellular
responses, the expression of SOS and RpoS systems, the effect of reactive oxygen species,
andmetabolic and environmentally regulated adaptat{4s6) Hypothetically, less cidal
antibiotics could preserve susceptible populatiose than stronger cidahntibiotics
however, high cidality should reduce thee | pbs8ilsilities ofadaptingto the antibiotic
challenge. In addition, many bactericidal antibiotics are bacteriostatic at low
concentrations, as those that are expected to occur in the long tale of gréditrmits
treated patientand inenvironmental settingé&cquiredantibiotic resistance meahisms
are asapparentlyequally numerous for bacteriostatic and bactericidal antimicrobial

agents.

Strategies ofantibiotic use and evolution of resistancecollateral sensitivity,

collateral damage Antibiotic resistance is correlated with antibc exposure(457,
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458) A number of mathematical models suggest that reducing the rate at which
individuals are administere@ntibiotics is more effective than reducing the treatment
duration(459). Thedominant intervention®r changinghe threatening landscape of the
emergence and spread of antibiotic resistainctude strategiesfor antibiotic use.
Interventionsagainstthe emergence and early evolutiah resistancenave particular
interest for individualpatients. Once resistance haxurred,however, preventing the

i s p r lkeeothégthe main target for protecting society from resistar@embination
therapy has demonstrated efficacy amahg successfuimethods foremploying
antibiotics to prevent emergence and early evolufidre alternating use of drugs (in
which different drugs are cycled during treatment) has been shown to slow evolution by
constraining the mutational paths toward significant resist#6e) However, this
strategy is less effective thahe simutaneous administration afrugs suchas in
bitherapy and multitherapy461) A promising complex approach tdecelerating
resistance evolutiomicontrolled evolution experiments is the sequential use of pairs of
antibiotics particularly when the resistant bacteria present collateral sensitabty

discussed belo\{B24, 462)

In particular, the strategiger employingdrugs in closed environments.g., farms,
hospitals and longterm care facilities) have been theoretically and experimentally
evaluated The fAcr op r463)ia similarnothe élterratinglgiy Wse in
individual patients,cycling various typef drugs ina patientgroup(e.g.,in the ICU).
However, theoreticahndin vitro fi ¢ y ¢ Imiodelg areunlikely to reduce either the
evolution or spread oéntibiotic resistanceThe other option isfi mi X iimvghich
different patients are treated wiarioustypes of drugghat might be more effective.
(464, 465) The timing oftheficyclingtime schedud gwhen the second drug replaces the

first) might be critical; rapid replacements or even random replacemégits be more
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effective than conservative switch€d66) The adaptation of prescriptions and
therapeutic schedules to the lopadistance landscape (provided by surveillance studies)

could beeffective(467). Thetreatment of all patients witlhcombination of antibiotics is

in most cases the optimal treatment strategy both for the patient and the(486up
fiMultidayc y cl i ngo wi th anti biotic coidsshovent i ons

promisein mathematical modelgl68)

In terms of the combined or successive use of antimicrobial agents, the field of collateral
interactions (the effects of one antibiotiodifying the effects of others) has attracted
interestover the last decade. Mutations thatre shown to cause MDR bacteria
simultaneously enhanced sensitivity to many other unrelated drugs (collateral sensitivity)
(469 471) These effects are essent@linderstanding the evolution of resistance to-beta
lactams plus betklactamase inhibitor§72, 473) Different cdlateral effects (collateral
sensitivity and crossesistancehave been shown tevolve in parallel experimental
replicate P. aeruginosapopulationssubjectedto betalactams and aminoglycosides,
frequently by mutations in regulatory geriég4). Interactions between the effects caused

by severalcombined drugs might favor suppressive effedtsfiore is les8 )over
beneficial ones such agnhanced killing(475). Antibiotic-resistant baefria tend to
increase theirsensitivity to antimicrobial peptideg476), including colistin and

polymyxin (477)

Resistance dynamics in the presence of diverse antimicrobial agents and
antiresistancestrategies The evolution of antibiotic resistance frequently occurs in the
simultaneous or fluctuating presence of several antibiotics in the same host or
environment. Experimental evolution studies have revealed that lineages exposed to
combinations of different amiotics evolve a different allele dynamic than in the case of

exposure toa single drug(478) Mutations withouta resistance phenotype might
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2045
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2047

2048

2049

2050

modulate the activity of a resistance enzyme to fatditactivity to two different

antibiotics(479, 480). Many of these phenomena are explainedhgyphenomenonf

antagonistic pletropy or collateral sensitivity (see above). The resistance dynamics in

the presence of different antibiotics is also influenced byltheu gffects onthdr o st 6 s

microbiota, creatingiopportunities forthe colonizatior of resistant variants of each

single drug.In general angbarticularlyin high-risk epidemiological situationsowever,

there is anclear needfor associating all available resources to limit the spread of

resi stance,

and strategie&81).

Abreaking

barrierso

ame)ng anti

THE ECOLOGY AND TOPOLOGY OF EVOLUTIONARY TRAJECTORIES

OF ANTIBIOTIC RESISTANCE

Trajectories and Fitness Landscapes of Antibiotic Resistance

In the classic fitness landscape metaplkégure 4)developedoy Wright (482), which

essentiallypersistsin modern computegenerated landscapethere isa

fihori zont al

p | a (wihdifferent genotypes representey inary sequences of two types of basic

units) anda network of possible mutations between the genotypes forming a hypercube

graph. The fitness (reproductive success) of each of these genotypes is represanted by

corr es pon ddantheverfichl ais. lop this plane, the binary (0/1) representation

shows the absence or presence of two different alleles of a gene or a particular point

mut ati on. Ot her

Abeyond the hypercubeo con

binary representations batso4 (nwcleotides) or 20gmino acidy alternatives, might

produce more realistic landscapes, with higher possibilities of finding trajectogamto

accesso fitness peak&83).

How many
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plane?In terms ofnucleotides, one of the organisms with the smallest genome, the
ProteobacteriaNasuia deltocephalinicola(112,091 nucleotides) can reach ®¢P

genotypeg483)

Natural selection forces populations to follow evolutionary trajectat@syuphill steps
of increasing fithes$482, 484) The important issue in the predictability of evolutionary
trajedories iswhen there ionly a limited number of trajectories available, travelling

from distinct adaptive peaks to reach a final optimal genotypic @8¢ (Figure 4)

In multipeaked fitness landscapes, as in real environntlesitsnight be highly variable

both in space and time, evolutionary trajectories necessarily should be able to cross
valleys, with low fithess and a certain risk of stasis or ektin of the evolutionary
objects. It is widely assumed that mahigot most adaptations are associated with trade
offs, such that changes in traits that increase fitness in some environments or situations
are deleterious in other environments or situe{@d86) For instance, a resistance gene
can help the host strain climb high fithess peaks during thetapthe absence of
antbiotic exposurehowever this gene might lead the organisnto a valley, resulting

from ageneburden for the cell physiologyrhechanging dynamics of fitness landscapes
constitute the main condition of evolutionary chang®@scasionally,the mutation
providing access to the most efficient fitness peak in terms of antibiotic resistance is
suboptimal for metabolic activities, and the besitant is the one that climbs an
intermediate fitness peak for resistanggintaining themost metabolibased fitness

(487)

In some cases, survival in valleys might facilitate climbing the next fitness hill. Initially
deleterious mutations (sinking the strain in the valleyyhhiserve as gateways for
otherwise relatively inaccessildeeasf sequence spaces, which might result in positive

epistasis with other mutations, thus facilitating uphill trajectories, as observed with TEM
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15 betalactamas¢488). As recognized by Sewall Wrigl§#89), epistasis can also cause

the fitness landscape to possess ridges and valleys that constrain the ability of evolving
populations to reach the genotype of highest fithess. Rstance, antagonistic
interactions are not infrequent and tendé¢oelerat¢he pace of adaptatiqd90). fiLong-

term advantageoosbut at first sight deleterious mutations can beedi in small
populations, and even slightly deleterious onas also be fixed in relatively large

populationg491, 492)

Giventhesepotentialadvanages, sufficiently large bacterial populati@asicross fithess
valleys whichis probably not the case for smpltbpulations(493, 494) Probably but
easyto-reachbut smallpopulation variants located in valleys have oalgmallchance

of finding smal/| i p e a kasgerpoputatiots, thaveverghighit n s i d e
attempt to scale thelopes of higher fithess pealksis possible that competition might
occur between simple and complex evolutionary trajectofiesugged landscapges
simple trajectoriesendto exploit the immediateasyto-reachfitness peakin doingso,
however,access to higher peaks might be hampered. In the presence of high population
sizes, the fixation of beneficial mutations takes longer, and the genetic diversity of the
population $ maintained, favoring the collection of adaptive mutants and their
interaction, potentiating the population to climb higher peak&sbychastic tunneliray

(495, 496) In any caseye stress hertiei mp o r t abuedancainfthe @volution of
antibiotic resistance the organisms presengngater population abundantave a

greater chance of finding effective evolutionary paths to increasestance.

Trajectories and Flows in Free-Energy FitnessL andscapes

The biological local optima (higher fitness) are frequently represented as pedhks

fitness landscape powerful metaphofalbeitan anthropocentric viewgiven that our
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evolutionary units are naubjectto gravity) indicating that climbing peaksrepresents
successHowever, fitness landscapes are not always depittisdway. The fithess
function corresponds to the concept of deptial or energy function in physicé
contrast to the conventionapresentations in physics and physical chemistry, including
proteinand RNA evolution: higher fithess isnsteadassociated with lower altitude on
sequencespace landscapé497i 499) The rationale has a thermodynamic base: the most
stable (high fitness) configurations are thassociated witlthe lowest free energy local
minimums(500). As stated early in this review, evolution is a stresfucing trendThe
lowestfree energy can correlate withe lowest stress. Theelationshipbetween stress
and changes in entropy (stress entropic load) has been dispusgedsly(501). In this
typeofi nverted f i tvaleysdescribaavausonaaydrajectories leading to
increased fitness, and even funnels in the soil of the valley might direct the trajectory to
profourd fithess.The advantage of this representation is thaelps pictureadaptive
trajectories as flows, wheras in naturgthe density of the flowing unitselps overcome
obstaclesthrough the highetfitness basins of attraction. These obstacles in fact

correspond to the fAevolutionary constrai

Evolutionary Trajectories in Crumpled Landscapes

The standard bidimensional and tridimensional represensadf fitness landscapes have
contributed to the understanding of evolutionary trajectoridewever these
representations are insufficiefdr imagining extremelycomplex trajectories crossing
deep fitness valleys and spaces whenfitness peaks argpaced far apart. However,
imaginesmoothing outhe creasesausedyy crumpling asheet ofpaperinto a ball. The
result is a wrinkled texture witfipeak® and fibasin® formed by the confluence of
creasesyhich resemble fithess landscape. These irreygiilles were (probably more

pronounced) in the paper sheet before the ball structure was disturbed. However, the
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fitness peaks that are distdrdm each othem the smootheebut state can be spatially
closein the crumpled forn{Figures 4 and 5)neaningthat a particular genotype has
access to increased fitness in another peak apparently inaccessible in a flat lamtscape.
numberof adaptive fithess peaks is proportional to the number of genotypes analyzed
(which is higher thanthe binary trait3, asis the case witltomputergenerated fitness

landscapes, and to the number of selective forces present in a particular landscape.

In general, fithess landscap#salwith adaptation to a single neezld.,a certain level of
resistance to a particular anaitic). Varying antibioticconcentrations across a gradient
might produce multiple peaks because afconcentratiordependentselection of
genotypeq414) In nature, genotypes are challenged by a diversity of adaptive needs
located in thefisame landscape, sp thatfithess pointsacross the landscape are
represented by multiple peaks, sometimes combined peaks, determining accessible
evolutionary path§502) These multimodal peaks frequentiypducea rugged landscape
where thefiecologyd of various genotypesare representedFrom the reductionism
imposed by the scientific method, there are aneashe real worldwith a high
consumption and/or high heterogeneity of antimicrobialsaebusconcentrationsyith
different types of hosts witldifferent microbiomes. The resulting fitness landscape
should have more adaptive peaks and deletebasims and theicrumpled bath should
better reflect the possibility of a particugre n o t y p et@hsghea corobinedditness

for different need¢503) Therearenoi Dar wi ni an demonso abl e
all environmentg504), but the emergence of higlsk bacterial genotypes combining
multiresistance virulence, colonization, and epidemigenicity might result from the
confluence of fithess peak€omplex environments that amore demanding and
stressful should produce more peaks and baswtich can be represented by the

compressing, squeezing intensity exemedhe crumpled paper balDespitethe high
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complexity of the resulting | andscape,
global quantity. Theevolution of damage in crumpling dynamics can largely be described
by a single global quantityhe total length of creas€s05) The physics and complexity

of crumpled balldhavebeen studie@06)but not its evolutionary applications.

Genotype byEnvironment Interactions: Environmental Merging and Coalescence

of Microbiotas.

A high frequency or random changes in the bacterial genome have consequences on the
fitness of bacteria in different environments. In a classic study, individual random
insertion mutants dE. coliwere assayed in four different environmeatslfound that
approximately40% of the insertions yielded different fitness effects in the different
environments, showing that genotypgenvironmentinteractions are commofb07).

There are environmesspecific mutational fatedigand binding a mutant enzymeor
protein staility can result in differing bacterial fithess across environmeli&08).
Different environmentse(g., water bodies, farmsyrassland, foresoil, the insideand
surface of animals, and hospitalized patients) have different resistomasd the
evolutionary pathsowardsignificant resistanceandiffer significantly(51). An essential

goal of research in antimicrobial resistance is to quantify the risks for antibiotic resistance

of environmental overlappin@.36, 509, 510Q)

Merging resistomaich environments provides a wealth of possible new operative
material (genes), vehiclesuchas mobile genetic elements), and genetic partners, able to
produce unexpected evolutionary trajectories. The strong-eneg®nment mobility of
ARGshas beerdocumented78). Genedrom the environmental resistomsuthas SHV
betalactamases) have intertwined evolutionary histories with those of clinical origin

(511) It is essential to understand and control the situations in wiichans and
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particular highrisk animals have an interactive ecology (including food), particularly for

multihostpathogeng512, 513)

The coalescence aficrobiotafrom humans, animaland environments, ants possible
effect on the spread and evolution of antibiotic resistanceduantly beenreviewed
(514) Microbiome merging515)has beemacilitated by recent world globalization, with
deep sociodemographic and dietary changes in human populaaotsularly, by a high
density of food animals with their microbiomebgre are currently approximate®a
billion chickensand 770million pigsin the world). There has also begistrong decline

in animal diversity, which can be attributed to the human (artificial) selection of a small
range of animal varieties of economic interégicrobiota might thereforecirculate
among almost identicanimals without the ancient constraints imposed by the different
animal varietieg514) In poorly sanitized regiong particular,resistance genes can
spread through untreated wastewgaetibiotic exposurean resulfrom treatinghuman
infections,and anbiotics are employetbr farming purposesll of affectthe abundance

of ARGs in environments where animaBna c qui re Ahuman micr obi
(see beloyx Humanfecal pollution can be traced by detecting sequences of human
microbiotaspecific plagessuchas the crAssphad&16) Converselyglose contactvith

farm animals might also modifthe human microbiomé517) As we will discuss later,
coalescence oficrobiotas ensurethe wide circulation of mobile genetic elements,

providing opportunities for the spread of the mobile resist@ha)

The Role of Environmental Heterogeneity

All elementsthat affectthe evolution of antibiotic resistance.g.,genetic and protein
seqguences, genes, proteins, protein complexes, mobile genetic elements, clones, species,
bacterial communities) are locatedspacesTheirposition in space will determine their

interactve network and consequently their possible evolutionary trajec{®&l1&3 The
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interactive networks between evolutionary units involved in antibiotic resistance are

frequently described dsaving asociobiological nature arefesometimes modeled with

game theory toolé519).

Sociobiology depends on neighborhood, the relative position of the elements in space.

The influence ofi p o s i t in lbaaotéria gvolution has been well documented in the
cae of densg surfaceattached spatially structuredbacterial communitieq520).
Selection of particul ar v ar heaspacesandwnotlinl
others.Geneticvariants might selbrganize in the spacproducing an adaptive radiation
to find neighbor nicheg21), eventually leading to a functional division of lal{622)

This is expected talsooccur in longterm batch culturesahere there iso passagef

occu

cells), in which the bacterial effects increase the heterogeneity of the environment,

resultingin a multiple adaptation with coexistence of diffet variantg523)). Therates
of environmental fluctuation might modulate the level of radiatmonovel nichesand
competition between variants and the

attractor limiting diversificatiorf205).

The importance of positioningppears cleam subcellular molecular topologylhe
evolution of proteins involved in antibiotic resistance dependBainlocation inside the
cell, their intracellulamndpericellulardiffusion, and thdocal random obstacle networks
(524). Recenstudies imMicontact genomics s u thay ENAtevels the locapossibility
of collisions between segments of DNA molecu{exluding plasmieplasmid and
plasmidchromosome interactiopsrecritical to shapingevolutionary steps and hence

trajectorieg525, 526)

The case oplasmidinteractions is indeed essential in antibiotic resistagsen that
resistance geneasseplasmids as vehicles to spread across bacterial populalibes.

sociobiological evolution of plasmid interactions to becomessident in the same strain
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by regulating their replication strategies and their ampyber(527)is a major factor in

resistance gene promisculity.

Regarding particular bacterial populations and communities, the metacommunity
framework indicates that local gesidence, facilitatinthegeneic exchange of antibiotic
resistance, depends on the outcome of local species interactions and migratahs.

S p e ccoegigendce and exclusion within the multiscale and multispecies context within
metacommunities should necessarily influerite evolution of antibiotic resistance
which will occur in spatially close colonization areas. In general, coexistence in joint
ecologicalevolutionary models requires low to intermediate dispersal rates that can
promotethe maintenance of both regional speciesl genetic diversity528). Physical
interactions are favored when particular organisms are located in the rscinee
neighborhood (osharesubniches in a single nichandin close neutral spac€s.g.,
niches in the mucosal intestinal membranes and neutea erécal conteptWith weak
dispersal separation, both neutral and nichged interactions are mutually amplified
(529, 530) Migration should increase the impacttbie horizontal transfer of resistance,
which would be limited in areas of replication, where vertical transfer predominates

(531)

The consideration oénvironmentvariability in bacterial evolution is illustrated in the
sourcesink dynamicstheory. A bacterial population can find an optimal patch in the
environmentin which to replicate a patch that is then convertedinto a source of
organismsln the spatial vicinity of this source pattherecan bgopulationfreepatches
thatscarcelyallow for growth or everleadto a negative growthate. These areaare
known assink patches.Given the population density in the source, a number of
individuals are forced to move (migrate) from the source to the sink, whichecan b

occupied even without facilitating growth. However, if we consider a more complex
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2250 landscapedquchas the one creatday the presence of two antibiotics), the source patch
2251 for resistance to one antibiotic (where resistant bacteria proliferate selectiigly)

2252 eventually be a sink patch for another one, typically when antagonistic pleiotropy occurs
2253 (resistance to one antibiotic means more susceptibility to the other). Under these
2254 circumstances, the frequency of migration favors the evolutionary speedilmbtic

2255 resistance minimizing the costs of adapta{i4il).

2256 Even considering a single drug present at diffevaniable concentrations ingradient
2257 or neighboringspacessourcepatches might be able to produce guatchcolonization
2258 (532) The fitness variability of the environmeritequently changes, albesiowly,
2259 produci ng a n (B8 Theggduality bf theohangesight havalifferent
2260 evolutionary consequencdg834) particularly influencing populations witktanding
2261 genetic variationfor instance, faster environmentdiange favorgixation of multiple

2262 alleles of small effeaf535).

2263 A theoreticaframeworkfor these evolutionary predictions with variable fithess peaks of
2264 antibiotic resistanceasprovided by Fisher's geometrical model, whiepsanalyze the

2265 contribution of several selectable traits to the Higiess phenotypé&36 538)

2266 Ecologically CohesivePopulations and GeneticExchangeCommunities.

2267 Studieshas recentianddramaticallyproposedthat genesndnot species inhabit niches
2268 hence ecologically adapted species (or populations) simply do not é&@&df) This
2269 Dawkinian statementh{e selfishgeng does notule outthe fact that genetic interactions
2270 require interactions between vehicles (cells egitipopulations)thatare efficient units
2271 of selection more than simple gene carriémeractivelateral genetic transfer between
2272 bacterial populations and communiti€s39) is required to establish manyenetic

2273 evolutionary spacesThus, the study of the ecology of evolutionary trajectories
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necessarily requires the understanding of the ecological cohesion between bacterial

populations.

This imporant topic is studied by investigating the spatial heterogeneity and co
occurrence patterns of microorganisms in their habitats, including the human mucosal
associated populatioriS40, 541) Modern metagenomisioinformatic techniquesuch

as hid-throughput chromosome conformation capture (3C) technpiomgt be useful

for detecting ensembles if resistance genes hosted by particular bacterial species or groups

of specieg525, 526)an identifygenetic exchange communities.

Why are groups ofmicroorganisms spatially lked? We have discussele above
coexistencehrough thesharingof subnicheshowever, thismpliesa frequenfi s har i n g

of a common goab ( ¢ 0 0 p Eagexdstence mnsurea number of functional
possibilities, event ual |l Kowaverfspatinelinkage cag t he I
also be due to negative interactions among groups of organisms (amensalism,
competitio) a n d wi t h t he host 6s | ocartive lecalndi ti or
chemospherél4l) In any case, organismal spatiakage influences the resilience of

local communitieg109), andthe methodand rules by which bacteria associate (contact)

in the space anttheir ecological consequences are insufficiently kn¢a42).

Antibiotic Resistance inMinority Populations

Although ARGs can be found almost anywhere, the populatiomrfbioticresistant
bacteriahat are relevant touman health aii@ theminority, and the number of resistance
geneghey haveacquired is minimalconsideringhe large number of potentigsistance
genes present in natuMariousbottleneckscanmodulate the acquisition of resistance.
The firstis ecological connectivity; although genes are shared by bacterial populations,

the organisms receiving them belong to gerehange communitiesisually formed by

95



2298

2299

2300

2301

2302

2303

2304

2305

2306

2307

2308

2309

2310

2311

2312

2313

2314

2315

2316

2317

2318

2319

2320

2321

bacteria abléo formstable microbiomes sharing similar ecosystems. A second bottleneck
to consideiis the founder effect. Once a resistance gene is established in a population, the
rewardsfor recruitinga new one with similar effestity for counteracting antibiotic
action will be minimalLastly, fitness costs will be fundamental for selecting those genes

that impose lower physiological burden when expressed in the new(b43})

Host-Environment Equilibrium as an Evolutionary Constraint: Evolutionarily

Stable Strategies

An evolutionarily stable strategy ne that if adopted by a population in a given
environment, cannot be invaded by anjtially rare alternative strategyThe term
Aevol uti onar i lcomessfrona Mdyrear®d snti it d t6 eéhgoxydaranted in

Ha mi | praposd@ ef unbeatable strate@@A44) meaningthat a biological population
permanentlychoosesnot to take arisk for a benefit over competitorgnsuringin
exchange a comfortable biological position. The unbeatable strategy occurs because the
population is kpt in a successful adaptive configuration (the stratemguringan
equilibrium with the environmentesulting in ecogenetic stability. This population might
have possibilitie$or acquiring more effective traits leading to higher fitness (for instance
higher antibiotic resistance), but such acquisition implies possible conflicts with other
adaptive traits of proven succeg®gl5) Theminority variants proposingn alternative
strategy are preventefdom successfullyinvading the population. In other words,
minority population endowed with avolutionarilystable strategy might hadéficulty

selectingsuccessful resistant variants, including the acquisition of foreign chromosomal

genes which couldbe interpreted asdivergence hitchhiking , wherethei n whi

possibility of diverging variants are prevented as a collateral effect of strong divergent

selection on genes involved in local adapta(ig#2)
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The EcoEvolutionary Spaces of Gene Variation: Chromosomal Genes versus

Mobile Genetic Element Genes

Gene evolution can ba turnconsidered a numbers ganagepending on the mber of

gene copiestheg e n Briggerm stability the diversity of environments to which the
replicon hosting the gene is exposadd the bacterial host and niche in whiths
present. Thenumber of gene copies (such as a preresistanceor resistancegene)
determines its evolvability rate numberthat primarily derives from the rate of host
repliconreplication(bacterial host, mobile genetic element) so that genes from the more
abundant and spreading organisms should evolve f&itezn thatgenesin plasmids
multiply in the host cell(304) and, takingadvantage of the host replication, might
propagate in different hosts (exposed to an expanded variety of environments), it can be
expected that plasmidcated genes (including antibiotic resistance) should evolve more

rapidly than chromosomal gendBigure 2).

Mobile genetic elements have another advanfagleostingrapidly evolving genes. The
adaptive strategy of chromosomal variation (for instance, in genes encoding the targets
of antibiotics) to increase antibiotic resistance might be considerehdl msker interms

of fitness reduction for the bacterial host ti@nacquiringnovel traits by mobile genetic
elements. Chromosomal genes are frequently insertedighly regulated interactive
biochemical networks that cannot be modified without harthes y s t equiidraim.

In addition, the functionality of heterologous chromosomal genes in a particular host is
constrained by the compatibility with theo s t pltysidloby®46) In contrastforeign

genes acquired biyorizontal gene transfesuchas ARGs, should in principlee better
tolerated,giventhey are frequentlyidecontextualizedl ; t h eo ngtdbelongto the

basic network involved in the new host physiology.
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2346 Various mechanisms of resistance are accessiy the evolutionary (mutational,
2347 recombinational) space of single organismmach as SH\{type betdactamases in
2348 Klebsiella pneumonigewhich are very close to (and probably originated in) the
2349 chromosomal betlactamase proteins of this organisf®47) however, the beta
2350 lactamasesprobably only evolved when these SHV enzymes were propagated in
2351 plasmids.Certain highly efficient mechanisms of resistance are simply unavailable
2352 throughchromosomal evolution in thariginal pathogenic hosts. CTFXKI enzymes have
2353 not evolved irtheir originalhost Kluyveraspp); the only possibility of acquiring these
2354 characteristics hadeen by horizontal gene transfer when presenk.incoli. The
2355 associatiorbetweenCTX-M encoding genes with successful widespread mobile genetic
2356 elements and bacterial clong&el8, 549)and the optimization of their combinatiomave

2357 contributed to the explosive diversification of C-RKenzymes. Expanding plasmimbst

2358 range by positive epistasis mechanisms improving plasmid persistence and spread have

2359 important implications in the spreadd evolution of antibiotic resistan(e50, 551)

2360 Most importantly, a gene in multicopy (located in a multicopy plasmid) facilitates the
2361 acquisition of a new antibiotic resistance phenotype compared with the same gene when

2362 presenin the monocopy (chromosomallation) (303, 552)

2363

2364 EVOLUTIONARY TRAJECTORIES OF ANTIBIOTIC RESISTANCE GENES

2365 The GeneSpace ofVariation

2366 The gene mutational spaceT he evolution of most ARGs is the evolution of particular
2367 changes in gene sequences, resulting in amino acid changeagteaseor expand the
2368 host o rfgnasswhenmxpssedo antimicrobial agentdt is difficult to se@rate

2369 thefresistance gene mutational spafrem thefiresistance protein space of variabon
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but; howevera correspondence between regions of the resistance gene sequences and the
protein sequence spadsgxpected553) Mapping protein sequence space is a complex
issue given thatfor a protein of length N, the number of amiacid combinations is 20
Mutational changes tolerated by the bacterial organism, however, might not necessarily
produce a higher fitres phenotype; in many cases, mutations are neutrahearly

neutrad .

There areseveral possibilities. First, a single nucleotide variation giving rise to a
synonymous codon should be effectively neutsath no consequences firep r ot ei n o6 s
structureand function. Therefore, even if this variant could be enriched by drift, nothing

will occur in terms of selective adaptation. Second, the nucleotide variation might
produce an amino acid change influencing a protein domain but without phenotypic
consequeres and willthereforenot be subjected to natural selectidie absence of
expected phenotypic consequences (such as an increasiliactam MIC) might not

necessarily be interpreted by itself as full neutrality.

For instancealthoughthe change ibetalactamase conformation might not influence
hydrolytic efficiency, it might affect thp r o t ®abilitydasd would therefore comprise

a selectable chang®&54i 557) Third, the nucleotide change might result in a protein
change with althe appearances of neutrality (i.evith nofunctional consequence), but
the nucleotide change couidluence theeffectsof other mutations that might occur later,
eitherby increasing or reducing the possibility of natural selection (positegative or

sign epistasi§b58) Fourth, the variant nucleotide might influence the phenotype but in
an extremely subtlenanner (suclas producinginy increases in MICyesulting inthe
phenotypebeingoverlooked by natural selection. This concept magposedfor beta

lactamases) a@ve do not know how small an effect constitutes a seleetidev ant ag e 0
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2394 (559) It hasbeen shownhowever, that very small phenotypic differences are indeed

2395 selectableacrossatural gradient§412, 414)

2396 Take for exampla space covered by all sequences of a gene connected byssapgle

2397 mutation distances and providing an identical or almost identical phenotype to that
2398 provided by the modit sequere. This is a neutral or nearly neutral network. If this

2399 network is largehenthe protein produced by the resistance gene is rotmstating

2400 many (random) mutational variationithout a reduction in fitnessincluding

2401 mistranslation(560). In general, wide neutral networks correspond to low fitness
2402 phenotypes; thaighly fit, highly specific antibiotic resistance phenotypes tend to have
2403 decreased robustness. When the evolutionary path reaches high fithess peaks, there is a

2404  high risk trat further changes will produc®wnhill trajectories.

2405 Neutral variation might also occur because of the effect of phenotypic capactai

2406 are proteins involved in cellular networks allowing genetic variation to accumulate in a
2407 silent (neutral) stateyntil the variationis revealed by environmental strgd$1, 561,

2408 562) Candidate proteins for effectors of evolutionary capacitance are regulatory genes,
2409 networks of chaperones and, in general, proterbh high connectivity with other

2410 proteins.

2411 Gene evolutionary trajectories are constrained sordetimedacilitated by the genetic
2412 code which translategenetic information irthe protein structureand constrains the

2413 mutational exploration of the sequenspac€559, 560) Expanded codes might increase
2414 thenumber ofantibiotic resistance mutational trajector(865) In accordance with the
2415 Error Minimization Hypothesisthe organization of the pattern of codon assignments is
2416 itself the result of natural selection, bufferiggnomes against the impact of mutations
2417 (566, 567) Single base changes in codons can access only about six of the nineteen

2418 possible amino acid substitutions. For the Batdéamase TEML, only about 2% of the
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possible anmo acid combinations in four key positiorikat increasecefotaxime
resistance are in fact accessif@é8) However, it hagslsobeen proposed that the code
has evolved to optimiz&nd ensuradaptive mutation66, 569) These hypotheses have
been tested in the evolutiof blarem-1 betalactamase, showing how the genetic code
constrainsTEM-1 evolutionary trajectorieshowever, italso restricts mutations with
strong negative effects, and therefore orients trajectmvesrdadaptive benefit§568)

Both mutationsand indels(insertions and deletions, more frequently irsed) can
modify the structure and the molecular fitness of FEKS70) The (without-selection)
predictability of the evolutionarrajectory of a given protein is extremely ldwgwever,

given a single type of protein always flips between different structural conformations.
Thus the phenotypic consequences of the same mutation or successive mutations in the
protein sequence mighehunpredictabl¢571) Conformationaldynamics has probably
shaped the neofunctionalizatiand evolution of enzymeg72) Novel techniques
mixing experimental evolution and 3Wotein strutures have confirmed in any case that
residue interactionsonstrainselection of particular sequendé&s 3).

Thus, the number of Afunct i ocomphredwdhrthata n t
of all the variant proteins. Holargeis that minority? Considering only four amino acids
are critical for the interaction between two proteins En coli, only about 1%are
functional, suggesting contedependent mechanisms foertainamino acids, which
explainswhy many variants areohobservedn nature(574)

Mutational cost and compensation: mutational robustness'he consequences of
mutational events might diffestue tothe variougievels of phenotypic tolerangéo these
genetic changes in a particular organism (genotype). These are levels of mutational
robustness (or resiliencegffecting the or gani s mé sof raintaieihgithe o o d

premutationalphenotype. In a sense, a mutatiandthe acquisition of a foreign gene)
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has the biological meaning of fghange in thec e | intebnal environmeidt and the

maintenance of the phenotypic traits can be viewed as a canalization process.

There @ae many strategies for mutational robustnessch canincludethe following 1)

gene redundancyin which the loss or alteration of function in one copy can be
compensated bypne of moreother copies; 2) domain redundanay,which only a
functional domain of the mutated protesiredundant3) gene overexpression, if the
mutation has weakened the natural function; 4) presence of genes and pathways with
alternative functions; 5) intervention of gene regulatory netwoekisicingthe influence

of the mutated gene in the phenotype, eventually leading to mutated gene silencing; 6)
reductionin the needfor the mutated gene function by reducitige growth rate 7)
focusingonalternative sources of metabolites or energy by moving éwaemvironment
(plasticity); and8) the possibility of interactive cooperation with other microorganisms
supplying the lost metabolite or functiai318, 575581) Thesemutational robustness
strategiescould be applied tdelp understand thearious pathwaysnvolved in the
compensatoryevolution of the biological costsiltimately imposed by antibiotic

resistance mutations.

Gene functional redundancy refers to genes with partially overlapping functiaiker

words, degeneratedychasin the genetic code). In the case of allelic ferai the same
genedecidingwhen a gene evolves sufficiently t
In a more stringent sense, degeneracy is based on the ability of elements (genes in this
case) that are structuraltijffferentto perform the same fution or yield the same output

(582) In any casgdegeneracy is a main contributor to adaptive flexibility and, in general,

to functional robustness and evolvabil{883, 584)

Antibiotic resistance mutations: fitness costs Any deviation in the regular

optimality of bacterial fithess in relatioto a particular environment has potential
102
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2469 consequences. A mutation in a gene encodibgderial function (and antibiotics are
2470 designed to act on relevant functions) should have a cost, sometimes cryptic (depending
2471 on epistatic interactions, or the environmemt explicit. The mechanisms involved in
2472 fitness costs are targdependenand hae been frequently elusive. Mutations resulting
2473 in transcriptiortranslation uncoupling and replicatiranscription conflicts result in an
2474 increased formation of Hops (threestranded structures harboring an RNDNA
2475 hybrid), which cause DNA break&85) Thereare a number of key cellular functions
2476 that are hypeprotectedby, for example,gene redundancgnd mutational robustness,
2477  with stronger selection for reduced costs of transcriptitraaklational erroré586). The
2478 consequences of fitness costs can be expressed as reduced growth, viarence
2479 transmissior{587) Fitness cost effects can also be classdtiose influencing growth
2480 rate (trait effectsf and those altering genotype frequencies over tisedettive effecty'
2481 (588) The maintenancevertime of a resistance mutation in the absence of antibiotic
2482 exposure mostly depends on the environment in which bacteri@aaeed but more
2483 specifically on the availability of compensatory mutations, epistatic effeitiisother
2484 genes of the microorganism, including resistance ge(9) or metabolic

2485 compensation§l49)

2486 Mutational fitness costs are not necessarily proportional to the efficiency of mutations in
2487 producing resistance. In fact, fitness costs might dseredth increasing antibiotic
2488 resistanc€538, 590) The cost of a newly acquired resistance mutation also depends on
2489 other mutations in the genome, includingeatresistance mutations (epigenetic effects
2490 and on the evolutionary history of the organi&@1) Most importantly, changes in the
2491 conditions for measuring fitness cost (for instartbe use of diffeent culture media)

2492 might influence the evolutionary trajectories of resistance mutafb@#.
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Antibiotic resistance mutations: compensatory evolution The damageto
bacterial fitnessitimatelyproduced by antibiotic resistance mutations can be ameliorated
by intragenicor extragenic secorsite mutationg593) The more relevant intragenic
mutations are those modifying the functibior interactive core of the affected protein,
but also fAsecond shell 0 mutati ofevel,buh nei gh
significant evolutionary effecté594) Although less explored, gene amplificatioan
also contribute torestoring the fithess of antiotic-resistant populationg595).
Compensatgr gene amplification restores fithess afirgierspecieggene replacements
(596) On occasionthese compensatory mutations confer increased resistance, in which
case the problem can evbr aggravated597). In other circumstances, howevethe
mechanisms of fithessost compensation might offer an opportunity to directly fight
antibiotic resistance. Thelassicalview of fitnesscostis thatit will be reflected in a
reductionin thegrowth rate that will be apparent under any conditidmisis likely true
when the target and the mechanism of resistance deal with basic elesuehts the

ribosomewhich isinvolved in the generation of energy or bacteiabricks. In these
cases, compensatory mutations might be habitat indepe(@®&)t599) However, there

are other mutations that can differentialyectbacterial physiologywith those altering
bacterial virulencdeing particularly relevant. In this cas®empensatory mutations can
be habitatdependen{580). Fitnesscosts are relevant for bacterial physiology both when
producing an infection and when present outside the patengservoirs thatan be
sources of infectionwhich makesit important to determine the causes of compensation

in thesadiffering environments.

A final issue concerns thninheriteccompensation of the effect of antibiotic resistance.
One example of this possibility ke increased expression of a gene that can compensate

for the lack of activityin agene that mutates to acquire resistance. As stdtedke this
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2518 situation can be the consequence of gene amplificdimmever, aecentstudyindicates
2519 that thissituationcan be alsbedue to overexpression due to changes in reguléaitd)
2520 Another example is the metabolic shift imposed by the increased expression of efflux
2521 pumps which allows forchanges in the respiration rate and the activation of a secondary
2522 respiratory chain irP. aeruginosathe nonmutaional compensation of effluypump
2523 overexpression by metabolic rearrangen{&a®).

2524 Mutations competition, cooperation, and founder effed The emergence of
2525 antibiotic resistancdas due to selectignwhich should mearthat an already resistant
2526 organism is not under selection and doesneatd to acquiradditional mechanisms of
2527 resistance. In this situation, if a resistance gene is acquiredpaeads quicklyn the
2528 population, the chancesacquiring a new resistance getonferring the same phenotype
2529 might be low asituationtermed a&ounder effectwhich might explairthe low number
2530 of different resistance genes acquired by human pathogmnparedwith the high
2531 number of potential resistance genes that can be foward/ianalyzed microbiom@00,
2532 543) A possible example of this situatimTEM betalactamasesTEM-1 was prevalent
2533 in Enterobacteriaceaeuntil betalactamase inhibitors and novel bétatams were
2534 introduced for therapy. At that moment, when a new seleftiree appeared, new beta
2535 lactamases were obtained by pathogensithere wasan explosive evolution of TEM
2536 variants to cope witlthis new situation(600) There argehowever other situationsn
2537 which different genes are established in the populatpossibly because different
2538 founder effects occur early in different geographic afehy as well as sequential events
2539 of penetration and extinction of the same gene. The latter situation likely occurthehen

2540 donor and recipient are regular members of the same microlpatrhe

2541 A similar situation concerns mutational resistance. The universe of mutationt® able

2542 produceresistance isseveral orders of magnitude above those actually selected in
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bacterial pathogens. As previously discust@dcan be the consequence of a specifically
different mutability (and permissive mutations) of the involved gé248). However, it

can also be theselection strength(602), epistatic influences with other resistance
elements, including the consequence of the historical contingency of antibiotic resistance
evolution(184), ordue to mutant competition. The latter is a specific case of fithess costs.
Mutant with higher fithess costs trat ardess able to compensdta these costs will
disappeamore rapidlyin the absence of selection thene fitter mutants In addition,
mutantsthat are fittefin the presence of antibiotics will displace the lessofies under

these conditionsi.e., in treated patients. The lattsituationoccurs in populations in
which the mutation supplg high (i.e, large populations and/or with increased mutation
rates). In these populations, several antibiotic resistanceiomstanight emerge in a
relatively short time span and coexist under selection. This leads to the competition
betweerdistinct antibiotic resistance mutations, a concept known in classic evolutionary
theory as clonal interferend€03). Owing to clonal interference, antibiotic resistance
variants experience longer fixation times and might be lost from bacterial populations.
Clonal interference has been shown to influence the compensation and reversal of
antibiotic resistancés04)

Epigenetic epistasis shaping trajectoriesGenes encoding for antibiotic resistance
are never isolatedhere isfrequently a network of interactivity with other genes and
genetic contextsThus the normal function of a gene cannot necessheipferred with
certainty from its mutant phenotypénteractions provide a certain flexibility and
malleability to the basic phenotype; such variability increases the chance of obtaining
microevolutionary advantagé805). The main genetic context providing flexibility is the
rest of the gene sequendwwever,other neighbor and eventually-cegulated genes,

the genes of the genome of the bacterial host, and probablyeties ¢@f other
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functionally-linked communities of microorganismsuccessively influencethe
expression and consequently the evolutionary trajectories of ARGs. In short, the
contribution to an organism's phenotype from one genetic ioagist depend upon the

status of other loci, and the glolmple n o rMmexibilgy (606, 607)

The study of all these functional gegene constellation interactions is the field of
epigeneticsreferringto heritable (reproducible) changes in gene function that cannot be
explained by mutations in DNAequencestudying the i 0 vtleeig e n events in
modifying genefunction (608, 609) Variant traits involved in antibiotic resistance will
eventually require®dver the g e nimtéyactons, concerted actions of various mutated
nonallelicgenes to fully express the resistance phenotgpdainly, antibiotic resistance
evolution and evolution in general cannot be explained or predicted without
understanding how gene interactions shapptik possibilitieg182, 490) However,

that might be a difficult task; the dependence of ttepéve value of a mutation on the
genetic background and thenadditivityof their functional effects impairs predictability
(610) For a givenbackground, phenotypieffects (fitness and resistance level) of
resistance mutations can vary substantidkpending on the genetic context in which
they occur.

The termi e p i setymdogically means thiact ofs t o p ganymogodf action) and

refers to the phenomenon in which one or more genes influences the function of others.
High-order epistasis, winethe adaptive value of a mutation is determined by interactions
with several other mutations, is a major factor shaping evolutionary trajecatoties
Epistasis for fitness means that the selective effect of a mutation is conditional on the
genetic background in which it appeét82, 612, 613)Theseepistatic interactions might
foster or prevent access to evolutignatrajectories toward antibioticresistance

phenotypes.In experimental evolution assay®r instance, TEM-1 betalactamase
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frequently evolves to produce cefotaximesistance byacquiring afew mutations in a

fixed order but not in all repeated replicafsthe experiment. Those trajectories starting
with an alternative mutation deviate from the others, tending to be less effective and more
complex(614) In short, differences in directionality can be expressesigasepistasis
meaning that the sign of the fitness effect of a mutation is under epistatic control; thus,
such a mutation is beneficial certaingenetic backgrounds and deleterionsothers

(182) Environmental fluctuation and range expansion (the g a n pregeny ss
exposed to different environments following population expansion) might increase
epistatic effects and adability, accelerating evolutio(615, 616) Epistaticdifferences

in directionality might be contingent, limited to the first stages of the evolutionary
pathways Impelled by selective forcesandom mutations mightin the long term,
converge (adaptive convergence). Basednovitro experimentsit has been proposed

that a single new beneficial mutation might interact with ensenfbii#ésckd pf other
potential beneficial mutations with positi or negative mutational sign effect, eventually
resulting in the selection of new blocks and the whole evolutionary trajg&bry A
number of adaptations, including the case of antibiotic resistance, are associated with
epistatictradeoffs such that changes in traits that increase fitness in some environments
or situations are deleteriousdartainother environments or situatio®18). In general,
epistatic events are neutral or negative at early stages of a trajectory arsenedfieial

at later stage10).

Suchepistatic interactions not only occur when genes are mutated but could also be due
to variation in gene expression, including among isogenic individuals in a controlled
environment(619) Early mutatims in global transcriptional regulators, favored by
environmental changes, might cause extensive chanfesarpression of a multiplicity

of genes, which will beubjected not onlyo positive selectio620)but also to negative
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epistatic interaction$621). Stochasticvariation in the expression of sets of genes is
expected to occueven n isogenic populations, due to factors that transiendgify the
gene function,including DNA methylation, covalent modification of DNA binding
proteins,noncodingDNA, andRNA splicing factors. These factopsoduce epigenetic
variationby influencing sochastic fluctuations in cellular components and consequently

might haveaffect heexpression of resistance traits.

Epistatiespecific interactions among alleles conferring resistance to antibiotics might
reduce or eliminate their expected combinedfBicosts, so that some allelic associations
resultin rapid fithess compensatipwhich suggestthat epistatic fithess compensation
might favor the maintenance of multiresistance in antibibée environment$622)
Theseeffects argorobablymore effective in higforder epistasidrf whichthe effect of a
mutation is influenced by two or more other mutations), wfacHhitatesthe accessibility

of evolutionary trajectorie611) However, other studidsave indicatedhat epistasis
remains rare even when up to four chromosomal mutagi@tombined(623)

Epistasis and hidden genetic variation Cryptic genetic variation has been
considered to act as 624y Geénegene oteracsonsim i d d e n
epistasis might act without any visible consequences, contributing to the formation of
cryptic evolutionary trajectoriesEven under conditions of adaptiveeed (suchas
antibiotic selectiorandresistance fithessostsrequiring compensatory evolutiprthe
epistatic effectcan remaincryptic over many generationgroducing evolutionary
plateaus(625) Methicillin resistance irStaphylococcuswureushas probably evolved

cryptically by epistatic effects associated with fithess oG=6).
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Mutational Paths in Genesl nvolved in Antibiotic Resistance

There are a number of mutational paths in genes that already provide antibiotic resistance

phenotypes, leading to variant phenotypes, either increasing the ability to resist at higher

concentrations of a particular antimicrobial agertendingthe spectrm of inactivation

to other antibioticsreducingthe killing (bactericidal) effect of drugs, oeducingthe
fitness costs of h e s e expressien$h@se paths evolve under the selection imposed
by antimicrobial agents and are generally based on ronsaith the operative genes or in
their promoter sequences. Antibiotics, frequently present in humflaenced microbial
structured environments atarying concentrations and with mixtures of drugs in
heterogeneousconcentration gradients, provoke complexselective landscapes
(pharmacodynamic fitness landscapes), which might dibovihe possibility of various
mutational paths, facilitating pervasive epist46&7). Thesepaths (or at least those that
are able tde detected) appetr be relatively limited in number, do not necessarily
produce thdfittest theoretically possible phenotypes (in terms of selectable antibiotic

resistance)except forthose able to become more abundant in gei(@28)

We will illustrate the mutational paths of ARGs withree types of examples: 1)
mutational paths in targeésistance evolutign2) mutational paths in inactivating
enzymeevolution and 3) mutational paths (very scarce in this case) in puegiated

resistance evolution.

Mutational paths in target resistance evolution Experimental evolution

experiments in the presence of antibiotics have demonstrated that mutations in antibiotic

targets might follow constant mutational paths, reproducible in parallel lineages. These
paths correspoedpéanot s & eofipeedlakefoanbtimeer y
the case for mutations increasing resistance to ribosargeting antibioticssuchas

tobramycin inP. aeruginosathepatterns of resistance mutations involved might include
110
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common elemenid 12). A keypoint in targetesistance evolution experiments is the size

of the transmission bottlenedke number of bacteria that are transferred from tube to

tube in stepwise passages. Differenceth@size ofthe transfer bottleneck might yield
different evolutionary pathways with different final adaptive outcomes; largerigielys
facilitate the acquisition of a small numberhoghly efficient target mutationss(ichas

those occurring in the clinical settingynall transmission sizes (including a single cell

transfey, anda larger number of less efficient resistance mutations, frequently with higher

fithnesscosts(629) However, survival by these less efficient mutations might favor the

aqquisition of the more efficient ones. Interestingly, many target alteration mutations

demonstrate straimdependent phenotypes across different sp€6R)

Mutational paths in variant penicillin-binding protein-mediated resistance
The paradigmatic case is bés@tamresistance is.pneumoniaeContrary to the primary
feeling, directed evolutiodoesnot provide significant resistan@@ most cases. When
susceptible bacterare exposetb increasingconcentrations of penicillin, the acquisition
of mutations by theenicillin-binding proteind?BP2x and PBP2b, the main resistance
determinants, are extremely ineffectiire determiningclinical antibiotic resistance.
Specifically, when the antibiotic tget protein is functionally linked in a complex
interplay with other proteins (in this case &msureconstruction of the cell wall), the
maintenance of function requires othmascadechanges which arevery difficult to
achieve by simple evolutionary eus. For instance, changesPBP2x and PBP2b are
only relevant if PBP1 is also alter¢i30) High resistance to penicillins onbccursif
several PBPs(g.,PBP2x, PBP2a, ahPBP1) are altered at the same tif@thermore
genessuchas MurMandMurN involved in the supply of substrate molecutethe PBPs,
suchas branched muropepti des, shoul d al

mut at e d(63P Bieeig a remarkable conservation of PBPs and MurM protein
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changes within differers. pneumoniaeesistant strainsuggesting that particul&@BP
MurM combinations tend to be preserved amidght have an independent evolutionary

history in particular clone@32).

If sequential acquisition of resistance by mutatiatglnges might be considered a rare
event in PBPRmediated penicillin resistance (nearly impossible trajectories), the
recruitment of mutations in PBPs and MurM/N proteins leading to penicillin resistance
in S. pneumoniaeccur efficiently by successive kuobination events, following
horizontal acquisition of chromosomal fragments containing natural or mutant resistant
PBPs from neighboring species,such as S. oralis (633) The finearly impossible
evolutionary t by aindependentr muaetagion ¢im Ithg oabsence of
recombination) can be illustted by the case of the absence of evolutw@rdpenicillin
resistance igroupA S. pyogenegiventhis specieprobably hasevere restrictions for
genetic interaction$634) involving the CRISPRCas9 systemand/or atightly closed
interactive system afommunicatiorbetween PBRgesulting innew proteinsncurring
unbearable cosi856, 635) Nevertheless, eecentsurveillance study in Canada found

two S. pyogeneisolates with elevated MICs toetalactam antibiotic$636).

There does, however, appear to be a limith® incremental acquisition of variant or
mutant PBPs and other functionally related proteins by transformation and
recombinationwhich steadilyincreasehe levels of penicillirresistanceTogethemith

the increases in resistandbe biological cosincreases with the number of acquired
resistant PBP alleles (e.@n, competition experiments wittneir susceptible ancestor to

colonize the respiratory trad37)

Another classic case is the evolution of methiciiésistance in MRSA by the acquisition
of a generfiecA encoding an extra penicilibinding protein (PBP2a) with low affinity

to all betalactams(638). Acquisition is mediated by the capturero&écAby a mobile
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staphylococcatassettehromosom¢SCCmeg, aresistant PBRhatprobably originated
from mecAhomologies inStaphylococcus sciyran ancient group @taphylococcudn
S. sciurj methicillin resistance emergadultiple times(by anthropogenic acti@),
involving and involved thatructural diversification of theonbindingdomain of native
PBPs changes in the promotersrmecAhomologuesand acquisition of SCCmg639).
The emergence of SCCmec in MRS®as probably associatedwith exposure to
penicillins in the 1940s andnot necessarily with exposure to methicHracillin

launched 14 yeatater(640).

Mutational paths in variant DNA topoisomerases Following the former case
of S. pneumoniaexamined in the last paragraite-specific mutations in a number of
target genegy(uiinolone resistanegetermning regionmutations) account for incremental
resistance to fluoroquinolones.g., ciprofloxacin, levofloxacinand moxifloxacin). In
vitro serialpassagevolution experiments imariousorganisms indicate that steypse
access to highlevel resistancean be achieved with aefatively) nonrandomlyprdered
sequential fixation of mutations, following pervasive mutational interactionss. In
pneumoniag it has been proposed that mutations the ParC subunit of DNA
topoisomerase IV (a primary target of fluoroquinolones) should be acquired first
followed byfurther mutations ithe DNA gyrase A subunjtresultingin the formation of
a highresistance phenotyé41). However, both mutated proteins can be acquired in a
single recombination event, resulting from horizontal genetic transfer from commensal
streptococcisuchasS. oralis(642). In the presence of double Pa@yrA mutations, the
acquisitionof a new mutation in ParE increases thé uor oq uMI@ @GA3p ne s O
However, this canonical evolutionary path is not unigker&xperimental evolution
performedn parallel with several lineages derived from a single ancestor paoted

possibility of different pathgviutationsin the primary target of the selective drughich

113



2743

2744

2745

2746

2747

2748

2749

2750

2751

2752

2753

2754

2755

2756

2757

2758

2759

2760

2761

2762

2763

2764

2765

2766

2767

differs with different fluoroquinolones) tentts be selectédtixed first, suchas in ParE or
ParC inS. pneumoniagopulations evolved under levofloxacin pressunewever,
occasionally other mutationsuch as GyrB) can be involved(643) GyrB primary
mutations can occur more frequently in other organig¢eng., Helicobacter pylorj
Mycobacterium tuberculogis(644, 645) In E. coli, the acquisition of a relevant resistant
phenotype requires two mutatiomsGyrA and then single mutations in ParC and/or ParE

(629, 646)

As in the case of variant PBPs and bketetams, the acquisition of mutations in
topoisomerases (eventually altering DNA supercoiling) might influencesther ai n 6 s
fitness and consequently its selectability and potential evolutionary trajectories. By
including ®quentially different mutations in isogente. coli strains, a cumulative
reduction of fitnessvas showrwith the acquisition of high fluoroquinolone resistance;
however, the acquisition of a further mutation (in ParC) noglee again increasgness

(i.e., a compensatory mutation), at #xgens@f reducing the resistanéevel (597). This

result resembles the case of a fitnessnpensatory mutationwhich in the case of
fluoroquinolones acting oR. aeruginosarestores normal levels of DNA supercoiling

butinvolves genesther than those expectedparticipatein such a functiori647).

These fitness effects should influence the outcomes of clonal interference between alleles
of mutations influencing fluoroquinolone resistar&d3) In E. coli, only a limited

number of mutational combinations in topoisomerases are found in resistant trains.
vitro singlestepand multistepselection experiments in parallel replicas of the s&me

coli strainhave indicatea preferential order of selectifor particular mutations in GyrA

and ParC, whose combinatiomgpeallong the selective process. Such an order reflects
the higher fitness of those alleles that are selected, as observed in competition experiments

(648, 649) Theresistance effect of topoisomerase mutations can be enhanced by further
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mutations in ParC or ParE or in efflux pumg$ieorder of mutations obtained under
serial passages faithfully correspondhatdetected in clinical strains, particularly using
large transmission bottlenecl®29, 648) We canpostulatehecoexistence, undém vivo
situations, of different fitransmission bottlenec&sand different selective antibiotic
concentrationssuchthat lowlevel resistance mutations might facilitate the acqarsit

of efficient target mutations.

Mutational paths and target gene conversionAs presented in th@revious
paragraphs, the acquisition of a target gene mutation might influence, at least in some
cases, the evolutionary paths méighboringstrairs by horizontal gene transfer and
recombination. In the case of homologous repeated genetic sequences of a target gene in
a single cell, the mutation acquired in a copy (generally producingdelosy resistance)
might easilybereproduced by intragenomiecombination in the other copies (providing
a highresistance phenotype). This phenomeina Kk n ay@ne coaversiah, assuri ng
nonreciprocal, ensuring the nonreciprotansfer of information between homologous
sequences inside the same gendrwe.instance, singkenutated rRNAs easily produce
antibiotic resistance to aminoglycosides wherotihercopies of rRNA sequences remain
unchangedthe resistance mutation spread by gene conve(§b0) In the case of
linezolid (oxazolidinones), the G2576Tsistance mutation in domain V of 23S rRNA
occurring in a single copy (very lolgvel resistance) propagates in the other copies by

RecA-dependent gene conversion, facilitating access toeleigh resistanc€s51).

The influence of gene conversion in the evolutionnohtargetgenes (for instange
providing anibiotic detoxification mechanisms) has been less explored, but there are a
number of cases in which a resistance geng.,(betalactamase) evolves by gene

duplication, or the same gene is present in different or multicopy plasmids. In these cases,
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2792 the possibility of gene conversion in the intracellular propagation of advantageous

2793 mutations occurringn a single gene is an interesting possibility.

2794 Geneconversion might also contribute to restoration (repair) by recombination of the
2795 wild sequence of the saeptible phenotype and, in general, to the concerted evolution of
2796 multigene familieg652), whichwould be an easynethod for revertingesistance and

2797 compensatings costs.

2798 Mutational paths in evolution of detoxifying enzymes. Directed evolution copled
2799 with structural analysis can lkeenployedo predict future mutations that lead to increased
2800 antibiotic resistance. The impact of mutations is coatextendent and reflects a complex
2801 network of interactions between multiple residues within a protgiichis certainly the
2802 case in betdactamases.l n f act , modulaf toenmunitiels of fassociated
2803 mutation® visible in networksappeato occur for broagspectrum, extendespectrum

2804 and inhibitorresistant betégactamase§653)

2805 Weinreichet al.focused on the evolutionary possibilities of TEM bletetamase irk.

2806 coli (654) employing amodelthat includedfive-point mutations in the basic TEM

2807 allele,which isable to move the resistance phenotype from aminopenioitiiy to high

2808 cefotaxime resistance. Evolution to cefotaxime resistarigatrfollow any of the 120

2809 theoretical mutational trajectories linking these alleldsastbeedemonstrated thatost

2810 of these trajectories (85%, 102 trajectories) are inaccessible to Darwinian selection and
2811 that many of the remaining trajectories haueegligiblelikelihood of being traversed,

2812 suchas contained fitheggduction andheutral steps, includingign-epistatic interactions

2813 resulting insignificantly reduced chances of being followed by natural sele¢6é3,

2814 655)
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The effectof sign epistasi®n adaptive trajectories, particuladytagonistic pleiotropy
(when the mutation providingesistance to antibiotic A increases susceptibility for
antibiotic B), isparticularly critical when the bacterial organismsubjectedo fluctuating
selective environmentswvhich occursfrequently in hospitals (the same epidemic or
endemic clonenovesfrom patients treated wittirug A to those treated with drug B) or
in sequential therapyith the same patient, including -@scalation strategies. To

overcome antagonistic pleiotropgyew( modulatory jnutations are requiregd80).

Accessible (possible) trajectories aret based onlyon advances in the resistaniesel

or onthe spectrum of antibiotic inactivation. The variant protein should notaagtive

but also sufficiently stable, and a number of apparently neutral mutatiaokjding
suppressor mutationa r e r equi red for reorganizing
mut ati ons 0 h av gstabilziegmutationsjo56)VT leedccessiblégotein
spaceé depends on the conservation of a relatively low number of possible protein folds
(fewerthan 10,000), which depends on the amino acid sequdé@fe 657) The variant
protein might evolve to a successful protein by improviadocalization in the celllt

has been suggested that the success of the retaitactamase NDML is due to its

lipidated structure, facilitating anchoring to the bacterial memi(@& 659).

Inactivating enzymes: the case of betlactamases Evolutionary biology
often assumes thdor any protein, natural selection has already explored all adaptive
options for achievingoptimal efficiency, and any protein variant wdulbe
counterselected providedhe environmental conditions remain stable (purifying
selection). However, if the environmental conditiosisddenly change, the protein
activity might not be as efficient (bottleneck), and consequently a series of variant
proteins could be selected urttiley onceagainachievethe optimal fithess peak (positive

selection). An excellent model of the-salled perfect enzyme is TEMbetalactamase.
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Stiffler et al. (660) mutagenized all positions in TEMY andfound no changethat
increasedhe MIC of ampicillin, although2% of these changes increased the actiity
cefotaxme. Nevertheless, easg-implement, deepsequencing technology and
metagenomic studies from humésR, 661)and nonhuman(44, 662)sourcesprovide
increased evidence of mapid increasein new variants into knowrbetalactamase
families. Over the last decades, there has been an explosive growth in the description of
new betadactamase$663) and variants of these new enzymssggestingcontinuous

changes in selective pressures.

Although the diversityf TEM enzymes is highc(rrently225 variants), affectingp to
32% of amino acid positions, several authors have demonstnatezhty 13 16% ofthe
positions in TEM1 betalactamase&onot tolerate substitutions (tleen z y ooegdvath
critically or drasticallyreducedhydrolytic activity. More diversity should therefore be
presentn the real worldwhichis not the case. Threasorfor this difference is that many
changes hava neutral effec{664), i.e.they do not offer phenotypic advantages tait
not therefordoseactivity. These changes coulterefore only be amplified by stochastic
events (drift) in small bacterial populatiofisalsohas been shown that the neutrality of
these changes is itself conditional on the selecdti@ngthj.e., under weak seleicn (for
instance low ampicillin concentrations)the vast majority of mutations are statistically
neutral under strong selection (high ampicilmoncent r ati ons) , howeve
overall fitness cost and the proportion of variant alleles is dreatigtincreased660).
Cefotaxime resistance mutations can be found among ampicitiatral muations
selected under low ampicillin exposuamd rarely among those selected with high
concentrationswhich might be explained by the decrease in robustness of lhtse

variants. Deng et al. observed that the impact of mutations is highly dependiet o
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enzyme global stability and accessibility of residueish buried positionseingless

tolerant of substitutiothansurface position§665).

The concepts of strong selective pressure, fithess, and globahstateility are closely
related(666) For instance, it well knowthatmutations ifluencing the betdactamase
omega loop, which are found in oxyimhsephalosporinesistant variants, reduce
enzymatic stability in TEM667)andCTX-M betalactamase&68) The loss of stability
caused by the selection of R164H/S/C in TEM variamtsP167S/T in CTXM is
eventually compensated by other mutations reducing the instability caused by the main
mutation ensuring the persistencetbe new selected variant. In TEM variants carrying
the R164S changee(g., TEM-12), the introduction of th#1182T (TEM-63) secondary
mutation was beneficial, stabilizing the enzyme, increasitsg half-time, and
consequentlyincreasingthe ceftazidime resistand@65) If this M182T mutationis
introduced into TEML, however,there isno increasein betalactam resistance (0.08
mcg/ml in wildtype TEM-1 to 0.06 mcg/min TEM-135), because the wiiype enzyme

is already very stabl¢669, 670)thereby providinga good example of the role of
contingency in the evolution of antibiotic resistantBesecompensatory substitutions
will therefore only be selected depending on the genetic background (pigtass)
(669) Similarfindingswereobservedvith the A77V mutation in CTXM-3/CTX-M-1or
CTX-M-14 and their evolved varian{d81, 557) In evolution experiments in serial
passages with CTX1-3, the A77V was detected after the P167S mutatvas fixed in
the population(671) These compensations influencing then z y retabdlity might

allow thebuildup of strong dependencies among mutations.

Based on the agsption that the presence of two mutations in the same sequence could
be a marker of a potential functional interaction, Guthrie et al. performed a computational

prediction using a network among all mutations identified in TEM vari@88) and

119



2889

2890

2891

2892

2893

2894

2895

2896

2897

2898

2899

2900

2901

2902

2903

2904

2905

2906

2907

2908

2909

2910

2911

2912

2913

found a complex framework with many interactioridowever,only a few interactions
were strongly connected (positive epistasis). These associations betwagansauwtere

considered as signs of evolutionary adaptgpathways

Weinreich et alconducteckarly studies to understartie impact of adaptive pathways

in betalactamaseevolution and demonstratedhat TEM-1 betalactamase evolution
towardsa supereffective cefotaximenydrolyzing mutant (carrying five mutationgth
respect tothe wild type TEM-1) was only possible across 18/120 (15%) mutational
pathways, revealinthatthere is a predetermined fixed order in the incorporation of each
mutation (654) This situationoccurs particularlyduring the first three mutationsa
consistent findingn repeated experimen{614) Certainother trajectories are the result
of an epistatic clash between mutatiods initially deleterious mutation might ke

key for achieving amore effective (high cefotaxime MIC) allela mutationthatis a
gatewayfor reachingan otherwise relatively accessible area of sequence spatere

more efficacious enzymes can be fosa3)

The improvement in MIC provided by the enzyme is not the only evolutionary goal for
antibioticinactivating proteinssuch as TEM enzymesProtein stability is also an
important drver (555) highly stabilized variants of TEM betalactamase exhibit
selective rigidification of the n z y staffold while the activeite loopsmaintaintheir
conformational plasticity(672) Thesefindings support the viewthat, although many
hypotheticalevolutionarypossibilities could be suspected, onlgraallnumber of them

are feasibleccording tdDarwinian natural selection. Moreover, these readtreewith

the evolutionary impact of compensatonutations (also called global suppresssugh

as M182TandA77V), whichcouldnever be selected as the first change.

Novais et al(181) studied the fitness landscape in GWX identified those positions

under positive selectigrand constructed all mutational combinatio®snilar to the
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We i nr ei c tonclygsioosuqnly & few trajectoriegere necessarfyom CTX-M-3
until a more efficient enzyme fohydrolyzing ceftazidimewas reachedCTX-M-58).
Neverthelesghe author®bserved that the number of evolutionary trajectoriesddoel
increased if the environmefitictuatedbetween two antibiotics, such as ceftazidime and
cefotaxime Other authordiave alsaecentlysuggested that enzymes with high activity
would beevolutionarily favoredinder fluctuations in the distribution thfeir betalactam
substrate$660). Thisconceptunderlines ouproposalthat antibiotics are bbtselectors
and accelerators ofariantdiversity (673). Consideration®f the impact of fluctuating
environments, including two or more antibiotics, and the differences imposed by variable
concentrations exemplifies olimited capacity for predicting eVationary trajectories of
antibiotic resistanc@85). However future toolscan be envisaged thaimic fluctuating
fithness landscapeso help determinewhy particular paths are taken in particular

environmental condition&02)

In the previouslymentioned studyy Guthrie et al(653), the authorslso found clear
evolutionary segregation invarious mutational subnetworks corresponding to three
distinct phenotypic categories in TEM broadspectrum, extendespectrum, and beta
lactamase inhibitor resistance, suggesting an antagonistic pleiotropy between different
resistance pdnotypes. This phenomenon was also obseyexuir group using ROB1

from Haemophilus influenzaand CTXM (472, 473) a finding that servesas an
introduction to the topic of evolutionary constrainte/hich coud be related to the
antagonism observed between different resistpheaotypegthe selection ofmutations
involved in the resistance betalactam plusdetalactamase inhibitor combinatigmelds

an enzyme more susceptible to oximuephalosporinsard the antagonism between two
mutations involved in the same resistant phenotype. For instance, the mutations P167S/T

andD240G in CTxM, which areinvolved inthe phenotype of ceftazidime resistance in
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CTX-M (CTX-M-58 and CTXM-32 variants, evolved from CI-M-1 or CTX-M-42 and
CTX-M-15 evolved from CTXM-3), are mutuallyexclusive(181) Similarly, the G238S

and R164S mutations in TEM variants selected under antibiotic pressure with eximino
cephalosporins show a case of negative reciprocal sigtasis(674) This mutational
antagonism reveals alternative evolutionary solutions in resporibe same selective
pressures (antibiotic pressure with oximicephalosporins), suggesting thiag fitness
landscape contains more than a single adaptive peak, probably including several
evolutionary pathsThe study by Salverda et al. employeelve experinental evolution
assays using TEM and confirmed that the AG238&utation was more frequently
associatedvith E104K asa secondary mutation, whereas when the first mutation was
R164S, the second mutations werjuentlyE240K and A237T614), suggesting two
separate andncompatible trajectories. This observation also occurs in natural

environmentg653).

Theinitial random substitution of one of those mutatitmerefore suggestbat only a

small fraction of all adaptive trajectories could be selected. Simitagystudy by Novais

et al. that analyzeithe two main mutations (P167S/T and D240G) involved in ziglitae
resistance in CT>M observed the mutational antagonism between them, which also
representdwo separate trajectories. Moreovéne authors suggestex third path of
ceftazidime resistance, excluding P167S/T and D240G but including other mutations
under positive selection and conferring level resistance. This third path is represented
by the trajectory from CTM-3 to CTM-M-1, increasing the MI®©f ceftazidimefour-

fold (181) This alternative pathway could have more epistatic interactions with the two

antagonist trajectories.

The possibility of two or more separate outcome trajectories in response to a common

selective pressuraightbe the consequence of privilegamhnectivity (theR164 position
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has seven interactions with neighboring residues, whereas G238 has Qr{y/#jor he

high connectivity of R164 induces an easier collapse of this interaction network when this
posiion is mutatedin contrast G238 shows tenfold faster evolutionary rate thahe

R164 position (675) This observation is confirmed in natural conditions and
experimental evolution assaf&l4) In the case of P16[0240 positions in CTXM, the

D240 trajeadry tolerates numerowhangessmoothly increasing the MIGf ceftazidime

In contrast,P167S/T dramaticalljncreaseshe MIC of ceftazidime but practically all
successive changes yield a loss of optimal fitnesaks explaining why a higher

proportionof mutants selected in nature are thibsd carry thd>240G mutation.

If the initial mutation determines the evolutionary trajectory, are there fabtdraffect

the choice and selection of one or another trajectory ordiéaéndonly on random

evens? The fastest fithess landscape depends on the relative magnitude of the mutation
rate and population siZ676, 677) In smallpopulationsand low mutation rate situations

the best choice is the shorter trajectories to reach the fithess peakagsstdo7S/T
mutation in CTxM), thesoc al | ed fisur vi val of the fittest
of Darwinian evolutionln contrastin largepopulationsand high mutationates the most
successfustrategy is large evolutionary trajectories in time (suadh@®240G mutation

in CTX-M), thesoc al | ed fA s ur vi(§78)lbecause intthese cdridisthet e st 0
fittest organisms are those showing the greatest robustness against the deleterious
mutations(679). According to clinical evidence, the survival of the flatiesantibiotic
resistancas generally the mostuscessful strategy, because #rdibiotic bottlenecks

selectmicroorganismsvith high mutation rate@73)

The evolution oK. pneumoniaearbapenemas¢ékPCs)havealsobeen observenb lead
to new variants of KP or KPG3 that reducearbapenemMICs but also affed the

inhibitor capacity of avibactar(680, 681) This finding has been associated with the
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presence of this carbapenemase in the highct@ke ST307 oK. pneumoniaeThe
antimicrobial drug pushing the evolution of bé&atamases might not coincide with the

one that has emerged salguently with the use of a new antimicrobial. For instance, it
could be expected that the selection and evolution of-Widé carbapenemases could
correspond to the increased use of carbapenems, but surpriséfiglzidime,an older
antibiotic, is respasible for this proces$193) Disseminationand evolution of beta
lactamases strongly deperastheir adaptability to the organism harboring the enzyme,
given thatthe signal peptide sequence expression dictates the consequences on bacterial

fithess of each particular hadg59).

The case of aminoglycosid@activating enzymes Aminoglycoside resistance
by inactivating adenyltransferase (AAD), phosphotransferase (APH), and
acetyltransferase (AAC@nzymes provides another example of available evolutionary
trajectories. Most of these enzymeslias been showim APHs) probably derive from
Actinomycetesancestorsand horizontal transfer by capture in integrons, transposition
and conjugation has paibly contributed to allelic diversificatiof682 684). In contrast
to the case of betactamases which mutational evolution in the first detected classic
enzymes(e.g., TEM, SHV, OXA, VIM, CTX-M) has contributed to expanding the
spectrum of inactivated compounds, such contributiohas apparently occurred ward
aminoglycoside clinical exposure. Hypotheticabgveral of these enzymes could have
amelioratedheir abilities to inactivate other aminoglycosipgaesweverthis phenomenon
is not comparableThe in vitro evolution of APHs acting on old aminoglycosides
(kanamycin) has indeed produced variants with increased inactivation pooeveryl
newly introduced aminoglycosidaesichas amikacirandisepamycin(685). It has been
proposed that these strains do eeblve in the clinical settingeither because they

produce high fithess costs or because they compete with many other amikacin
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inactivating enzymes already present in natural populations, including clinical strains.
The more frequent onemcludethe AAC(6') enzymes, which probably have emerged
independently; at least three families are detectdipteighphylogenetic analysis. The
potential of theaac(6'ylaa gene to increase resistance to tobramycin, kanamycin, or
amikacinandto acquire resistance tcegtamicin was assessed ioyvitro evolution

experimentswhichdid not succeed in obtaining alleles with increased resis{é8ég

Mutational paths in efflux pumps. Mutationsin genes encoding resistance
determinants can increase the phenotypeesittancewhich, inthe case of antibiotic
inactivating enzymesopccursmainly by increasing the affinity of the enzyme to its
antibiotic target. Nevertheless, the same affect can be achigvedt increasing the
amount of the resistance determinamtreased TEML productionhas beenlescribed as
the first cause of resistance to the combination amoxycillin/clavuld@8#, and the
increased production of chromosomally encoded-laetamases due to mutations in

their regulators is a frequent cause of resistance teldetms(322, @7).

A similar situationappeardo apply for chromosomally encoded MDR efflux pumps
which are expressed at low levels under regular growing conditimvgever high-level
expression can be achieved through mutation in their regulatory elefa#hig. pump
overexpression hastuallybeen observeith experimental evolution conditiofs9). The
interplay between intrinsic and acquired resistance to quinolones has been shown in
Stenotrophomonas maltophil@nd in otherclinical resistant isol@s evolving under
antibiotic treatmen({688). The increas®f efflux-mediated rsistance inP. aeruginosa
during antibiotic treatmenbccursin patientsexperiencingnosocomial pneumonia
Unlike other resistance determinants, MDR efflux pumps maomspecifi¢ each
independent efflux pumganextrude a variety of antimicrobial compownioelonging to

different structural families. Under this situation, improving the affinity for one
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compound might reduce the affinity for other substrates. In other words, increasing
resistance taertaindrugs might decrease resistatmethers asituation described in the
caseof AcrB. Thestudy of the genomes @iretherapyand posttherapyMDR clinical
isolatesof Salmonellal'yphimuriumshowed that a mutation increasiigrB activity for
extruding quinolones had been selegwedttherapy(689) AcrB drugbinding pocket
substitution confers clinically relevant resistance and altered substratBcgigedihis
mutation madeSalmonellahypersusceptible to other antimicrobiatssulting inthe
mutation being unlikely to be selected under combination or sequential therapy.
number ofexampleshave recently been publishedowing that antibiotic restance can

be acquiredy modifyingthe efflux pumpstructurg690) However, nearly all studies on
resistance and MDR efflux pumps have foclige the overexpression of these resistance
determinants, which increased resistance to every toxic compound extruded. Whether

mutationghat improvetheir activity are equally relevant remains to be establiéb@b).

Evolutionary trajectories of gene complexes involved in antibiotic resistance

A number of antibiotic resistance phenotypes do not depend on the presence of particular
ARGs andtheir variants but integrate a functional complarray of several genes

(complex traity. Complex genetic ensembles might arise by modulanityereas certain

genegendto be genetically and functionally organized into groligsas been suggested

that such constructions are dependent on directional selection and improbably by drift or
stabilizing selection(692). The expression Acompl ex trai
nonclusteredjenetic associations involving genes in different locations of the genome,
whereas operon genes aret@nscribed under the control of a single promoter to a
polycistronic mMRNA molecule. A typical case is an operon of functionally linked, co

regulated genesuchas inVanA-type vancomycinresistanceand mercuryresistance

Mer operong693) Thebuildupand instability of operonsge.,t h e -ciiyicilfee of oper o
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(694) is a complex issu€695) Operons probablyevolve from several ancestral
intermediary states that hagertainfunctionality, which are improved in function and

regulation in later stages by the acquisition of new géeg)

In many cases, several horizontally transferred gemgist be acquiregimultaneously.
This complex transfer occurs more frequently for functionally interdependent genes,
probablybecausespatial and functional clusterirensureghe expressio of a function

requiring different gene®97) The horizontal transfer of complete operons is not an

infrequent eventconsistentwith t he fAsel fi sh d69& rResistancehy p ot h e

operons are frequently inserted into mobile genetic etgsnOperonpromiscuity might

have contributed to the evolution of these complex traits, favoring the acquisition of
foreign ortholog genes (even from taxonomically diverse orgajjsvh&ch mightin situ
displace less fit ancient genes inside the opé6®9) On other occasions, resistance
operons might have evolved via independent assembly, in part from horizontally acquired
genes.An integronlike origin of resistance operons can also be suggested)
Integrons includes a s#specific @ttC) recombination syem capable of integrating and
expressing individual genes contained in mobile gene cassettes, leading to gene strings.
Successive acquisition and local shuffling of genes of different origins might have
produced operactike structures, fixed through thelssequent loss @ittC sites and then
mobilized outside of the integron array and selected in particular organisms after

antimicrobial exposure.

Due tothe needor an integrated function aratcordingtda he fAcompl exi ty
(701, 702) horizontal gene transfer is less frequent in informational geuedds those
that co-evdved as determining complex processeghas transcriptiorandtranslation
and ardypically interconnected members of large, complex systédmas in operational

genes \{hich aremore involved in housekeeping functions). The difficuttyacquiring
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informational genes also depends on the orthogonality dynaifinesbuilding-up of
complex functional multigene sequences in antibiotic resistance mirrors the general
assembly patterns of genomic functional regions. Surcbrganization should have a
chronologcal structure, resulting from a sequential, directional gain of function
According to a number of authors, predictirthese gains aftea network modeling

analysisshould be possiblg03).

Costs andBenefits of theAcquisition of Foreign ARGs andFunctions: the Question

of Orthogonality

Any acquisition of foreign genetimaterial represents a danger to the functional integrity
(and identity) of the bacterial cellSuchintegrity tenddo naturally be preserved, and the
compartmentalized life of organisms requires robustness to tolerate genetic invasions that
frequently createfitness costs. However, these invasions provide evolutionary novelty

beyond the adaptive possibilities of the isolated organism.

The issuef orthogonalityis worth discussing here tarm borrowed fronvectortheory

in mathematiceandwidely employel in synthetic biology and computational sciences in
systemstheory Orthogonality impliesa factual independence between otherwise
coexisting systems(704). To be functionally active and namposefitness costs, a
resistance gene (function) should not interfere (should be orthogonal) with the ensemble
of genes (functions) of the receptor organigmll orthogonality ishoweverunrealistic,

given thatthe incomhg gene necessarilgpompeteswith the ¢ e | replication and
translation machinery, and the resistance function should be expressed in interaction with
the cellular structure3.here is paradoxo be considered here: are resistance genes from

distant orgnisms better tolerateédanresistance genes from closer lineages?
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Codonusage compatibility between foreign genes and recipient genomes is an important
prerequisitdor assessinthe selective advantage of imported functions and the associated
fitness ad therefore to increadbe likelihood of fixing genes acquired via horizontal
gene transfer even{g05). However, this cost can be minimized both byimchanges

in the acquired gene promoter otianschanges in the host genome, without intradgc
mutational changes in the antibiotic resistance @&06) Ribosomalmutations might

allow the efficient expression of exogenous genes thatnareoptimalfor the tRNA
repertoire of the new hot07). There arananydecontextualizedesistance geng$4).

It has been reported that directional selection on a highly constrained gene previously
under strong stabilizing selection was more efficient wihemas embedded within a

network of partners under relaxed stabilizing selection pre§s08

The ensemble of the genes in a genome (from core genome to pangenome) constitutes
something like an integrated ecosystem, the functions of each gene contributing to the
formation of an HAenvir on me sshauld behaecuratelyt h e
incorporated in a common, robust ensemble. Gene variation, or foreign gene acquisition
required for survival in the case of antibiotic resistance is always a stress situation forcing

to reshape evolutionary trajectories to minimis&s of extinction.

EVOLUTIONARY TRAJECTORIES OF MOBILE GENETIC ELEMENTS

HARBORING RESISTANCE GENES

MGEs of prokaryotesanbe definecasanytypeof DNA coding for proteins that mediate
the movement of DNA either within the cell genome (intracellular mobility) or between
bacterial cells (intercellular mobility). Mo8GEs have been classicallyategorizedn

terms of their basic genetic content,ananistic transfer properties, or regulatory aspects
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however the categorization of MGEs is difficutintologically (and thus taxonomically
because the frequent modular exchange of fragments between elements often results in
mosaic entities or genetiowfigurations with distinct functional properti€s09 713).

The total pool of MGEseither incells, populationsspeciesor multispecies genetic
exchange communitiesonstituteghe mobilomg714). The ecological contexppears

to determine the abundance andedsity of mobilomes aflected by MGEenrichment

in thegut, oral microbiomes and particular taf@l 2, 715) Such robustnessdicateshat
contemporary MGEs/obilomes were not born with antibiotic resistance that their

current abundance, diversitand complexity is the result of a cumulative series of
ant hropogenic interventions, a fAhistory

evolutionary pths and trajectories of AMR.

In this section, we will focus on the ecology and evolvability of MGisich have a
major impact onthe evolution of AMR namely, plasmids, transposable elements,
integrativeconjugative elements (ICEs), and bacteriophages. We will also highlight the
blurredborders between some of these categdqi@8, 716)and the mechanisms that
maintain robustness in the context of AMR. Remarkaj@ne recruitment systersisch
asintegronshave been revised elsewhérd7) andareanalyzed in the context difie
MGEsin which they are usually embedded. W briefly addresshe interesting case

of mobile promoterdVIGEs transfering entirelynoncodingDNA sequences, resulting in

horizontal regulatory transfér18), which canincreaseARG expression.

Ecology andEvolution of M obile GeneticElements

Plasmids The termiiplasmid was first introduced by Joshua Lederberg in 1952 to
define any extrachromosomal hereditary determin@i9) The demonstration of
transferability ofantibiotic resistancehenotypegalone or in combinatignin isolates

from epidemics caused by multiresist&ftigella flexnerin Japan inthe 1950s(443),
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from Salmonellain English farmsand from Staphylococcus aureus European and
Australian hospitalsin the 1960s led to the landmark discoveries of hendelian
infective heredity(720, 721) the players involved ithis process(initially episomes
resistance plasmids, R plasmidsd R factors) and the later identification of transposable
elementsin addition tothe selftransferability and the ability to accumulate ARGs, these
early studes also highlighted thp | a s ralility 00cross species barriers, generate
novel entitiesresultingfrom recombinatiorevents, and increase the copy number (and
thus, the mutation rate) after gene acquisitmakingthem unique among athe MGEs
descibed to date(443, 722) The biology and epidemiology of plasmids have been
extensively (and increasinglghalyzedsince their first descriptioif723 729). However,

the role of plasmids in the robustness and evolvability of bacterial populations has been
poorly addressed due to the limitations of technical approaches to fully characterize

plasmid sequences.

Plasmidcategorizations based on the diversity of replicatiGfi2d 732)and conjugation
machinerieg33, 729, 733, 734gnabling the application @ common nomenclatathat

can helgrack ARG propagation andnalyzethe epidemiological and biological features

of variousfamilies overdecades. A recent comprehensive phylogenomic analysis based
on pairwise identity of the 10,000 plasmids available in public databasemndiates

how plasmids cluster in coherent genomic grargledplasmid taxonomic units (PTUS),
which aresimilar in concept tdacterial specieby the analogy of PTUs with bacterial
operational taxonomic unit§716) This approach provides a more robust plasmid
classification (PTUs ar e ingpmpatibilityor ncobilityr el at e d
families), revealinga gradient of host rangdsr different PTUs (not all plasmids are
equally involved m HGT andtherefore have a differing effect dhe propagation of

adaptive featurgs This issuehas beerwidely analyzedbut poorly addressed in the
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literature becausdhe host range has been based on very few plasmid representatives
(735)

More than half of the PTUs defined by Redot®hdvoet al.(716) are associated with
Enterobacterales, Bacillales and Lactobacillales, wh&flects thepredominance of
plasmids irthegut and oral microbiomes of humans and anir(8$, 737)andarethus
involved in AR Plasmid diversity has been comprehensivahalyzedin various
taxonomical groups including Enterobacterales,Acinetobacter (738, 739)
PseudomonasStaphylococcugand Enterococcug33, 729, 74Q)Neisseriacead741),

and Vibrionaceae(742) however, theEnterobacterales are by far the mastalyzed
plasmid entitiesA gradient of host ranges for different PTUs has been inferred from
comprehensive genome databases, with the number of mobilizable and conjugative
plasmids able to propagate between species of different bacterial genera and families
being higher than thaf plasmids able to move between orders.(6.§TUs that include
emblematic IncL/M, IncN1, IncW, IncHI2, IncX1), classes (eR¥ UsIncC, previously

known as A/C and PTUQ2) and phylum (e.g PTU-P1). Epidemiological data
complement (and confirm) theeterogeneityof plasmidomesn bacterial populations,

from species tthe microbiomelevel (33, 65, 743, 744Wwhich is influenced not only by
thepl asmmicodmduci venesso b u(745avaistenanbeyofptagmadt o f
heterogeneity has obvious benefits the robustness and evolvability of bacterial
communities(746). Such plasmid heterogeneignablesa rapid response to antibiotic
challenges in connected environments through broad host plasmids that AR@Ger

propagation between heatlapted bact&al populationg747).

In principle, plasmids impose a fithess camt the cells where they are located. This
fitness cost derives from the cellulaamtaining, transcribingand translatingf plasmid

genes, from the interference between chromosomal and plasmid regulatdue andhe
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fitnesslowering effects of plasmigncoded proteing748, 749) This fithess cosis
critical for explainingplasmid evolvability Thegeneration ash maintenance of adaptive
plasmid variantdhias been explained ypmpensatory evolutioto ameliorate plasmid

cost (750), which involves chromosomal or plasmid mutationthe transportof
partitioning genes or toximntitoxin systems genes that directly enhance plasmid stability
(751) enhanced infectivitygpistasis between plasmids that ofterrdect the bacterial

cell (752), and sourcesink dynamics in multispecies populatiofig53). Mutations
leading toa reduction in plasmid fithess codtsndto be based on the chromosome if
vertical transmission of the plasmpgtedominatesver horizontal transmigm. Thus,
infectious transmission and compensatory evolution might be competing evolutionary
trajectorieg754)

One remarkable feature of plasmids is that they typically are kept, cagayextt more

than one copy per bacterial chromosomkichis particularly true for small, multicopy
plasmids that have been shown to accelerate the evolution of antibiotic resistance by
increasing the rate at which beneficial mutations are acq{#8&) Whennew mutations
appear in multicopy plasmid#)e mutations coexistith their ancestral allele during a
number ofgenerations that are proportional to the plasmid copy numbercddnsstence
allows plasmids to provide simultaneous resistance to different antibiotics of the same
family, overcoming the restraints imposedtadeoffsin the evolution of antimicrobial
resistance genef258) These features highlight multicopy plassicds important
catalysts of bacterial evolution. The widespread Ebtlpe and IncQ plasmids are the
paradigm of multicopy plasmids associated with the acquisainmspread of ARGs in
EnterobacteralesPasteurella Vibrio, and Aeromonag755, 756) An increasean the

copy number of conjugative plasmidanoccur in the presence of antibiotics to enable
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genedosing effects and to facilitate the acquisition of a costly phenotype in heterologous
hosts(757).

Comparativegenomicsof available plasmidkelp infersubsets of variants that would be
adaptive for evolutionary lineagegiven that certairchanges cannot be recurrent or
infrequent for the evolutionary lineage and tlaus unable to persisn the long term
(758) Early plasmids oEnterobacteriaceae, Pseudomonasd Staphylococcus aureus
encoded resistancetteeheavy metals mercury, cadmiyand arsenibetween the 1900s
and 1930s and to theantibiotics sulfonamides, tetracyclines, penicillinand
streptomycinwidely employedsince themid-1940s, suggesting theRG acquisitionin

a fewpreexistingantimicrobiatresistant plasmid&59 763). However, the evolutionary
trajectories varyamongdifferent plasmid categories and plasmidomes, ranging from
highly conserved backbonesuchas plasmids W, Cformerly A/C) andP1 (764 766),

to highly variable subtypes within clasal F, I,andX families (767 770), which could

be distinct PTW. (716).

Plasmid gene networkinig a major evolutionary feature of resistance plasniRGs

locatedin plasmids are embedded in other MGEs inserted in the variable region of the

plasmid genomeften clustered in multiresistance regi¢ngl) ARGs areoftenlocated

on variousplasmids that frequently coinfect bacterial populatipfig2, 773) A dense

network of extensivplasmidexchange involving genes, MGEs chromosomal regions

facilitates the adaptation and evolvability of bptasmidsand bacteriahost populations.

As a first possibility, identical genes/MGIEanbe captured byariousPTUs available

in the ecosystem, whiatanoccur by recombination between plasmids or by independent
acquisitions from common or different sources. Plasmid and fimostn duci venes s
(favorableinteractionsyariesbetween populations and highihfluenceghe propagation

of different ARGs Second, plasmids can recombhinpeelding multiple repliconghat
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enable plasmids to replicate in different hosts. Multireplicongraggiently involved in
the propagation of ARGsuchastheF plasmidsn E. coli,the nonmobilizabl@lasmids

of Neisseriagonorrhoeae(741), the Incl18chimeras and the pheromoneaesponsive
plasmidsand RepAN plasmids in enteroco€83, 729) Third, plasmidscan mobilize
chromosomal regions or elements carrying ARGs and/arlevice factorsn trans
Emblematic examples include IncC plasmids (previously A/C) of Proteobacteria
associated with the transfer 8almonellaand Proteusgenomic islands (SGI1PGI1
elements) and othéribrio MDR-GIs to Salmonella Proteae Vibrio, and $iewanella
(774 777) F plasmids ofE. coli with high-pathogenicity island$778) and Inc18

plasmids of. faecalisassociateavith thetransfer of large chromosomal regidiig9)

Transposable elementsTransposable elemen{3Es) aretightly regulated and
conditionallyexpressednutagenic elements whose main physiological and evolutionary
significance is to linknonhomologou®NA (780), whichoccursthrough theflanking of
anonhomologousequence by mediatirthe cointegration of two replicons (whiatan
result in composite platformsor by mediating arrangements (insertions, deletions,
inversions, or translocations) through HGT arambination. TEs are frequently found
in plasmids, ICEsbacteriophages, and chromosomes and can transfer between hosts by
moving from chromosomal sites to mobile DNA molecules (MG&® vice versa
therebyinfluencing the trajectories of antibiotic/xenotic resistance and the evolvability
of clonal lineagesnd MGEs. TE activity constitutes one of the more important forces
thataffectthe evolutionary trajectories of antibiotic/xenobiotic resistance in human and

animal pathogenss well ashe trajectaes of other MGEs and bacteria.

Despite the ubiquity and diversityof TEs (781), the number of different chemical
mechanismemployedn TE movement is surprisingly limitedith many divergenTEs

sharinga similar mechanismNonrandom &tribution is a common attribute of TE
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insertions howevertarget site preferender insertion site and transposon immunigry
among TEswhich, in addition tamatural selectiorgetermineshe distribution of/arious

TE entities and thus their disseminatioighwaysandoccurrence®f ARGs and other
adaptive traitsTE self-regulationmodulates the extent of damage in the host, with low
activity under normal circumstances and activation under stwdssh could ensuz

survival in offspring. However, th€E content can vary with th€E element given that

transposition immunity (T®and TrY) playsa relevantroleim h e s e sunvivaiahdi e s 6

dissemination

Many TEs were initially discoverediue to the carriage of RGs (782, 783)
Categorization of transposable elements has been baskffieoimg criteria, mainly the
diversity of the transposases (Tpas&sjlthe ability to seHmobilize (784) However,
borders betwae TEs are uncleaandthere have beeanincreasingrumber ofreported
elements involved in AMR that do not fitto traditionalclassificationg712, 713, 785)
This sectionreviews the heterogeneity of the elements (dive)siyd the adaptive
strategies forARG evolvability, highlighting the interactions between elements.
Although the diversity oTE effects is widely documented, the relevance of interactions
with the host is largely unknown, and different relationshipem mutualism to

parasitism ando-option,have been suggested.

Insertion sequences andinsertion sequence derivatives. Insertion
sequencesl$s) arethe simplest autonomous MGE in bacteria, comprisiny one or
two proteins needed fdineir own transpositionin addition tothe classicalS model, this
category currently i ncl utha sharevariouslavelseof y
similarity with ISs, all widely distributed and associated with AMBs are categorized
in well-defined major families associated with differéransposaséypes €.9., DDE,

DEED, HUH, Ser Tpases)NonclassicallSs or i I-r8lated T E s aomprise self
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3310 transferable andontransferablelementsThe selftransferable group includesI$s

3311 with accessory genes regulating the transposition, (581, 1S91, and certainTn3

3312 memberssuchas 1S9L071); ii) ISswith accessory genes not involved in transposition or
3313 regulation which includedransporter IS and compound transposamsliii) IS -related

3314 ICEs (ISrelated Tpasesmployedfor the integratingandexcisingof ICES) andcertain

3315 Tn3 members. Theonautonomou3Es thoselacking a Tpase and whose transposition
3316 requires the Tpasef a related element in the same cell) and TEs with passenger genes

3317 notimplicated in transposition or regulation are reviewed elsewB8ge 712)

3318 The analysi®f available genomes and metagenostesvsa limited distribution of most
3319 IS families among prokaryotewjth anoverrepresentationf ISsamong certain phyla
3320 generaandspeies(715, 786) which isprobably associated with tlexposureof such
3321 Dbacteria to variable, stressfahdnew environment®referentialS occurrence is often
3322 observed fobacteria under adverse condigpisuchasa challengeéy antibioticsand
3323 other stresses related to contact with humans and animals (Enterobacterales and
3324 Lactobacillaley emerging species subpopulatiorend phylogenetically related
3325 pathogens with variable epidemiological and patholddeztures €.g, thedistribution
3326 of IS4 among Shigellaor Xanthomonasspecies 1S431 [IS6] in S. aureusand skin
3327 microbiomesandISCfel inCampylobacter fetyg787) and bateria living in isolated
3328 niches thatimit the HGT of hosted ISs. A few major IS groups are predominantly
3329 involved in the capture or mobilization of ARGsichas 1S6/26 (1S26, 1S257, 1S1216),

3330 1S4 (1S10, I1IS50)andIS1111 (1S9, which areprobably amplifiel by HGT events.

3331 Due to thébias in thegenomic databases, with overrepresentation of pathogenfd\iRd
3332 strains, it is difficult tareachconclusions about the number and location of &8kough
3333 there appears to be @eferential locatiorwithin plasmids inantimicrobiatresistant

3334 bacterig713, 715, 785)The numbeof copies alswariesandis highly dependenon the
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host1 S, and, I ndi r @of thoseyARGst Bariersifdr (5 uptakerluaen g e
uncontrollable transposition behaviors, lack of target site specificity, preferred insertions

into essential genemdregulatory regions, and multicopy inhibiti¢ri88).

The effects oflS activity keepe v ol vabi | i t k5 indeianscaa ledde ths h o .
capture ofantibiotic resistance genés particular bacterial genomes. As emblematic
examplesthere are thenembers of the families 88 (789, 790) IS6/1S26 (1S26, 1S257

and 192169 andISECpl(in different families ofProteobacteria(791 794), which are
essential inacquiring and mobilizing a plethora of ARGs in Enterobacteriaceae,
Staphylococci, Streptococcand Enterococci,among otherslS insertionscan also
change the antibiotic susceptibility phenotypesoward either resistance or
hypersensitivity by modifying the expression of antibiotic uptake determinants, transport
processing, target sites, regulatory pathwaysl efflux systems, eventually silencing
genes/elments.For example, there is thecreased resistance to fluoroquinolones after
the insertion of 1%or 1S10 upstream from theacrEFefflux pump in
Salmonellalryphimurium andthe insertion of 1386upstreamfrom theacrAB efflux

pump inE. coli; theincreased resistance to streptomycin after the insertion1df35
upstreamfrom Tn5353(strA-strB) in Erwinia amylovoraand other specig$-orsters et

al, 2015; andthe resistance to thirgeneration cephalosporinsAn baumannigfter the
insertion ofeither ISAbal or ISAbal25 upstredrom the intrinsic betdactamaseampC

of this speciesHowever ISsalsodeterminethe reversion of glycopeptide resistance of

Tnl5460perongowardsilenced transposons kEnterococcug712).

At the genome level, interactions betweeB &lements result in thgeneration of
composite tansposonsin addition tothe classical examples of composite transposons
involving members of the B(Tn5, IS50-Km-ble-str; TnLO, IS10-tet), ISL (Tn9) or IS6

family (1S26, 1S257 and 191216, a plethora of possible transposons can be generated
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using subrogatdSs or subrogate end&/12) However, seldmobilization of these IS
derivatives is influenced by the Tpase type and its orientalfio@need to differentiate
between mobile and nemobile TEs (TEsvsipseudotr ansposheens 0)
suggested713) An important feature of KSE derivatives igheir ability to provide a
scaffold forrecruitingnew gene$791, 792)which canresult in novel mobile composite

platformvariants(795) andselectlineagespecific plasmid variant&96).

IS-mediated insertions and deletiarenalso result ichanges irthe genome structure,
global cell regulationand mutation ratef bacterial and plasmid backgroun(@®7). The
uneven occurrence of ISs is associated with the emergence of epidemiological or
pahogenic variants athe species level (e.gXanthomonasspecies are enriched in
different IS types)and subspeciesevel. Specific ISs are also linked to specific clonal
pathogenic andAMR lineages (e.g 1S1272 in CC29 Staphylococcus haemolyticus
ISCfel in Campylobacter fetys(798) and are more abundant in hurmsthapted
populations ofvariousspecies suchasEnterococcus faeciurfy99, 800) Enterococcus
faecalis S. aureuqg801) andE. coli (802) In thelong term, significant genomaide
expansions were observeadonly a few hostassociated pathogens aindcertain free

living extremophiles, suggesting that particular ISs could have been at least partially
involved in the emergence or evolution of particular lifestyleschas in Bordetella
pertussis Yersinia pestisand Francisella tularensis|ISs influence the acquisition of
exogenous DNA, including the inactivation of foreign plasmids and bacteriophages. In
short,their activity constitutes one of the more important foeféscing the evolutionary
trajectories of antibiotic/xenobiotic resistance in human and animal pathogens and,
importantly, the trajectories of other MGEs and bacteria, favoringthetcquisition of
resistance traits and constraints for the loss of genetitiig of the bacterial organism,

mai nt ai ni nogralfieearoH At i on

139



3385

3386

3387

3388

3389

3390

3391

3392

3393

3394

3395

3396

3397

3398

3399

3400

3401

3402

3403

3404

3405

3406

3407

3408

3409

ISs and IS-derived elements are themselvesbjectedto evolution, and their
dissemination and maintenance has been explored theore{ic@lly Transposition
burstsare often interpreted as stress responses to environmental cHamgeser,the
accumulation of stress events and elements would lead to unbearable fitness costs and
possible extinction ofhypertransposegopulations following Muller’s ratchdike
processes, type of evolutionary fatigug803 805). Transpositionburstsoccasionally

occurin the apparent absence of stressrecently observed witBs of the 130 family

and thancr-1 genewhich confersesistage to colistin806). Swchperiodictransposition

bursts assures the persistence of ISs in those popul#86rs 808) ISs mightalso
increaseresistanceexpression given that antibiotic stress results in IS activation by
fiamctivation c omp | e x eishibitory mechaeismsabpotentialypr es s or
adaptive mechanism, facilitatinpe insertion oflSs into sites that might allow the
bacterium to survive antibiotic stresssulting ina mutatiortype strategy competitive

with that of mutator geng283)

Both insertions and deletions in the genom
hoppingdo and t r(8080)sRearst studiesi using.ucoliiagthe targeted
specieshaverevealed that I$nsertions occur fold more frequently than Fhduced

deletion events despite thefact thatdeletionscan vary under or inthe absence of

selection, implyinghatthe genome tends to shrink without selective pre{80® 810)

Several explanations for Ii&/namics using theoretical modélave been offere(B11i

813). Maintenance of adaptiM& variantshas been explained by three complementary
hypotheses, focusingn IS selfishnesgselfish DNA hypothesjs IS adaptive benefits

(adaptive hypothesisand IS adaptive neutraliypeutral hypothesjs These hypotheses

explainthe abundance of ISs in bacterwhichareinfluenced by drift, the frequency of

HGT interactions, the positive or negative fitness effects of ISs,raost importantly,

140



3410

3411

3412

3413

3414

3415

3416

3417

3418

3419

3420

3421

3422

3423

3424

3425

3426

3427

3428

3429

3430

3431

3432

3433

3434

the rate of transpositiof808).

The Tn3superfamily. Tn3f ami | y transposons, <cl assi ceé

I 1 6 tr ans p o/sancomposit@latfermsuhatitranapose by a replicative
pathway forming an intermediate cointegrate of donor and target molethdéesre

fused by directly repeated transposon copies. ClassiGanémbers have three

functional modulesa core transposition modulleatcomprises large transposase

(TnpA) andanassociated inverted repeat (IR), which are necessary for the cointegrate
formation; a resolvase module (TnpR) with a serine or tyrosine recomjamasa

module of passenger genes. Most are autonomous elemgnéscomplete

transposition machinery that mobilizes the elemegtanHowever, a few Tn3

composite transposonssaidotransposonsnd nonautonomous elements have also
been described. Tn3 elements display transposon immuiiigh precludes

transposition of more than one copy of the element into a single ref@itdp

The disparate phylogenies of the transposition and resolvase modules reflect a long
coevolution thahasresultedn a plethora of T8 elementstypically classified accolidg

tothe TnpA/IRs in large clusters tr@ioupTESs in disparate taxonomic groyjpsflecting

the general impact of HGT in MGE evolution agxplainingthe coevolution of TnpA

and IRs to maintain specific and functional interactions between geneticaltgaed

hosts. Four large TBxlusters are ofpecialrelevance in AMR, namely A430,Tn5393,

Tn21-mercury transposons, and3n

Tn3, which encodes blaTEMyas the first transposon described (originally named TnA)
(815, 8b) and was already widespread in early plasmidsvafiousincompatibility
groups(817)Heffron (818)and references hereinylercury transposons halengbeen
considered the flagship of AMR, becaad¢he association of 21 with class 1 integrons

and other composite multiresistance platforms in early MDR isolates thierh950s
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(316) More recent studigsavedemonstrated krgediversity of mercury TEs in early
AMR plasmids of human and environmental isolates, probably selected by the wide and
intensive use of mercury ithe early partof the 20" century. These transposons would
have subsequently anéhdependently acquired cksl integrong(819). Emblematic
examples of T& mercury membersnclude Tn21, Tnl696, Tn501, and Tn6182, all
globally distributedn epidemic plasmids or embedded withasistance island@20

822). Tn4430includesTEs widely spread ithe staphylococci and/or enterococciay
(ermAB,encoding erythromycin), Bb1(bla, encoding théetalactamase), antin1546
(vanA,encoding higHevel resistance tglycopeptides). Another group represented by
the emblematic TH393 (strAB), present in all plasmids recoveredthe 1950s and
clustering othesimilarly cryptic TEssuchas Tr5403andTn3434 wasinitially found in

the environment ang now increasinglyassociated with mobile composite elements
including the blakec andblanom genes(823, 824) This group alsdelpsother MGEs;

indels and rearrangements are frequent and appedotih contemporary and early
plasmids Composite elements including Jare apparentlgxceedingly rarebecause
transposition immunity precludes transposition of more than one copy of the element into
a single replicon. Pseudotransposons rmmaautonomouslements related to Tn3 have

been described

The Tn7 superfamily. The Tr¥ superfamiy comprises unusual, highly
sophisticated and extremely efficient MGEwhich are characterized byheir
transposition machinery (a core of three transposition profgmsABC(R] and two
target selection proteifdnsD(Q) and Tnsp and by displayingjn addition toTn3,
transposon immunity825) Tn7 frequentlytargets arattTn7 chromosomal siteg{mS
gene), an essential gene conserved in highly divergent bacteria. This propagation occurs

in a neutraimannerandleadsto the successful propagation of adaptive traits by vertical
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3460 transmission (through TnsABC+D). Tnalso targets conjugative plasmids and
3461 bacteriophages atlow frequency (through TnsABC+EJhere arestrategieghatrelax

3462 the target specificityas well asalternative target locations, including interactions with
3463 other MGEs suchas MICsandgenomic slands(826 829) Remarkably, these elements

3464 are the main vehicles of class 1 §D2) and class ZTn7) integrong717, 830832).

3465 Accordingto the phylogeny of the transposasesy Btements are classifiadto three

3466 groups Tn7, Tn5053Tn402 and Trb52, each with aGC content that reflects the
3467 preferredbacterial host and thus an ancestral adaptation to distinct prokaryotic groups
3468 (826) There have been an increasingly large nunobeeportedTn7 variants carrying

3469 genes coding for resistance to antibiotics (embedded in class 2 integrons, genomic islands
3470 andlIS-relatedTES), heavy metalsoperonsor clusters associated with silver, copaerd

3471 chromate resistancgB27, 828) and CRISPR or RM systemsamong many other

3472 adaptive trait$826, 833) prompted byS-mediated homologous recombination.

3473 Tn5053Tn402like transposons Tn5053/Tn4032ike transposons (TNIABQR
3474 have target preference for thes site of plasmids and TEs of the Zhsubfamily and
3475 therefore ar&nown adiresh u n t Resavases€s) function to resolve plasmid dimers
3476 following plasmid replication.Tn5053 are predominant in disparate environnaént
3477 settings, and occasionally in clinical isolatesRsfeudomonage.g, Tn502, Tn503);

3478 however,Tn402 elements are distributed in many prokaryotic groups associated with
3479 various hosts. A plethora of 02like transposondave been reportedncluding
3480 varnants with defective tahsoz, class 1 integron@34, 835) andhybrids ofTn7 and Tn3
3481 (Tn5053Mn402 Tn21/Tn501), which would have spread via HGT and recombination

3482 with many different MG§829).
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Tn552like elements Tn552-like elementsencode the betlactamase genes of
staphylococci frontheir early spread after thé r u thérapetic introduction These
elementsare extremely frequent in multiresistance plasnyggally inserted within the
ressite of the pl as imimhdycasesgenetic tearranygamenssyaet e m.
evident within or in the vicinity of these elements, presumably mediated by interactions
between the transposon and plasmid resolution systems and repeated transposition events

into the elements

Nonautonomots TransposableElements Nonautonomou3 Es are fully dependent
on transacting compatible transposases encoded by related functional (autonomous) TEs
and include small (generally less than 300 bp) elemsatdasminiature inverteeepeat
transposable ements (MITEyand mobile cassettes (MIC#)hose transposition can be
catalyzedn transby a transposase of a related(T32, 836) MITEs greatly contribute
to the spread of antibiotic resistance from environmental speciesdimetobactef837,

838), Enterobacteriaced839), andAeromonag840)bacterial families.

MITESs, and repetitive extragenic palindromic elements are smahautonomousS
derivatives whose transposition can be catalyae¢chnsby a transposase of a related IS
(712, 836) These elements are representedugtoutthe microbial world, indicating an
ancestral origin for these sequendebnear correlation between IS and MITE abundance
has been observesuch ashe conserved39 bp MITElike structures flanking integrons
found in Acinetobacterspecies of dispate origins thafacilitate the acquisition and
spread ofvarious betalactamase$838, 841) the integroAmobilization units carrying
blacess located on plasmids @&nterobacter cloacgeand others found in plasmidsiar
eitherEnterobacteralesr Acinetobacte(837, 842) Tn3-derived invertedepeat mobile
elements are spetized MITEsS(843, 844)which canregulate the expression of genes

by insertion within protein coding sequences and are resporisibtee mobility of
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antibiotic resistant class 1 integrons locaitedoth plasmids and chromosom(@stl,
842). Different ISfamilies show target specificity foepetitive extragan palindromic
sequences (% 1S110, 14, 1S256 and 1), which is not surprising given thatthe
features of the DNAarget and of the transposase domain responsible for target choice

are not included in the criterfar definingIS families.

Genomicislands Genomic islands (Glsare large continuous genomicegionsof
variable size (4i%00kb) engenderetty HGT (and thus witla different GC of the core
genome) and heterogeneously distributed within prokaryotic gr@426847). Among
Gl s 6 mo sfeaturesale ¢the @asdnce of mobiliyated genesi(t and xis, transfer
origins, tra genes, replicationelated genes, and transposition genes), flanking direct
repeats, andgpecific integration sites. Thus, tliesland familydo composite platforms
include MGEs, ICEs, pathogenicity islands, resistance islands, symbiosis islands,
integrating plasmids, and probably prophages. Most prokaryotic groups have different

types of genonuiislandg731, 848)

Gls play arelevant role in microbial genome evolution and adaptation of bacteria to
environments, often in quantum leaps, allowing bacteria to gain large numbers of genes
related to complex adaptive functions in a single,stegrebyconferringevolutionary
advantges. For example Gls of Staphylococci (SaPls and SCCméL31) Vibrio
cholerae(SXT/391, other GIs)848), Salmonella(SGls), Acinetobacter(AcRo), and

Proteae(PGls) can be mobilized by plasmi@37, 849, 850pr phage¢731)

Integrativeconjugative elements, ICEsare modular automoous Gls that share
similarities with conjugative plasmids (conjugation) and viruses (integration and
excisior), are widely distributecand areprobably more common than plasmi@51).

Most of the availableinformationon ICEscomesfrom comparative genomic analysis,

revealing gene content, functionalities, and evolutionary hist8b2) Certan ICE
145



3533

3534

3535

3536

3537

3538

3539

3540

3541

3542

3543

3544

3545

3546

3547

3548

3549

3550

3551

3552

3553

3554

3555

3556

3557

families have been characterized in detedlpecially thosessociated with antibiotic
resistancesuchasSXT/R391 (MPF type), Tn916and ICEBs1 (MPR.), and CTnDOT
(MPRg). These cases show that ICEs have greatly influenced the fitness of pathogeni

(and probably also drugesistant) bacterial lineagé353)

Gls share alternate states of integration, excisiod transfer, although the regulation of
these stategariesgreatly among elements. The different requirements for the integrated
and excised forms of GIs/ICEs now suggest the inability to coexist in the same cell and
haveled tothe hypothesighat mostiCE systems go through a bistable activation state,
followed by ICE excision of a dedicated subpopulation and possibly by a dedicated
transfer competence development prog(@54, 855) The bistability hypothesis helps to
understand the lifestyle of ICEs, including the relationship with the host and the selective
forces behind their vertical and horizontal transmission modesordiog to this
hypothesis programmed regulatory networks wouhdlicatethat only a small specific
subpopulation (coincidental with the variable transfer rate of these elements0? to

107) is able to excise. The small size of this excisable ané n t utmrsfersblé i
population isexplained byhigh cost thatvould be invested in the transfer event. Major
strategies to assedbe stability and maintenance afertain Gls include limited
replication, deployment of active partitioning systeamgjtheactive killing of donor free

cells due to eitheanabortivetoxin-antitoxin (TA) infection system or a novelechanism

only observed inthe SXT/391 family, the secalledfirap-doo. Recombination between

elements occurs if they do not beldgimilar exclusion clusters

Bacteriophages and phageelated particles. Bacteriophages are timeostabundant
type of microbe, with an estimated number of*pbage particlesorldwide (856, 857)
Bacteriophagedepend on bacterial cefisr propagatiorand arghereforekey drivers of

bacterial population density, constantly promoting their own diversification and the
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diversification of their bacterial hostshichhas evolutionary consequendleat have not

yet been fully explored. Phagesntribute to clonal oscillatory dynamics in the host
microbiota, helping the spread thie best colonizerg¢given thatphages frequently carry
colonizationvirulence factorsyand high-risk resistant clonefgiven thatthey probably
contribute to nofhostderived immunity (858). Bacterial lysis by phages should release
free DNA (includng resistance geneisito the environment and might contribute to gene
spread by transformation in natural habi{&8s9) The influence on phylogeng@., the
emergence of clones or clonal ensembles) of DNA transfer by phage transduction depends
on speciegphage specifity; lysogenic or temperate phagésnd to have greater
specificity than lytic phage$860) Temperate phages, integrated into the bacterial
genome, are probably one of the more efficient agentH@f (transduction)
Transductioneventsoccur up to an estimate®0 x 10" times per secon@B57, 861)
Antibiotic exposure can activate the lysogeny of temperate phages, eventually favoring

thetransduction and expression of phagataned virulence geng862)

Transduction an result in the transmission of chromosomal host genes carrying
resistance mutationsnistakenlyintegrating theminto the phage genome. The role of
bacteriophages and phageated particles as reservoirs and drivers of AM&ahuman

and animal gut,esvage, and agricultural soils has been extensively st8&2i867).
Mobilization of chromosomal AMR genes by transduction has been demonstrated for
major opportunistic pathogensuch as Enterobacterales(E. coli and Salmonelly,
althoughmuch more frequently in streptococci and staphylococci. Inatier cases,
antibiotics at subclinical concentrations have been shown to promote the bacteriophage

transduction of ARGs.

Why haveso few AMRsbeen reported to be present in phagesgared with plasmids?

A first comparison of network properties between plasmids and phage genomes revealed
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that plasmids are more frequently connected within the bacterial netwaonpared with
phages.Conjugation is thusnore frequent than transduction nature(868), with a
transduction/conjugation rataf approximately1l/1000(862) The bacteriophaglost
rangecould benarrower than plasmid promiscuitgsultingin fewer capturedi g e n 0 me
externak ed geneso, probably 10 .tHowewseneflows fr eqlL
between MGEs occurs preferentially between consistent groups of gefonmestance,
phages with phages and plasmids with plasn{@i9) Chromosomal ARGs are
infrequentlylocated n core genome regions, which are the common sites of prophage
integration Thefrequency of specialized transduction events carrying ARGs is estimated
at approximately 10° transductantplaque forming unitsbut can be higher in
StaphylococcysStreptococas EnterococcusandClostridium (862), which correlates

with thehigher frequency of ARGsdnsmitted by phages in these taxdviereover the

cost of carrying antibiotic resistance genes might restrict phage evo(8#6h When
CRISPRCas immunitytowardforeign DNA is borne by lytic phages, the host bacteria
are prevented from acquiring plasmids, evaltyucarrying resistance determinants.
Evasion of CRISPR immunity by plasmids occurs ahtbe&tlevel through high frequency
loss of functional CRISPfas immunity at a frequency as high a3 ii0the case of the
conjugative plasmid pG040@hich encodesnupirocinresistance. However, CRISPR
can be reacquired BYGT in environments wherghagesare a majocauseof mortality

(871)

Phagesancombine with otheMGESs, suclas plasmids, transposons, and genetic islands,
forming phagdike element$865) One class gbhagelike elements, called gene transfer
agentsisbased on the presence of usable capsids in the bacterial chromosome, facilitating
mobilization of bacterial DNA(872), which can transfer antibiotic resistance in

heterologous recipientsat higher frequencies than previous estimates thdir
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3608 transformation and transduction rates in natural environmerfi$a(tithighe)). Thehost
3609 range however, appear® be very concentrated in alppeoteobacteria from ocean
3610 environmentsEcologicalco-occurrence with pathogens is needed to craaignificant

3611 risk of AMR acquisition by phages and phagtated element& 72, &0).
3612 Flow of Mobile Genetic Elements andAntimicrobial ResistanceGenes

3613 Most AMR genes ar eMGBsiTohbei Iteedr nb efidndicksstheecof her e
3614 ability of being transmitted among heterogeneous biological entitmsever,the term

3615 Aimobil ed or fAmobilizationo has another sema
3616 andcommunication sciencet o bring (resour ce artioutar r eser v
3617 v al @&pPMobility hasar a i s o ni.editcredtes walue for both AMR gemand

3618 bacteriaandfor the microbial community acquiring the genetic trait. To play a significant

3619 role in ecology and evolution, tliwalued created by the genetic transfer systerhich

3620 providesadaptive advantagém our caseantibiotic resistangeshould be based on the

3621 robustness (ability of the system to tolerate irregular changes) and conduciveness

3622 (efficacy in reachingthe goal of resistance) of the players facing diffesugenetic

3623 contexts.These advantages credtehg hway s o where AMR genes ar
3624 circulate in a consistent, sometimes permamnegner. Theséacilitated processes are

3625 frequently derived from the historical biological background of genetic exchanges and

3626 conditioned by the ecological continpitequired for continuous mobility.

3627 The environmental context ofantibiotic resistancegene flow Limitationsin the
3628 availability of adaptive DNA and MGEs and transfeoficient bacterial subpopulations
3629 determine the possibilities @ntibiotic resstancedeterminantmobilization which is
3630 influenced by environmental disturbances. Fluctuations in the environment are
3631 heterogeneous, irregular, and often stochasilte resistanceand resilience ofa

3632 functioning ecosystemdepends on thes p e criclenes$é in the case ofantibiotic
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resistancethe moreMGE and subpopulatiodiversity, the more chances tespondo
irregular and sudden perturbations, increasingAW& evolvability (746). The primary

benefit of bacterial diversity would be &oquirerobustness to face sudden and uncertain
challengessuchasantibiotic resistanceHowever, the number of variants that generate
robustnessanvary during evolutiordue tothe low or infrequent temporal occurrence of

the changes. Thus, the balance between robustness and evolvability drives the evolution
of antibiotic resistancentities(874). A major source oénvironmental variation derives

from anthropogenic activities, which are increasingly considered in the analysis of
antibiotic resistanceunder the One Health, Global Healthand Planetary Health

perspective$d75, 876)

Cell-free DNA as a source of ARGssincreasinglybeenreported at the interface tife
humanand water environmer{877). Depending on the bacterial species involved and
the gendransfer mechanisms that are active, a nemud processes limit (or enhance)
the transfer, uptakeand stabilization of foreign DNA in bacterimom different
environments.The canonicalHGT mechanismsof conjugation, transductionand
transformationinvolve genetically and ecologically connected populati(813, 325,
851, 868, 878, 879DtherHGT mechanisms are increasingly being documentsdiia
and marine habitatssuchas DNApacking extracellular vesiclesnd DNA transfer
through intercellular nanotub&€880' 883). Extracellular vesiclesoordinatenumerous
forms of intercellularcommunication and facilitate the exchange of small molecules,
proteins, and nucleic acids, including RNA and DNA and elenmsnthas plasmids.
Interspecies vesiclmediated gene transfer has been reportdel icoli, Acinetobacter
baumannij A. baylyi,and P. aeruginosg884, 885) The combination ofvariousHGT

processes is how recognized apramary strategy for transmission and cooperation
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between natural bacterial communities in order to exploit genetic common, goets

as ARGY886).

Highways for antibiotic gene flowary according to thenvironmental factors, which
have dramatically changed during the"2@entury due tomassive anthropogenic
interventionsThe releaseof antibiotics, heavy metals, pharmaceuticatgjmanurento
the soiland water ecosystems is expected to greatictthe composition and dynamics
of resistomes and HGT events in nature because they provoke acidifip&tionanges
and thantroduction of organimatterand exogenous DNA. Major molecular effefrtan
these stressors include triggering the SOS respornseasingreactive oxygen species
levels weakeningthe cell wall, modulating quorumsensing processesncreasing
adaptive antibiotic resistance, aadhancingHGT (325, 348, 88i7889). The transient
bacterial communitiecomposingmanure soils imply that transformation or phage
transduction (also present in these environments) could have a relevéd®@nlEotnik
and Weaver have estimated that, uratertemporary ecological conditions, at least*10
microorganisms arsubjected ta freezeandthaw cycle, at least 1®are subjected to
sand agitation and at least 0 are subjected to conditions stita for
electrotransformation imany given year. Commonmineralsemployedin animal food
supplementsand biosolidgpromotethe direct transfer adintibiotic resistancelasmids
between bacterial specié®91, 892) Most species involved imantibiotic resistancere
generalist and@re therebyable to cross differerttostspecieq893). The conduciveness
of ARGs depends oMGE promiscuity which is determined either by ecological
opportunity (plasmids and other conjugative elements) or phylogenetic distance
(bacteriophages). Each elemaploys preferential transfer mechanisnms which
recipients and donors play different roles, determining preferential roads for antibiotic

dissemin@ion. Changes imeservoir size and in ecotoneanfacilitatetheemergence and
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persistence of pathogens and #n#ibiotic resistancdraits they carry, afias been

reported for MRSA894)enterococc{895)and other organisms.

Gene flow and DNA uptake proficiency Recipients play a central role in natural
transformationNaturally (heritable) occurring bacterial subpopulations with enhanced
competencer recombination potentiéinutator strains) have been associated with ARGs
and MGEs in the variousspecies frequently involved iantibiotic resistanc€896).
Competence developmens often explained by the phenomenon of phenotypic
bi furcati on traditiondlp intsrpreaed ad stothgstic, eveniggered by
environmental stimuli that now appear to be highly regulated processes within individual
cells (897, 898) Environmental distribution and dynamics of mutator phenotypes is still

unknown.

The recombination of homologous or heterologous acquired DNAd®s dxtensively
revised elsewherg€879). The contribution of DNA uptake in natural environments
appears tdave been greatly underestimat&étie acquisitiorof transposons, integrons,
andgene cassettes by competent disparate sp@96%and the possibilityf acquiring
large fragments and antimicrobiasistant geng®00)frequently occursRecent studies
that relate competencéor Kkilling nearby cells via fratricide orsobrinicide (in
Streptococcusor by kindiscriminatedneighborhoogredation (through T6SS systems
in Vibrio and Acinetobacter have revealecan active HGT strategy for acquiring
exogenous DNA that can contribute to the fitness of the predatoaedteiringbeneficial
adaptive traits, including the uptake of plasn{dli 903). Co-regulationof competence
and T6SS systems, describedviibrio choleraeand Acinetobactercould be important

for other generainvolved in AMR uptake such as Campylobacter Pseudomonas
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3706 AgrobacteriumandRalstonia Lastly, transformabn has recently been suggested as a
3707 relevant process to rescue bacterial cells from selfish mobile ele(@84)s

3708

3709 Gene flow and conjugation proficiency Donors play a central role in conjugatjon
3710 whereasrecipients often limit the transfer or the establishment of the conjugative
3711 elements. Transference is highly regulated in plasmiddiéfieds between Granapositive
3712 and Grarmnegative species (comprehensively revisedKohler2019 and references
3713 herein). Despitethe differences in backbone, regulatory networks, and evolutionary
3714 origins,ICEs appeato have a relatively restricted host range and share a general model
3715 of bistability that explains theirhorizontal or vertical transmissio855, 905)
3716 Conjugative elemenfsequentlyinteract with other elements within the cell (see plasmids
3717 for some emblematic examples) and can modifyHB&4d ability in recipientg904, 906)

3718 MGE promiscuity is related to this affinityrequirementand to the availability of
3719 attachment sites in the recipient. Hotspotsd@peific insertion site are common for
3720 Dbiologically relevant Gls, transposqrand bacteriophages in species of Actinobacteria,
3721 Firmicutes and Proteobacteria (e.g t h eof tBedhousekedping gene glutamine
3722 aminotransferasgf GMP synthetag® although sule specificity can be relaxed

3723 facilitating uptake asecondary siteg407)and references herein).

3724 Gene flow and the acceptability to foreigngenes; defenceystems Depending
3725 on the bacterial species and MGEs involved and thetgam&fer mechanisms, a number
3726 of processes limit (or enhance) the transfer, uptakd stabilization of foreign DNA
3727 molecules in bacteriaRecipients already carrying conjugative elements limit the
3728 acquisition of similar entities bywcompatibility (plasmids) and exclusigplasmids and
3729 ICEs). Plasmid incompatibility is often modifidy recombinationwhich explains the

3730 frequent coexistence of similar plasmids antibioticresistant bacteria, sucas F
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plasmids inE. coli and pheromonaesponsiveplasmids ink. faecalis(729, 772, 908)
Incompatibility also affectthedynamics of ICEs and plasmids with the same replication
machinery(909). Surface/entry exclusioaffects plasmids and ICEs ddiffering GC
content(910) Whereassurface exclusiomprevents close contabietween cellsentry

exclusionpreventdDNA transfer aftetheformation of the mating pair

Defensesystems prevent the introduction of heterologous DNA from conjugative
elements and phagesmdare classified into two major groups, hamatymunity and
dormancy induction and programmed cell deathich canbe collected, analyzed&nd
visualized in a comprehensive prokaryotic antivitelense systematabase comprising
elements from more than 30,000 specib#tpé://bigd.big.ac.cn/padsarsenalThe
immunity groupincludesRM systems, bacteriophage exclusgystemsand clustered
regulaty interspaced short palindromic repeats adjacentcésgene (CRISPRCas)
systems. The dormancy induction or programmed cell deatthdinfection group
includes TAsystemsand abortive infection911, 912) Defensemechanisms show
nonrandomclustering suggestive of nonadaptive evolutidntle islands througha
preferential attachmeitike mechanism underpinned by addictive propef8és8), which

can eventually act as selfish mobile elements.

Barriers between different prokaryotic groups and antibiotic resistance gene
flow. Phylogenomic networkemployinggenomes and metagenonreflect themajor
impact of HGT during microbial genome evatut, suggestindparriersatmultiple levels
betweenvariousprokaryotic group£914 916). Phylogenycorrelates with ecology, the
fiel d odgeneticsandphlglggénetic community ecologi@l7) If ARGs are
expected t@xist virtuallyeverywhereconsistenwith the BaasBecking principlg918),
they are selecteandcirculate and evolve preferentially among phylogenetically related

organisms not only becausétheir ecological coincidence batsobecause they have
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beenevolutionarilyadapted to thgenetic background and physiology of groups sharing

a common ancestoGenes recenthpcquired viaHGT are more similar in codon usage

than the genes that have been vertically inhe(®d®) for instance, recently acquired

genestend to be relatively ATFrich comparedwi t h t he host 6s chrom
phylogeny oRM systems alsoorrelatesith the phylogeny of the bacterial taxons; these
mechanisms against foreign DNA create preferemq@hwaysof genetic exchange

within and between lireges with relatedRM systems(920). Transferred genes are
concentrated in onhappoximately 1% of the chromosomal regior{815) and the

density of chromosomdiotspotsfor integration of foreign genes in different species

shouldthereforeinfluence the acquisition of ARGs.

However, HGT occurs atlower frequency across diverse bacterial pl{9@id) linking
distinct genetic pool68, 922, 923)Barriers to HGT between distantly related bacterial
species (having dissimilar genomes) are still poorly understood but are thought to depend
on the transfer mechanism (broad host range MGEs)amununity permissiveness
whichreferst@ ¢ o mm ability to gh@re a gene acquired by HGT (genetic exchange
community). Ecologically cohesive bacterial populations forming raultispecies
community (coexisting in biofilms) should habetterchancesd establisha icommon
goodd ,assuring the resilience of the community partners involved in cooperative
functions(924) The analysis of networks focusedgeneshared between chromosomes
of different species, plasmidand phagesshowsthat not only genes are preferentially
shared between groups of closely related genomes andepetyymlogically consistent
groups, as phages with phages and plasmids with plagd@#élgbut most gene transfers
occur within particular geolocalized habitd®8, 742) However ecologically isolated
populations (including many intracellular bactesiad those tolerating unique stressful

environmenty which are also in genetic isolatipmareless prone taeceiving ARGs
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(545) Co-operativeor competitiveamensalistic interactions betweepesies should
influence ceoccurrence ashortdistances and HGT. Recent genomic and metagenomic

developmentshould cassome light on the complex field &RG flow (925).

Barriers determined by the interactions between mobile genetic elements
Interactions between coexistiddGEs are common. Most bacterial pathogens host a
multiplicity of potentially interacting MGEs(752) obtained by sequential or
simultaneous acquisition bl long-term local plasmievolution These interactions can
alter, among other things, MGE transferability and maintenance. Mobilizable plasmids,
which compriseat least 25% of all plasmids, rely on other conjugative elements present
on the host cell to be able to spread by coajiog (926, 927) Conjugativeplasmids
might alsofacilitate the conjugation of another conjugative plasmid present in the cell, a
phenomenon that frequentigvolves plasmidplasmid RecAdependent cointegration,
sometimesusing common transposable elemergsch as |6 in carbapenemase
carrying plasmiaointegrates(928) However, facilitation othetransfer of a coesident
conjugative plasmiddoes not necessarily involve conventiondecA-dependent
recombination. Facilitabin is negatively influenced by the surface/entry exclusion but
enhanced by favorindonorreceptofi mat i ng c¢ | u mplasmidan®dbidext e d
pili (929, 930) MGEs affecthe fitness effects produced by otMBEscoexisting in the
same cell. Plasmids, for examptgpically engendea fithesscastin the host bacterium
(749, 931)however,these costganbe ameliorated (positevepistasis) or accentuated
(negative epistasis) by the presence of additional M@GE3, 932) Epistatic interactions
betweenMGEs can determine the fate of the MGE in bacterial populations, promoting
low-fitnesscost associations and logrm maintenancehusshaping the highways of
AMR genes(752, 933, 934)Plasmidevolutionary success and the plasmiddiated

spread of AMRare toa significantdegredhe result of a intracellular plasmid competition
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3806 with other plasmids, influencinthe spread by lateral transfan particular, thestable

3807 plasmid inheritance (incopatibility) (935) Conjugaive plasmids commonly encode
3808 fertility inhibition determinants, which reduce the conjugation frequency of other
3809 plasmids preserh the same cel{936) Plasmid incompatibilityis basedon common
3810 regulatory mechanisms afoexisting plasmidreplication resulting in a competitive
3811 replicative dynamic leading to the loss of one of the plasmids in the cell progeny.
3812 Replicon typing has served amathod forclassifying plasmiddiic or Reptyping) (937).

3813 However, there areumerousexamples in natural bacterial isolatdsncompatible low

3814 copynumber conjugative plasmids carrigntly, providing evidence that resistance
3815 plasmidscansolve incompatibility, increasing the cellular repertoire of ARE30, 938)

3816 Incompatible plasmid coexistence can result from cointegration foom plasmids
3817 harboringmore than one mode of replicati¢n68). Plasmid localization and partt

3818 (Par) systems also cause plasmid incompatibititichthat distinct plasmids with the
3819 same Par system cannot be stably maintained in the sam@®3®)lIn addition, TA

3820 systems can eliminate incompatible plasmids from the pro@zit).

3821 There should be a vast number of continuous interactions between MGEs in single cell
3822 progeny, including phagesA faschatingexample of how interactions betweBIGES

3823 affect their horizontal transmission is the arms race between phages and pathogenicity
3824 islands inStaphylococcus aureus which both elements compete using a complex
3825 repertoire of molecular interactions packaged in the phage dq&ddil Other exemples
3826 of interactions among MGEs occurs among pipolisslf-synthesizing transposons
3827 encodingreplicative B DNA polymerases) which can be present . coli, but not
3828 involved in antibtic resistance, and other integrative MGESs as integi@412)

3829 Mobile geneticelementdispersal within speciesThe concept of species remains

3830 elusive in bacteriology943, 944) In the age of whole genome sequencing, it is widely
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accepted that strains belong to the same specthsyifshare more than 95% average
nucleotide identity Although MGEs belongo the accessory genona&d considering
there is a common evolutionary histoigr MGEs and their usual hosts, a mutual
adaptation has taken pladéowever, many plasmids (more than 50% of those examined
by bioinformatic methodsjre able to colonize species from different pHyE6). In any
case, it remains true thidite sameypeof MGE tends to be associatadth the same type

of host(945). Historical coexistence with MGEs hdikely contributed to speciatiofor

at least with the gene regulatory mechanitimas imposéi s t y | e0s) agpérticllar f e
ancient hos(946). It is not surprigng that mobility and maintenance should be more
effective within particular speciesPlasmid stabilization is likely to occur in a bacterial
host, mediated by different mechanismschas mutations in a replication protein gene,
acquisition by the resigtae plasmid of a transposon from aresiding plasmid encoding

a putative TA systemanda previous mutation in h e Iglobalt trArscriptional
regulationgeneg551) The process of stabilization by mutationtteplasmid replication
protein involves the emergencerafmerougplasmid variants differing in this initiation
protein; clonal interference (competition between variant clahesg¢bydetermines the
evolution of the persistence of drug resistaf@€7). Plasmidencoded TA systems have
an advantage in withthost plasmid competition if the host cell is sensitive to the toxin
(948) Long-term coevolution of a plasmid in a particular specis resulin partially

or fully codependent e pl i cons, a A pmhpasicuardpeceplimitngal i zat i
the spread to other lineagasvhichthe maintenance or expression of plasmid traitsh

as ARGs, could be reducéd48, 949)

Most bacterial specietend to diverge into subspecies and cloneghgyprocess of
ficlonalizatiod mifnicking speciation by adaptation frequently mediated by H®BT

neighboringecological niches (ecovars). This ecological neighborhood facilitates the
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evolution of plasmiehostspecificity, frequently overcoming the process of clonalization
(950) IndigenousMGEs therebycontribute to the communal adaptive gene pool of the
species. This resilience tife plasmidhost specificity pattern involves regulation of the

defense mechanisrihat might be present in the spe¢i#sl)

Intracellular dynamics of mobile genetic elements MGEs such as ISsand
transposons can move almost randonsignietimeswith associated ARGs) from one
location to another within the genomehfomosome®r plasmids) of a bacterial cell.
Integrons employ site-specific recombination to transfer resistance genes between
defined g@nomic spots.An average of 10 IS insertions and 10 IS-mediated
recombinations per genorhave been estimat@er generation in the. coliK12 genome
(952). How arelSs maintained successfully in bacterial organisiespitetransposition
bursts frequentlybeing deleterious to their host genomefien induced by stress,
including antibiotic exposufeThe intake of ISs through theuptake of MGEs is
insufficient to replace lost IShowevercontinuous adaptive genetic variation resulting
from insertion eventxan be maintainehs fAevol utionary i nsuran
adaptation to changing environmentsich could facilitatehomologous recombination,
removal of deleterious geneandacquisition of advantageous mutational evé863),
as well as ensuringrosstalk between genetic regions of the seltnetimegrom different
intracellular replicons. Most importantly, ISs (and composite transposons) are associated
with the acquisition of ARG£953) In a section above, we mentioned the role ofifiSs
keepinge vol vabi ¢ agARS geaenshultling is a consequence of intracellular

MGE mobility (954)

Integronsare extremely anciemroupsof elements with lowasic diversity (only three
main classes associated with broad bacterial taxons but with many variants) and

widespread chromosomal elemeigsegronsare notMGEsin their own rightgiven that
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3881 theintegron integrase cannot excise its own gene from mommehowever, integrons

3882 can gain mobility ihobile integronsthroughintracellular association with transposons

3883 or plasmidsand can carnrARGs(955). For instancantegronscan be inserted at different

3884 locations into distinct ancestral transposaisgshas mercury transposor820, 956)

3885 Integrons als@ctto efficientyc apt ur e exogenous genes (fAadap
3886 i ncluding antibiotic resistance genes) that
3887 expressed under the function of an external promoter. It is unclear ao@sttat

3888 originatein different species and environments reach and are recruited by the integron;
3889 howeverthe acquisition of mobile integrons carried by plasmids or mobile transposable

3890 elementscould play a relevant rol€957) The orderof genecassettesn the string

3891 (possiblyhundreds) can be changékereby alteringhe distance to the promot@il7)

3892 Mobile promoters can be horizontally transfer(é#i8) andcansometimesnfluence the

3893 expression of antibiotic resistance genes by intragenomic mddii8) MGE dynamics

3894 is regulated by the cell to redufimtragenomic conflicts (959), ensuringafi ma X i mu m
3895 tolerated number of copies, from plasmids to transposable elenantEcursin

3896 transposon immunit{960)

3897 Intracellular interactions between plasmids and the chromeslsaonstitutea relevant

3898 topic. Hypothetically, the translocation of these genes from the plasmid to the
3899 chr omosome, foll owed by A ¢ o s dolldy keep the a s mi d
3900 advantageous genes carried by a plasmid without the cost of maigtée replicon

3901 (961) However, plasmid loss is frequently minimized by compensatory evolution, and

3902 the process of antibiotic resistance gene capture by the chromosouns infrequently.

3903 (962) In principle, small plasmids witahigh number otopies per cell should be more

3904 difficult to eliminate than large plasmids wigélsmall copy number. A debatahssueis

3905 whethersmall plasmidsmposea different fithess cost than large onkswever meta
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analysis studiekave suggestethat there isnot much difference. Thefitness cost is
proportional to the number of antibiotic resistance genes carried in the plasmid,

suggesting that plasmid loss should be more frequantitiresistanplasmids(934)

The intracellular evolution laboratory for antibiotic resistance. We have
highlighted the multiple, almosinlimited wealth of intracellular interactions among
MGEs and with the bacterial chromosomehich creates scenario of overwhelming
complexity, in which a multiplicity of genetic combinations is constantly created and
offered to natural selection wariousenvironments.Theseexperimental combinations
cansurpass the normal mutation rated can alsampose a lower fitness cost for the cell
in the mediumand long term. Plasmid carriage hasloweraverage fithess cost than
chromosomal mutation§934) The fuzzy ontolgy of MGESs, wherethe interaction
among phages, plasmigsnd transposons prodyces oxilimes a
accurate image of this fA96RtAgedexadniplaisthe ev ol L
unpredictale structure of mosaic plasmids, composed of genetic elements from distinct
sources;approximately50% of plasmids represented in databases are in fact mosaic
plasmids, unevenly distributed across bacterial taltpughpossibly morecommonin
more envionmentallyconnected speci€964) The genetic diversity of mosaic plasmids
hascontributed to the selection and spread of antibiotic resist@@& 965)but has

increaseaentropywhile predicting evolutionary trajectories.

The Ecogenetics ofAntibiotic ResistanceTransfer and Maintenance: Antibiotic

ResistanceGenesin the AccessoryGenome

MGEs should beransferrabldrom a donor to a receptor bacterial hastransferthat

depends on the autonomous ability of the MGE to encode its own transfer mechanisms
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or to be mobilizedn trans by another MGEThe transfer event will havéttle to no
functional consequences in the absence of MGE compatibility with the host genome,
including the hostesident MGEsSMGE mobility among bacterial organisnaesnot
ensurethe expression of the ARGs they might carry in the recipient Aalésistance
genepresent imn MGE mightalsopersist in the recipient cell (by recombination in the
host genome) even if the MGE is reject®bst transmissible ARGs should correspond

to the fiaccessory genomeand the trajectories of genes belonging to the mobile
accesery-adaptive genome should correspond to AR@schis illustrated inFigure7

and detailed below. In this section, we discuss the mobility of antibiotic resistance based

on resistance genes, as part of the mobile accessory or adaptive genome

Trajectories of accessory genome genes @ammaproteobacteria The gene flow
trajectories inGammaproteobacteria amtearly relatedto the s p e c phydogehetic
neighborhood Accessory gene flovanalysis amongsammaproteobacterieeveals a
Acor e weonfsesnpbedcei esoO i n Ent e EsxshercliaKebsiallg e s ,
SalmonellaCitrobacter, andEnterobacterfollowed in descending order [8erratiaand
Yersinig Pasteurella Haemophilus Vibrio, Acinetobacter Pseudomonas,and
Legionella (514) These accessory gergchange ensembles correspond closely to the
Enterobacter al es 66p myilincplee aceessoryc (ang resistapcs)
gene spread should be facilitated among members of the ghylogenetic ensemble
such as the EscherichigEnterobacterclade, composed b¥scherichia, Klebsiella,
Enterobacter, Raoultella, Kluyvera, Citrobacter, Salmonella, Leclercia, and
Cronobacter Other Enterobacterales cladeslude Erwinia-Pantoea Pectdacterium
Dickeya SerratiaYersinig HafniazEdwardsiella ProteusXenorhabdusandBudvicia.
Ecological distancingaffects bacterial interactions, and an eglylogenetic approach

might be established to predict significant gene flow. To define suclctags it is
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important to analyze the health risks of the emergence of a particular antibiotic resistance

gene in a particular species.

Accessorygenometrajectories in Firmicutes

In Firmicutes, the accessory genome clusters are more dispersed irthan
Gammaproteobacteria. Strongeteractions are found among a coreStfeptococcus
Enterococcus and Staphylococcuslustersand weaker interactions are founavith
Clostridioides Bacillus, Clostridium Lactobacillus andLeuconostoclusters. However,

all of these clusters share accessory genespatehntially ARGs. Thestructure of these
interactions fits well with the protein content network of antibiotic resistance proteins
found in the plasmids and chromosomes of Firmicut@67) As in the case of
Gammaproteobacterigene flow is highly dependent on the ecogenetics ofdhieus
specieqe.qg.,Listeria, which, despitebeing located irthe vicinity of the Streptococcus
EnterococcusStaphylococcusexchange clusterundergoes infrequenacquisition of

accessory genes and resistance genes from phylogenetically related.species

Evolutionary Kin Hindrances andShortcuts: the Role ofRelatedness

How does relatedness between bacterial lineages influence linked evolutionary
processes? In a certain sense, the evolutionary success of a member of a given lineage
groupis the success of this group in competition with other groups. The winpesally
thebestadapted clonevasprobably positioned by previous successes of the group in the
circumstances th&cilitatedits own selective advantage, a feature that cabsidered

as afgroup investmeidtin the success of one of its members. This investmentdho

now produce a return for the benefit of tning kin-related members of the group.

Ultimately, the evolutionary advantage frequentignefitsthe entire group. Hows the
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evolutionary benefit relistributeddf the winner protects the whole group fmpducing
molecules protecting from antibiotics the bacterial ensethble HGTplays a major role
here The winner increases in population size esdistributeghe acquired trait among

the kinmembers (relatives) afs group.

Facilitated recombination between gene familiesRecombination, the biological
process by which two genomes exchange DNA sequences, is a fundamental evolutionary
procesghathas profound effects in bacterial genomes. Recombination creates chimeric
genomic sequences and cgnite beneficial genes (or mutations) that emerged separately
(968) Recombination is responsibler spreading ARGs across bacterial populations
(969) However, not all genomic sequences are equally likely to recombine.
Recombination requires short segments of nearly identical DNA sequences flanking the
genomic regions to be exchanged. The minimum length of theseeneg) varies
depending on the species but is typically in the range icdf@Dnucleotide$970, 971)

The probability of finding nearly identical sequences decreases with genomic divergence
thus, recombination occurs more frequently betwesimilar genesthereby creating
scenario in which recombination is facilitated among gene families sharing significant
homology. Recombination of antibiotic resistance gene families creates new allelic
variants in which mutations with different evaarary originsmerge, which ighe case

wi th TEM dattdmasesiangnibgenes(167, 333) Recombination can also
produce mosaic genes, merging domains from different gene classes within the same
family. Examplesnclude the widespread mosaic genes based @actyetme resistance
tet(O) and tet(MYX972) Mosaic alleles often present bifunctionality, such as the
aminoglycoside resistance enzym@sA C( 6 6 ) /, ARAK((-B-MNfH 2"} la, and
ANT (-BD b6 AAlG,(achd) Hatteenaspblarais, which is a fusion of a class C

(AmpGCtype) and a class DDXAt y p dagtambs€973) These fusion proteins expand
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4005 the substrate rargoeyond that of either domain alone, highlighting the important role of

4006 recombination in the evolution of antibiotic resistance.

4007 Facilitated gene transfer among relatives: species and clon@$e adaptive success
4008 of gene transfer depends on the cotiyiay (relatedness) of the incoming gene
4009 (function) and the existing network of functional interactions in the recipient azlin

4010 physiologically coupled gen€874, 975)Nevertheless, the opposianalsooccurif the

4011 product of the new incoming gene competes @aftinctionally relevanorthologouggene

4012 present in the genome of the new host i&rtde fithess costs are high asansequence
4013 of this comgtition. In this case, gene decontextualization and exaptadommpose a
4014 lower fitness costallowing the acquisition of resistance genes froomrelatives. In
4015 addition tothe integration of the new function (adaptation success) in the new host,
4016 structural features arategral toefficient gene transmission. In general, successful gene
4017 transfer is more likely to occur between organisms of similar C+G content (less than 5%
4018 difference for 86% connected pai(9¥6)and/or involving plasmids able to bridge close

4019 to distant chromosomal backgrour(868, 977)

4020 This successful gene transfer woulddx@ected in interactions among relativas;chas
4021 among species of Enterobacterades even in higher taxons as Gammaproteobacteria
4022 All of these organisms arelated (with goresumed single common anceyt@and have

4023 shared genomic repertoires and congruent evolutionary his(b€i8s

4024 The ecaevolutionary advantages of relatedness: kin selectioA heterogeneity of

4025 phenotypes is expected to occur in time in a sufficiently large bacterial population derived
4026 from a singlelineage populationgiving rise to a multiplicityof subpopulationghat

4027 maintains high relatedness but not full identity. This variation allows the global
4028 population (a species or quasispepecies) to scan variable adaptive landscapes. The

4029 important question herewghetherthesesubpopulationsvill competeamongthemor, on
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the contrary, whethethe members of this community of closely related straviis
cooperateto gain common ecological advantages. It has been shown that significant
signal interactions (including specific transcriptomic modulatica) occur between

closely related straing978).

The fAgaindo for popel dtgiromupo odx pkriensses t he
indirect selection (those organismsectly selectede.g.,because they are resistant to
antibiotics)and promoteshe indirect selection of kin, geneticaliglated populations,

accordingto the classic statemerttg Fisher, Maynard Smith, and Hamilt¢a79). The

AHami |l ton ruleo indicat es popuatons istthesumfofi t ne s s
those that have been dirgcind indirectly selected, and the benefit of those indirectly

selected is proportional to the relatedness with those directly selected.

Interestingly, the altruist population (the one that has been directly selastdde tats
antibiotic resistanceand the cheater populations might revexdes overtime, a key
concept fot h eomriunity selectiodi(as in the case of a species and their clones). The
benefit for the altruistorming part of betedging adaptive strategies (s®ection3.1
Phenotypicrariation: bethedging adaptive strategigsthat ata givenpoint intime, one
of the cheaters might be directly selectdl convertedto analtruist andcould then

indirectly select theld altruist.

EVOLUTIONARY TRAJECTORIES OF ANTIBIOTIC -RESISTANT CLONES

AND SPECIES

ARG evolutionary pathwaysnd trajectories and their mobile genetic elements are
inserted into the evolutionary events of the bacterial clones and species harboring these
genes. What is a bacterial clone? The use of this termpiscise (980). Does a single
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mutation (single nucleotide polymorphism) give rise fm@w clon® or just to aiclonal
variand As longterm evolution experimen{E TEE) havefound(seesectionLong-term
evolution experiments and historical contingenany ancestor population disties,
producingan assortmenif variants. For the purposes of these stydiese variants are
somet i mes c on@8ldrerthe purpdseslofestudyisgdantibiotic resistance,
we generallyprefer to consider clones as subspecific discrete (distinct) line&beaghly
related strains;alledclonal complexes, adescribedn the originalmultilocus sequence
typing (MLST) studies (982, 983)in Bayesian Analysis of Population Structure
approacheswhich simultaneouslyconsiderthe frequency of allelic variants and the
divergence of group§984) and the more recent fubequence phylogenamstudies.
Thesec | on all compl exes conceptually resemble i
strains usingpproximatelythe same adaptive space, so that a novel or emergent genotype

(mutant or recombinangutcompetesther strains within such ecqtg(985).

A limited number of specialized lineages within bacterial species are frequently amplified
under antibiotic selection and greatly contribute to the worldwide spread and transmission
of antimicrobi al resistance. Thed&and i neage:
A hirgihs k ¢ | on a(355)cammgpuldic lealtlb andclinical microbiology
professionalsrespectively. The attribution of an organism to one oteheategories
allows interventionsto be targetedn human and veterinary medicine.q.,control of
hospital outbreaksnfection preventionyaccination) and riskassessment analyscs be
performedin food safetyPandemiclones are clonal complexefjdtuating ensembles

of kin clones with periodic emergences of new genotypes. Such variation occurs
continuously, assuring a permanent bacterial diversity, so thatislgblonal complexes

are much more stable than a particular cléudibiotic exposurds one of the effectors

of such diversification, but despite their strong effect in bacterial populations, antibiotics
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4103

are newcomers in the field of bacterial evolutidany spatiatemporal ecological
changes and processage also involved consequemnyl, the identification of causal
explanationdor the prevalence of a given higisk bacterial organism idifficult and

does not allowor nomological( lawfulo fonclusions.

Despite the apparent persistent (or stable) population structtreolfin the microbiota
of healthy individuals, clonal expansions of emerging STcs have periodically occurred,
followed by broad diversificatio.he history oE. coliST131is a paradigmatic example
of the effects of the tradeff betweenthe natural selection of a clone, intraclonal
diversification, epidemigenicity, and antibiotic resistance. The STc13E. otoli
represents in fact one of the most emblematic examples eiarging clone reaching
global disseminatiorf987 989) andcan be genetically classifiedto subclades on the
basisof the serotype, the type | fimbrial adhesion gdimaH), and antibiotic resistance
to fluoroquinolones and thirdeneration cephalosporinsiamely, clade A f{mH41),
clade B {imH22) and clade (fimH30), and the H30 subclades EBO, fluoroquinolone
susceptibly C1 (H30-R, fluoroquinolone resistafEQR]), C2 (H30Rx, FQR+blaCTX
M-15), and CIM27 (H30-Rx, FQR+ blaCTXM-27). The evolutionary history of ST131
clade C isolatess notyet well understood, althoughnumber ostudieshavehypothesize
the emergence from clade B from an animal origin and a fuctiienizationof cladeC

in humans(990) The wide use of fluoroquinolondsas led to the acquisition of
fluoroquinoloneresistancewhich could have contributed to the rapid expansairthe
H30-R clade Theacquisition of F plasmid®90, 991 )carrying either virulence or ARGs
conferring resistance to expaneguectrum cephalosporins (g.theblaCTX-M-15 and
blaCTX-M-27 genes) subsequentlgsulted in anajorevolutive advantage that resulted
in the rapid dissemination tfeH30-Rx cladg(992) Compared witlotherE. coliEXPEC

clones é.g., ST73 and ST95, ST131 might have developed specializationtte
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4128

colonizationinfection of elderly ptients, a relevargopulationof hospitalized patients in

developed countriegnsuringong-termsurvivalin the nosocomial settin@93).

Evolutionary Dynamics ofResistant clones

The basic theoretical background: Red Queerstationary, and microbiota-on-a-

leash models The determinants ofhe diversification and distribution of bacterial

genotypes (in our case, antibiotic resistance genotypes) in time and space is a critical issue

in the theory of biological evolution. The contribution of populatgiructuresand

environmental changes to the maintenance of genetic diversity in bacteria has been highly

debated in thérameworkof two major dynamic models he A Red Qu@®en Hypo

(RQH(994)a nd t he KNGS U 4999 espectivglyRQH stateghatpopulations

are structured by biotic interactions, in such a way that one population (or genotype)

changes the environmeribrcing theotherst o conti nue evol ving

where they were originglladapted. Initially, RQH implied a constant rate of evolution

based on successions of single populations with a common ancestor, as in the classic

periodic selectionmodel. Periodic selection purges diversity by the emergence of

adaptive genotypes (mutanbr recombinants) thatutcompetestrains within different

ecological clusters (ST/clonal complex, ecotyp96) Other recent more inclusive

modds allow progressing in time througioevolutionaryoscillations involving several

coexisting population@08, 997, 998)In thestationary modekhanges in the population

structpurec tau eocedabruptly mndesponse to environmental dis ruptions

after relatively long periods of stasi$995, 999) RQH andstationary models are

respectively allied to t he-viewygofa&wluted i s mo

However, these major evolutionary models are not mutually exc|usngeperiods of

accelerated evolutioroincidingwith environmental disruptionsanoccur.ln al of these

modelst h e

i a n c eceekisiswith thé divarsified branches, which is suggested
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4129 by phylogenetic studigd43) A ki HHeangest or 0 ki netics by mot
4130 therebyaccelerating evolution, cannttereforebe ruled out(1000) in fact, bacterial

4131 growth inside colonies is subjected to a similar dyngi®1)

4132 Finally, when the environment of a local ensemble of bacterial populations is dominated
4133 by a hierarchially superior biological entity, and such interaction has been stabilized by
4134 protocooperation or symbiosig.¢., microbiota inside a human or animal host), the
4135 evolutionary dynamics of clones and species is also regulated by the host, maintaining
4136 microbiaa-on-aleash.That means that the maintenance of resistant species and clones is
4137 influenced by variations of the host itself, eventually leading to coevolutionary and co

4138 regulatory process€3002) finally assuring the functional resiliencktbe interaction.

4139 AMR occurs in complex andften symbiotic microbial bacterial communities living in
4140 dynamic ecosystems in which species and clonesufdjectedo particular evolutionary

4141 dynamics. Hence, the evolutionary trajectories of antibietsistant organisms are
4142 inserted into other evolutioney trajectories; for instance, the evolution of AMR
4143 organisms inhabiting mammals follows the evolutioringfmammals themselves. In a
4144 single speciessichas humans), the evolutionary trajectories of a particular antibiotic
4145 resistant lineage are determined by the changing ecology of the individual and local group
4146 microbiota, the result of conditiormichas aging, feeding habits, health status, local
4147 environment, hospitalization, drug exposui@d, most importantly exposure to

4148 antimicrobial agents. The resilience of microbiota (inertia to changes) is probably critical
4149 in AMR dynamics and the same population in different species might have different
4150 diversification dynamics. The diversity within a population is thus ephénaavaiting

4151 t he next periodic sel ec(1008)nWe eferetathie tefmror nov e

4152 fAcl earanceo0 because ext enotypesicanpessistaasresiduanr e an
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populations, survive different periodic selection rouraiglb e fArescuedo and

amplified

Clonal Fluctuations and Evolutionary Rescue

A difficult-to-answer question idoessomethingakintoit he deat 80 oefx itshte,
aparticularly relevanguestionn antibiotic resistanceafidin vaccination interventions

given thatclones are the vehicles of antibiotic resistance. If the clones do nohele,
could befatedto diversification An unresolved issue iwhethersuch diversification is

the result of specialization ihighly specific niches, which might limit thespread,
implying a reduction in population sizes and a higher risk of extinclitvereis the
possibility of rapidly inverting this risky evoluthary trend by exploitingieighboring
niches and compensating specialization with complegdi80) or as a consequence of
environmental changesSuch rapid adaptation to avoid extinction is known as
evolutionary rescue, a term coined in 1995 with roots in the works by Haldane and
Simpsonon the evolutiontimeframe(1004) which become a key concept in the novel
ecaevolutionary dynamics field1005, 1006) The exposure of susceptible clones to
antimicrobial agents could hypothetically lead to clonal extinstidwwcording to theory

the likelihood ofclonal population®eingrescued depends uptre population size, the
supply of genetic variation, and the degree of susceptibility to stré360&) Therescue
process is influenced by epistadtfT (1007) recombination(1008) the cumulative
history of stress, the sevgriand speed of action of antimicrobial agergeneral
environmental changeandthe population structureyhich includesclonal interference

(1009, 1010)

However, the most important factor influencing evolutionary rescue under antibiotic
exposurelikely occurs becase of the protection of minority resistant cells to other

(neighbor) cells, generally in the same clonal complex, which are spared the biological
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4197

4198

4199

4200

4201

4202

cost of producing the resistance trdihe condition is that the resistance mechanism
should influence redu®) the amount of antibiotic in the environment where the
susceptible bacteria are placed. The mechanism of resistance, produced by a minority, is
therefore convertethtoa fipubl i ¢ goodo. For -lactanmmgea nc e,
producingk. colicells nside a colonwreable to protect the whole population, including

a majority of antibiotiesusceptible cells, from a befactam antibiotic(1011) Such
indirect resistance occurs for most antibigtiodifying or degrading enzymes, including
those acting on macrolides, tetracyclireesjchloramphenicol, butonewas detected for
aminoglycosidesandfosfomycin (1012) These types of collective relations have been
examinedon the basisof gametheory (1013, 1014) In principle, the minority that
produces t he refistaocshoudbe @ disadvantagagivenit concentrates

all the costst he ot her c e | whigh have benefits hute rm tcasts. SThis
relationship ishowever, dependent on the antibiotic concentratiecause¢he resistance
mechanisnprotectsthe producersnorethan the neighbor cellslowever,the important
evolutionary fact is that the resistance traftésjuentlylocatedin a transmissible genetic
element. By maintainintife in the plasmiefree part of the population, these cells might

act as recipients of the bdtctamaseencodng plasmid, so thathe proportion of
cheaters willprogressivelydecrease (evemore so if the antibiotic concentration riges

At some pointalargenumber of cellsvill be producers, and the common goodlérge
amounts)will then favorthe survivalof neighboringsusceptible bacterial populations.
Ther el ease of A ¢ 0 mmo nthagdegratiessbinadtivatesenzyanas) i bi ot i
favors the survival ofhe entire population, even thereare no cheaterwithin. For
instance, many antibiotics show @ni n o ¢ u | u such thdt fa @ensedpopulation
tolerates much higher antibiotic concentrations (higfi&s) than diluted or isolated

cells(1015, 1016)Thus,the best way to observe the intrinsic activity of drugs is to expose
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4223
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4227

single cells tovariousantibiotic concentrations to obtain singlell MICs, anapproach

thatmight help detect the first steps of mutational resistance selétObi).

The Structure of Clonal Fluctuations

A common observation in studies the epidemiology of antibiotic resistance is the
frequent shifts in the prevalence of bacter
repl acement so. dT hien rtehaessoen sc hi annsgjoidtukgef they n a mi ¢ s
variation, frequentlyremainsobscure. As an approach to this topic and insgisethe

classic concept of periodic selection, Fred Cohan defined types of molecular adaptive
changes that determine theedquency of ecological diversity within and between

populationg1003)

New h o s invagion-driven genetic variation. Diversity can be fostered by Hos
invasion,given thatvariation can increase by adaptations to new hosts -adiagitive
signatures have been documentedvarious clonal complexes/sequence typds
commensal opportunistic pathogens and frank pathogens respofwsitftzodborne
zoonotic infections Salmonella, Campylobacter jejyrn(L018) Examples includéi22
ST131E. coli, whichfirst adapted to poultry arldterto humang990) CC398S. aureus
(1019) and CC5 Enterococcus faeciunfl020) How might a fAf or ei gno i nv
outcompete (or a least coexist Witiell-adapted local strain€e possibility is through
genetic variatiorfinding an unexploited niche in the new host that was disregatded
to the success of commenstabms If fitness is low at the start, the strain can increase in
abundancefollowing somethingakin to the Sewall Wright metaphor of the shifting
balance theory (applied to speci€s)21) The possibility of crossing barriers between
hosts of resistant clones hasjorconsequencesnthe evolution of antibiotic resistance.
As already mentioned, theact er i al Aspecieso in a single

variousclones, probably following amscillatory dynamic (XXX)see later). Transmission
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between hosts implies bottleneckse., frequently only a sample of the clonal
composition is transmittedwhich favorsthe spread of particular clones, either
stochastically rfonselective bottlenecky or in a deterministic manner (selective
bottlenecks), when the receptor host is suitable to be preferentially colonized by a

particular clong254)

Intraclonal diversification within hosts. There is a variability of niches among hosts
and within hoststhat drives the variability of antibioticesistant cloneswhich are
referredto a sHuthinsoniam i ¢ hireagidary mitidimensional spaces in which each
dimension represents the variable range of a particular environmental condition or
resource required for the optimal growth of a sublineage or particular genotypic group
(1022, 1023) Ecological niches are constructed by the hoatsd by the bacterial
organismghat livethere, creating subniches and neoniches that canpbater by new
bacterial genotypic variants. Clonal/strain adaptation to new niches involves strategies of
competition and cooperation with other microb@sthin the same lineage, a certain
cooperation of adaptive processes, including mutation and recaftidn, can be
expected1024) Thus,clonal interference is natbsolute, allowindor the coexistence
of a number of clones with beneficial (adaptive) mutatithrag might reach relevance
with anincreasen populationsize However, if clonal interference is high, recombination
might allowfor the maintenance of more beneficial changes in a lower number of clonal
entities(1009) In a reduced number of intraspecific clones but with higher cell densities,
HGT might have an outstandirigcility for favoring the natural selection of adapé

traits, including antibiotic resistan¢g31, 1025)

Clonalization quashing genetics and niche variation. Genetic variation allow&r
the suppression (amearextinction) of an antibiotksusceptible omantibioticresistant

clone beyond the possibility of beinganially replaced by periodic selection. For
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example, a clone that shares most of a single nicheawdtherclone, albeit in different
proportionscanbe extinguished by an extraordinarily fit adaptive mutation acquired by
the secondHowever,the niche themselves are not necessarily stawier time. This
quashing (suppressive) dynamics might occur as a consequence of the variation in niches
themselves, by fissigmrby fusion with other partially overlapping niches occupying the
same spatial regior{&026) In thefiemerging new nichie pne of the clones that were in
partial coexistence might disappe8ucha niche variation is not necessarily global, and
clonal quashing would be limited to certain environments. However, ifrdtmminance

of a clone occurs locally, the possibility of spreadingdighboringhosts might increase.

Variation fostering cloud or bunch clonal selectionThe variation fostering cloud
or bunch clonal selectiocan be considered the opposite loé tasepresented in the
previous sectionAdaptive genetic variation might confer an advantage favoring several
populations particularly for kin-clones but alsofor species sharing the same or
neighboringniches (1027) resulting in a #Acloudo or b
bacterial types. HGT is frequently involved in this procésisinstance, plasmids serve
as vehicles foirn icommoas goAREGEs . Such fAbunct
purge the neusdl sequence divergence both within and between populatwainise
preserving the distinct DNA sequersinilarity of a population/cluster. A poorly
explored but interesting possibility wehetherthe selection of a particular clone leads to
a fAni chiet tons({iRY) wheck might facilitate the acquisition of kin
related clonesan effect that could havea strong influenceon the epidemiology of
antibiotic resistance when resistance genes are distributed in different coexsties) cl

ensuringthe permanence of the resistance trait in a particular patient or environment.

Clonal variation triggering community selection Local clonal diversification is

dependent on the local diversity of Hutchinsonian niches (see abovejudiutiche
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diversity is dependemt turn on the whole structure of the microbial ecosystmh as
microbiota. In a sense, globality is an ensemble of many localities, and bacterial
popul ati ons s houladl diaajladijyacopdemthatsligyegts theb u t
existence of globally adaptive genetic ensembles conferring a selective advantage to all
populations constituting a metapopulatiavhich can result in aselection of global
communities improving the resilience ohe ensemble when confronted with external
variationand explainghe maintenance of variant clones so that their variato@snot
jeopardizetheir ecological links with the community and host. The microbiota hgsea

of multilevel self-organization.The effects of a&ingle genetic variation in an organism
onthe entire community embedded in multiple organizational levelsnsieal reseach

topic that has recentlpeenaddressed with advanced computational met{a629)
Clonalevolutionary trajectories are also determined byrtasroenvironment, subjesxt

to externalandinternal processesuchas trophic { h @ntesfinal chemospheseand

competitive interactions, leading maultilevel self-organization141, 1030)

Clonal diversity and antibiotic resistance How large is the clonal diversity in
bacterial species harboring significant AR®4Gst recent diversityanalyses have been
based on the study of sequence typeshe case oE. coli, approximatelyl0,000 ST
types have been identified in MLST databases. Howavé&g92, however, the Orskov’'s
et alestimatedanE. colidiversityrangingbetween 50,000 and 100,000 seroty{d€s1,
1032) Taxonomybased on singtaucleotide polymorphismean betoo finegraineda
technique to discern clones. How mdaycoliclones coexist in a single individual host?
Current data suggest that an average of 3.5 genotypes are recovered per host, with some
hosts having 6 genotyp€4033, 1034) These data probablynderestimatehe real
clonobiome diversity oE. coli. Novel metagenomic techniques to answer this question

have just started t o oonmabdvesity perihdivideatams ni n g
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evolutionovertime is not a triviatask,and determining these phylogenomic aspects are

of relevancedo understandinghe evolution of antibiotic resistance.

Clonal fluctuations and antimicrobial resistance Longterm analyses of the
fluctuations in the prevalence of particular antibig@isistant clones in particular human
populations are availadincertaincases. One of the most emblematic examples of clonal
fluctuations is the dynamics &. pneumoniagopulations after the implementation of
massive immunization programs with pneumococcal conjugate vaccines (PCV) that
conferred protection agahdifferent serotypes. The wide use of PCV led to a profound
reduction in the prevalence of invasive infections and nasopharyngeal carriage of vaccine
serotypes among healthy children but produced a compensatory rise in the prevalence of
nonvaccine seropes commonly referred to as serotype replaceni#d85)or serotype
switching(1036) Being the targeted PVC targeted serotyfiesmost prevalent ones on
the ore and nasopharynxthey also collectednore frequently antibiotic resistance.
Currently, PCV vaccination constitutes the most effective intervention against antibiotic

resistant humabacterial pathoger{d037)

Although the phenomenon of clonal fluctuation in human populations can be better
documented in welhdapted species belonging to normal microbistalias clonal
fluctuation), it is often linked to epidemic events. For instance, clonal shifslimonella

are highly influenced by events in food safety and food markets and agriculture, including
antibiotic policy Major clonal fluctuations havelsobeen observedtiE. coli studies

which can belllustratedby changes in the frequency of clones belongintpeéanajorE.

coli phylogenetic groupdrom A and B1 in the 1980s to B2 and F in the 20(8%3,

1038) which ilustrates the phenomenon of bunch clonal selegtiewiouslymentioned

Clonal fluctuations are also frequentinterococcupopulationg1039)
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Most importantly, longerm studies of clonal fluctuations should be differentiated by
individual hosts @geranges are a critical issue), groups of individualg.( paitularly
thetype of hospitalizegatient andhuman communities in different socihvironmental
conditions),and larger entities (studies in a single hospital, mmeroushospitals,
regions, and countries). The study of clonal diversity in each of thgseups or
compartments should provide different cdes studyingthe evolution of antibiotic

resistance and to establish the resistaveneedynamics.

Traveling clonal waves and antibiotic resistanceClonal fluctuations resemble
wavekineticsand occurat the individual level (inside a single host),groups and in
large host communities, forming landscapes of waves of different amplitudes. In the
individual and particularly in open ecosystermsdhas mucosal membraneabacterial
speciesstructureis considered abased on the coexistence of several clones, each one
adapted to the situation of a particutgmatialtemporal environmengnsuringspecies
resilience; an Aopti mal .cQoexistiagclonesccampbe s i t i on
corceived of as alternative stages of tilsep e cpomulstidn.Due tothe fluctuating
conditionscertaincells of the besadapted clone at a given momaiit multiply at high
growth rates Kigure 8) creating the expansive, leading edge of a pulling watech
results in increased cell density. The increased bulk of the wave probably contributes to
pushingthe waveforward ~wi t h t he resul t o fwarveepdl asctiundgy o«
applied to the understanding of fluctuations in the spatial spread ofjimal invasions
is a promising field of theoretical resear¢h040i 1042) In the case of antibiotic
resistance, the acquisition of resistance in the rising clone might provoke a collapse of
other cloneshoweverthe Allee effecin E. colihas been shown feequentlyimposea
compromise betweethe spread and surval of the specie€l043) A poorly explained

problem in the dynamics of antibiotiegistance is how the dominant resistant clonal
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4352 waves of an individual hostfluencethe invasion of other hosiis the group, producing

4353 confluences with similar waves and resultingairgercoupled waves that mighicrease

4354 fluctuations over large distaas, as has been detected in other systg@ai!) The high

4355 geographical propagatiorelocity of certainhigh-risk clones suggests the possibility of
4356 t hi s fApotentiation by c¢ o wmightaposgiblexaniverc® hypot
4357 of clonal waves in different hosts promote disseminationthmirise of a wavén the

4358 single host(possiblyfollowing theintroduction of an external clone) can influeribe

4359 success oestablishingsuccessive kin clones. The first rising population modifies the
4360 environment, which can pave the way éstablishinghe second populatiqid045) The

4361 HGT of adaptive genes (including antibiotic resistance) fromfitise successemight

4362 Aconverto ot her esaceessfulsrasistangclomadryptic biglogidaln ¢ o
4363 invasiong1046, 1047)eitherintraspecificor interspecific, triggerapid range expansion,

4364 favoring genetic interactions and the evolution of antibiotic resistance.

4365 Clonal mixtures, range expansion, spatial sorting, and evolutiorMultiple initial

4366 introductions from genetatly distinct source clonal populations at the starting point of
4367 the selective process have apparently favored the success and invasion of antibiotic
4368 r esi st ant s pwaeepotstiations )e.e ishibsomee thapperwhen these

4369 populations are@nerated or coccur in expanding o p u | apaiiabedggsivhich is

4370 determined by selectidd048) It has been suggesttthtthese genetic mixtures increase
4371 evolutionary potential because of genetic diversity (allelic richness), admixture, and
4372 fitness advantages derived from cooperafsaeprevioussection)(1049) Spatial range

4373 expansion, the ability of a population or species to disperse and colonize novel areas, is a
4374  driver of variability, admixture, and rapid evolution, particulahlyingthe initial stages,

4375 with changedn the evolution of cooperatiol050 1052) Traits favoring growth on

4376 expanding range edges tends to accumulate locally bytyieso f ispatoial sor
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4377 generating novel phenotyp@€53) However, mixtures might also produce competition,

4378 provoking a persisterit mos ai ¢ of mal atdés@are act distibutediman whi c |
4379 pattern consistent with adaptati@t054) In any case, if the parametfrit i me o 1 s t h
4380 key dimension in evolutiofiL17), a timeless biology is conceivable, based orfitlosy

4381 of spaceand the resulting consequences for living organidrds5s)

4382 High-Risk Species andHigh-Risk Clones

4383 Therelevanent i bi otic resistance threat is fAoffi
4384 bacterial families on the basis of their ability to cause infections and transmit AMR among

4385 hosts (WHO, CDC), and numbeliof them ae referredo as ESKAPEmMicroorganisms

4386 (1056) However, thdispecies should not be consideredsignificant taxonomic unit in

4387 anti biotic resi strarmdcke. sWietch iers talr eemtegleinteitg hc |
4388 devotedto antibiotic resistance othat arepoorly pathogenic; not all weldapted

4389 subpopulations are equally able to acquire resistance by incorporating exogenous DNA

4390 (944, 1057, 1058)Certain other popations infrequentlycause infectionswith most

4391 infections caused by a few wealtlapted subpopulations within the spedi@s5) As

4392 stated in the previous sectioms, fi s p @mbe undetstood as a complex evolutionary

4393 lineage (clonal complex) linked by ecotypgecific periodic selectiof®85, 1059, 1060)

4394 Clonalcomplexas shouldhereforebe considered as the uaftantimicrobial surveillance.

4395 Clonal complexes that amble to increas¢heir abundance by efficient transmission

4396 among humans in response to selection by antimicrobials, host immune response, or
4397 combined reams are calledhigh-risk clonal complexeq355) and differ in their

4398 population structure, which depends on the inheritgratterns from highly clonal €.

4399 aureus, P. aerugino$do highly recombinogenid\eisseriaor H. pylori), although most

4400 opportunistic resistant pathogdiesssomewherdetweerthe two(E. faecium, E. coli, K.

4401 pneumoniap(1057, 1058)
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4425

Theavailable knowledgenthe clonal structure of each bacterial species is biased by the
overrepresentatiom the available databases strains from human origin, particularly
thosethatare highly pathogenior antibidic-resistant The population structure of the
species determines their dynamics as high H@&uels, and recombination highly

influences how members of a species diversify, change, and adapt.

Ecogenetics of higkrisk species The bundle clonal struate of most highkrisk
species determines the resilience of these organisms,-adajiied and therefore
foll owing the pyouregygsimhee a § ke tve (6p).pnumary afp 1 e
these cases, the resulting ecological diversification is highly depewodeatlarge
Afaccessooy fipmaengsehat are found only in different fractions of the
speci es o6 gl Suhedologra giversifecdtioeasares great@ossibilities of
contact with other speciepotentialdonors of new adaptive genes (including antibiotic
resistancg which enlargeshe accessory genome. However, the alteraativategy is
also effectivehigh niche specialization, particularly in small niches or subniches, can be
achieved using a largécore genomawith specific local variants, as occursliisteria
monocytogenesnd Legionella pneumophilaHowever, fismall riche® or bacteria
exclusively adapted to specific niche=ducethe possibility of interaction with other
species that might act as donors of adaptive gemesh might explainwhy these

organisms are less successful in acquiring antibiotic resista#se

EVOLUTIONARY TRAJECTORIES OF ANTIBIOTIC -RESISTANT

COMMUNITIES

Microbial communitiegor microbiomeyare alsevolutionary individualsvhen they are

interactively associategith a particular environmergnd actas other entities of lower

181



4426 range in the biological hierarchy. Aasth other units of evolutiormicrobial communities
4427 evolve by tradeoffs between dispsal and colonization, related r-type andK-type

4428 strategieg1061)

4429 We understand here as antibiet@sistant communities those microbiotic ensembles that
4430 have been modified ints compositiondue tothe effect of antibiotic exposure and
4431 antibiotic resistance. Shet¢rm, transient modification of thesencmunities promoted
4432 by antibiotics are frequently reversiblé. resistant organisms become prevalent,
4433 however, they might cause lonterm, or even @manent changes in microbial
4434 communities In fact, thisis one of the more severe global threats rel&tehtibiotic

4435 resistancenot necessarily linked in this case with human health but with the global health

4436 of the biosphere.

4437 The trajectories of Microbial Communities

4438 The interactive network among biological entities that are components of microbial
4439 communiies is subject to evolution. The building up and the homeostasis of microbial
4440 communitiesimplies group interactions, whiclgenerally cannot be reduced to the
4441 corresponding addition of pairwise interactions. A modular organization of communities
4442 into subsystems constituted by groups of specmdributesto their stability(1062)

4443 Their modular ecological structure has probably evolgdead tothe costof maintaining

4444 network interactiong1063) Variation and evolution within one epies can shape the
4445 ecological properties of entire communitigs turn, the community context can govern
4446 evolutionary processes and patteffisereforewe need a convergence between research
4447 in community ecology and in organismal evolutionary biold@p64) Ecological

4448 interactions, leading to withipopulation variation and ecological specializat{@Q65,

4449 1066) are a source of selection that can drive local adaptation and speciation. Conversely,

4450 the evolution of these populations in response to such selection cdnrestéedback
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4468
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4470

4471

4472

4473

4474

4475

that modifies species interactions, communities, and ecological dynamics. First, genetic
variation affects communities; second, multispecies interactions cause diffuse selection
and geographic mosaics of selection; third, there are reaolationary consequences

of multispecies interactiond067)

We cannotrule outthat antibiotic usewhich alters communitynetworking, might
promote mdularization and hence thpossibility of the inteihost exchangef species
groups. Thentensity and maintenance of these changes is proportional dariggonof

the antibiotic exposure, at least in the first stages of the protessddition toits
importance for human health, tmedationships one of the main reasons behind the need
for reducing extensive antibiotic use in humans and anjrpal$icularly, thereleaseof
antibiotics intathe environmenrdind theprevention of deleterious changaghe structure

of normal microbial communities.

Antibiotic exposure alters the proportion of species within bacterial commuitoes.
antibiotic resistances, including those acquired by HGT, occur in the minority populations
of microbiota, whichcanrise tofiabnormal proportiortswithin their communities. As
previouslystated this increase in relative population density frequently leads to clonal
diversification, contributing to a more effective exploitation of the environment and an
improved and more permanent adaptation of these clones to the environment
(phylogenetic clusting). The net result is that, once theleetter adapted clonés
emerge, they can be maintained ewerthe absencef antibiotic exposure. Better
exploitation of theh o s resbwgces generally implies facilitated transmission between

hosts, particularlyn highly fragmented pathosystems with low connecti{iy68)

The change in proportions oértainfocal taxa (the resistant ones) exertianological
pressure on the rest of the community, should fi’eshapedin composition to assure

the maintenance of the whait@crobial consortium and its optimal equilibriuwith the
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environmentToa certain extent, the community shouldesmlve with the resistant taxa.
Suchevolution is probably a sequential process caused by reciprocal natural selection
between species (diffuse coevolutiomhich canvary from one restant species to
anothey depending on their location (betweenness centrality) in the community network.
The rate of community variation explained by the variaiioparticular resistant species
(community heritability) starts to be understood by the usele®p metagenomic

techniques.

Resistance at the microbial community leveMWhen a given microbiotic ensemble
interacts permanently with a particular environmsathas humamndanimal intestinal
microbial communities, a positive interaction igpected between microbes within the
community and with the host. In most cases, this interagiesestablishednillennia
ago andexpresses coevolutionary relationship. In terms tbfe microbial community,
thisinteractioncan be expressed as niche @matism, the tendency for bacterial species
to retain ancestral traits thatn s u r e t briginals(selected, distayical) functions
within themicrobial consortium(1064) To maintainsuch homeostatic behavior in open
environments, bacterial organisms might have evolved tratgrotectheir interactive
network (resilience traits including thoseaffecting antibiotic resistance. Bacteria
endowed with resilience traits do not nee@volve by acquiring resistance genes, which
might influence their fitness and their interactive network within the community.

Resilience in fact opposes the evolution of resistant microbiotas.

In an antibiotiepolluted world, a number of bacterial specigave recruited specific
resistancemechanisms carried by MGEShese MGEs frequently correspond to
populations that have been selected in the past by antibiotic exposure, in the same host or
in a connectable host. In a certain sense, the MGE populatibe community keeps a

historical record of previous selective events. In case expesurethe MGE population
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4501 employsa strategwimilar toimmunological memory in Bellsand Tcells in vertebrates;

4502 t he fAmechanism of r eHGT anory suscepible redativds. Bhis r i b u t
4503 strategy spares the neéa harboring resistance genes, imposoggtainfitness costs

4504 (including the cost of MGES)n the host cellwhich partlyexplainsthe fact that certain

4505 susceptible bacterigurvive and that thecurve of resistanceprevalence in most

4506 susceptible specidavelsoff at a certain proportiofthus,resistant bacteria protect the

4507 susceptible oneby providing genes and detoxifying the local antibiofitiere are a

4508 number of theoretical studiegametheory)on cooperatofresistant altruists) archeater

4509 (susceptible) members of a microbial grd@81, 10691072) If laterd gene transfer

4510 specificallyprotects phylogenetically close populations, detoxification protects the entire

4511 community (at least the spatially related i g r eommunig)r 0

4512 For example a small proportion of TEM betalactamaseE.coli cells can protectan
4513 entire susceptible colonyrom ampicillin (1011) which shouldalso occur in cases of
4514 protection ofothersusceptible bacterial species by resistant oflesdense anaerobic
4515 populations of the gutan provide betalactamases able to significantly degrade
4516 penicillins, cephalosporins, and carbapenébds3, 1074)ensuringthe maintenance of
4517 susceptible organisms. It has been shown that antibiotic selection foulaantesistance
4518 traits in a given organism also occurs in the context of a complex microbataver,
4519 selection appears to be limited the possible degradation of the selective ad&65)
4520 orincreaseshe cost of resistan¢@076) Thesecooperative ecological effects occur and
4521 evolve for many traitotherthan antibotic resistance (typically for colonization and
4522  nutrition) in complex, patchy microbial communiti@ls’3) suchas the intestinél077)
4523 In fact, antibiotic inactivation by degraitan can be followed by further enzymatic

4524 degradation of the antibioticbd carbon backb
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4549

of the former antibiotic, for the degrading bacteria and the surrounding comrfil0¥8;

1079)

Evolutionary trajectories in human microbial communities. The evolutionof
complex systemsuchas integrated microbial communities is slow compared thil
of discrete populationggiven thatthe interactive network provokes a high degree of
robustness. Robustness and evolvability are two opposite trends in natural complex
systems. The combination @&x unibus plurum(diversification, evolution) andex
pluribus unum (unification, robustess) processegl80) ensuresthe plasticity of
microbial communities. A keypoint is the understanding that many microbial
communities guch as the intestinal microbiota) should be s=asbled from its
components with high frequencgg(in all sterile newborns). However, the composition
of the final ensemble (a functional ensemble, with species that might vary but provides
the same function) is remarkably constant for a given type of toohe extenthat the
communityreplicatesas a biological uni124) The construction of the microbiotan
occurfollowing complex interactive codes integrating mutualiaswell acompetition
(1080)among the members of the communithe trajectoriesrequiredto achievethe
final integrated pattern mighoriginate from different members pioneering the
colonization proces$1081) and establishingniche segregation colonization patterns
(1082) Therefore not all of the piecesn this puzle have identicakizes, creating inter
host differences based on the dominance ceftain piecesthat determinen puz z | e
region® The existence of community composition tygesterotypekillustrates these
differenceq1083) In any case, there is a remarkable stability in the organisms hosted by
a paricular individual, suggesting a constancy in the individual patterns of antibiotic
resistance and antibiotic resilienNd®84) Theinitial microbiome composition (including

enterotypesfleterminests reshaping by antibiotiqd 085)
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4550 Patients intensively treated walntibioticsover decadeare a source of resistant bacterial

4551 populations enrichedn number by selection and consequently by -‘os$tost

4552 transmission. These r esi s thacterdalcompagnaentitos ms o0V €
4553 i ntegrate At he nor meohtreatedndividudisi Toahsanigsioroff healt
4554  resistant organisntanoccur from mothers to newborrisom treated patients to relatives

4555 (1086) and in travelers expodeo othemicrobiota(1087)

4556 Changes in human behavior and demography might contribite tiixing of human
4557 related antibioticresistant communitiesAs significant antibiotic resistandeecomes
4558 concentrated in certairpopulations of Proteobacteria and Firmicutes, conditions
4559 promoting their proportional increase in the intestine augmentantibiotic resistance.
4560 Theseconditionsincludemalnutrition(particularly in childrerandfrequently associated
4561 with intestinal overgrowth(1088) ahigh-fat diet, obesity1089) olderage(1039, 1090)

4562 andtravelto areas witlpoor sanitatior{1087)

4563 If, in the long term, resistant Proteobacteria and Firmicutes are consistently increased as
4564 components of the human microbiota, the entire microbial community is expected to
4565 evolve to explore novel equilibrium possibilitiegn a complex system, global -re
4566 adaptations following significant local changes are expected. The evolutionary and
4567 clinical consequences of such modifications (new equilibria) remain to be expléeed.
4568 canna rule out the possibilityhat the community evolution of antibiotic resistance might
4569 reach evolutionary stasis, either because antimicrobial agems #agerrequired for

4570 treatinginfections (imagine a new era based on controlling the host resgobaetérial

4571 challengeysor simply by theerosion of resistance fitness peaks statedbefore,once

4572 resistance and resilienogacha certain level in normal microbiota, the selective effect of
4573 antibiotics should decreadeor a number of drugs, the previous selection of antibiotic

4574  resistant populations with drigactivating mechanisms produces a massive degradation
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of the antibioti¢ resulting {n the case of challenging communiji@santibiotic selection

not necessarilgctingin a dosedependent mann¢t075)

The antibioticinduced alterations of the microbiome might have consequenchsdbr
health The critical issue is the abnormal increase in absolute population size of
potentially pathogaic minority populations, presenting substantial resilience to
antibiotics and improved capacity to acquire resistaamis the casdéor humanswith E.

coli, E. faecalis andE. faeciumbacteria that ranthe highest forbacteremic and urinary
tract infections.Depending on their number, thesganisms migrate into the uria&d
translocate across the intestinal wall (frequently stochastic translgcdtimmumber of

bacteremic episodébereforeincreases, particularly in debilitated hogt691)

Evolutionary trajectories and microbiota community coalescenceOverthe last
century @lthoughthe process started in the Neolitlmeriod), communication among
environmental, animal, and humamicrobiota has been greatly facilitated by
anthropogenic interventicasa consequence ofcreaseenvironmental overlapping, the
world homogenizing power of globalizaticandthe asymmetrical increasn the number
of individualsinthep | a n e t 6b#logical speceshlsng withtheincrease itnuman
population sizethere has been a simultaneous increase ipdpealation size of highly
uniform food animals. For instance, the cattle inventoB0ib8wasone billionhead, and
half ofthewo r | d 6 s approxamatkly23ohillion chickens are highlgenetically
homogeneougby artificial selection of the most productivereed$ and are fed
identically, thereby producingarallel increases in theionobial populations contained
in theirmicrobiotg consequently enhancing the possibility of merdinghan and animal
microbiota,k nown i n ecology as ({@”092 rmiheucombingd c o all
increase irthenumber andhereduction in diversityf animals interacting with humans

should facilitate reiterative coalescence events between their microbiotic populations, a
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4621

4622
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4624

type of mergingmicrobiome and hybridization that might give rise to (at least partially)
novel assemblies of bacteri@iven thatantibioticresistant bacteri@riginating in a
particular microbiome are frequently -ddapted to be efficiently inserted in others,
shared microbiomes should facilitate the spread of antibiotic resistance (of human,
animal, or environmental origin). Pamtilarly important in the dissemination of resistance
atthecommunity level are shuttle bacterial groups of generalist species (or clones within
species) able to multiply in the microbiomes of various hosts, including humans, animals,

and plantg514).

Coalescentnicrobiota(the degree of coalescene#l needto be measured in more detail

in future research) alsencompasé$ree, natural environment&@ne consequence of gut
colonization is the net increase in the density of resistant populations thatetee

into the environment. Resistome composition across hakstgenerally structured by
bacterial phylogeny along ecological gradients, with strong interactions between human
populations and pollutednvironments particularly in lowincome habitatsvith poor
excreta management strategi@993) A cortinuous flow of resistance genes from
polluted environmentsyhich contaminatewatersuppliesand food uptakegnsureghe
growing integration of resistant organismg normal microbiotawhichis favored by

the use of antimicrobial agentgsulting inthe human intestinal resistonbecoming
enriched in populations from higlonsumptiorcountrieg1094) The number and variety

of possible antibiotic resistance trajectories (from genes to communities) should be
increased by microbiota coalescenaed by the interchange with enwamnmental

populations.

Antimicrobials Influencing Ecology andAntibiotic Resistance in theEnvironment

Ecological and evolutionary processes frequently operate on similar timegdz0és

With the exception ofesistancecquisition in pathogens by recombination with genes
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4643

4644

4645
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4647

4648

originatingin commensal organisms sharing the same microbiota, the primary event of
novel resistancacquisition is not expected to océniclinical settings buin ecosystems

where the environmental donor and the pathogenic recepto hOSé)

The importance of anthropogenic antibiotic pollution in the environment is based on the
selection of lowlevel, frequently unspecific mechanisms of resistance in a very large and
heterogeneous ensemble of bacterial populatidbhs.antibioticpolluted environment
acts as a foftrreasiirmsitmag csecdh domwlr physi deadtgi c al
efficient resistance traitsacross microevolutionaryevents. Antibiotic resistomes,

includingMGEs are significantly enlarged in pasrban area§l097, 1098)

There is an expected correlation between biological abundiveesity and
environmental diversity, and biological hierarchis@cturs should correlate withiche
hierarchies(1099) Considering that microbial environments are highly complex and
structured, some of their components might progress to highessiresistance) peaks.

In the presence antibioticsor other pollution these resistant organisms might increase
in number facilitating further variability and evolution of resistance trgt400) Better
tools are urgently needed for establishing the selective forces acting at
microenvironmental (submillimeteiscales(1100, 1101) Nextgeneration sequencing

technologies will be pivotal in this endea\{@i02)

At macroenvironmentagcales guchas soil), microbial communitievel evolutionary
processes leading to loitgrm modificationdhave beemoorly studiedThe changes are
probably shaped by a mixture of deterministic forces, pushing communities to their
specific niches, and frequent neutral, stochastic e\@at3) In natural environments,
antibioticresistant populations and the communities hosting them are in close contact and

interact with many other biological entitiesuchthat changes in the biosphesad
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microbiosphere should have consequences in the distribution of antiesistant

populatons (10).

Selection of Antibiotic Resisence by Nonchemotherapeutic Antimicrobial

I nhibitors

Biocide compounds, including disinfectants, antiseptics, heavy metals, food
preservativesand detergentshave beenincreasingly employedto reduce bacterial
contaminationHow theconsiderablédiocide exposure othe bacterial world influences

the evolution of antibiotic resistance is a matter of concern. However, acquired,
inheritable resistance to biocidesmainsrare (18), and the selection of antibiotic
resistance by biocidas infrequent. Interestingly, humerobgocideresistant mutants
have shownncreased susceptibility tertainantibiotic compoundsyhich specifically
acton cell envelopesuchasthe cell wall (betalactam$ andcell membrangpoly-L-
lysine, polymyxin B, colistin, antimicrobial peptides). Biocidsistant mutations
(singlenucleotide polymorphismsare frequently found in gendbat have a role in
energy production, membrane biosynthesis amino aaidstranspor(1104, 1105)As

it is known, thereis a strong conneicn between cellvall and membrane growth,

determining the frequency of cell divisi¢h106)

Physical disinfection with ultraviolet irradiation énployedin water treatment plants.
Ultravioletlight-emitting diodes are a useftdol for reducingbacterial loads without
releasing disinfectariiyproducts; however, itequires appropriate disposal facilities to
prevent mercury release, potentiadlifectingthe selection of metalntibioticresistant

bacteria.
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Among chemical disinfectants, chlorine dkassicallythe mostcommonly employed
antimicrobial, acting on bacterial DNA and producing membitatieal alterationsA
number of authors have suggesthdt certain E. coli strains have a better alito
survive in sewage treatment plants that emptdyorination and UV irradiation for
disinfection (1107) and that tetracyclineesistant straingn particular might be less
decontanmated by treated watef1108) However, there islikely no strictly
acquiredinherited chloringesistance in bacteriA.number ofcells can be more resistant
to chlorine decontamination, but this is essentially due to phenotypic resiibareace
(mostly due to adhesiesggregation to particlesand biofilm formation withthe
production of extracellular protective polymers. The$ects might be triggered by
sublethalchlorine concentrations, which might transienithgreasethe expression of
antibiotic resistanc€1109) In general however,chlorination and other alternative
strategiesquchas peracetic acid preparatigiid10)appearo have low (if any) effects

onthe evolution of antibioticesistant organisms.

Selection of Antibiotic Resistance byVater Decontamination Procedures

Urban wastewater treatment plants might be considered as one ludtfpetsin the
release of antibiotic resistance into the environm@&®g6, 1111) A number of
nonantimicrobialprocedures have been classically appliedwistewatertreatment
plants, with variable effects on decontamination of antibi@sistant comunities
(1112) The application of membrane bioreactors, sequencing batch reactors, and
activated sludgbassignificantly reduced the density of resistant populations in water, in
contrast with biological filtering and upflow anaerobic sludge blar@atinology(1113)

When anaerobic sequencing batch reacteese employedto treat pharmaceutical

wastewater containing samethoxazole, tetracycline, and erythromycin, multiresistant
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organisms weraletected int he r e act @lild)showeverfehrichedARGs

frequentlybelongto nonpathogenibacteria(1115)

Sewage treatment plants exert a powarfatlifying force orthe species compii®n of

the incoming contaminated watevhich influences the amount and type of resistance
genesmakingthe selective effects of antimicrobials in te#luent difficult to assess
(1116) However,metaanalyses have showhat composting and drying significantly
reduce the relative abundance of resistance gened/&tts in organic waste but only

marginally in anaerobic digesti¢h117)

The selectiomnd evolution of antibiotic resistance in soilikely enhanced by common
fertilization strategiege.qg.,nitrogenfertilizers stronglyaffect thesoil contentof ARGS)
(51). It s difficult to imagine decontamination procedures, which might have deleterious

ecological effects.

The Interplay of Antibiotic Resistance and/irulence

We previously andextensivelyaddressed the interplay of antibiotic resistance and
virulencein areview in thisiournal (352) Antibiotic resistance, virulence, transmission,

and general bacterial fitness are closely linked processes, with a high degree-of cross
epistasis andoevolutionof the involved networkdMlethodshawe recentlybeenproposed

to investigate such interactiofiem a system$iology perspectivg1118) However, the
definiti ongerfe gtowpiatnidogrec@ cri et eydrdrgebsroefising.

The likely reason is that to be pathogenic, the organism should be endowed with traits
facilitating establishment in the host, and mostsal | ed fvirul ence gene
colonization factors. Paradoxically, organisms less adaptaddnization might be more

pathogenic, pushed to invade empty spaces out of the highly competitive areas where the

normal microbiota is locatedGiven the longterm adaptation between hosts and
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microbiota, the most abundant bacteria in human or animas laostarely the more
virulent onesEfficient colonizers have higher cell densities and wider access to genetic
interactions, favoring the acquisition of antibiotic resistance. For instance, the more
resistant populationg(g.,serotypes) irs. pneumoniaare the more abundant but not the

more pathgenic ones.

A numberof examplesn which antibiotic resistances associated witlesser virulence
are presentetbelow. The constitutivehyperproductionof chromosomal Ampeta
lactamase reduces bacterial fitness and virulefeacomycinresistantEnterococcus
colistin-resistant Acinetobacterstrains, and porin-deficient carbapeneiresistantP.
aeruginosaare less virulent in animal models and frequently in the clinettihg (1119,
1120) Multidrug-resistant mutants &f. aeruginosanvolving efflux pumps are also less
virulent (1121) In neonatal sepsis caused blaNDM-1-positive Enterobacteriaceae,
mortality was lower (13.3%) thafor cases caused hylaNDM-1-negative (22.2%)
(1122) FluoroquinoloneesistantE. coli tends tohave fewer virulence factors than
susceptible oned 123)andare less pathogen{@124) In Staphylococcus aureuthere
are nodifferencesin clinical virulence between MRSA and 88, and mupirocin

resistance acts epistaticaligducing pathogenicity trai(626, 1125)

Epidemicscaused by multiple antibiotiesistant clone§ liigh-risk clone® arehowever

a major cause of morbidity and mortality, constituting a recogniaatdwide public

health problemwhichappears to contradict the statements of the former paragraph. The

main reasonfor this apparent paradox is that the selection of antibrescstam
populationghroughthe use and release of antimicrobials increases the absolute density

of resistant cell{1126) By reducingthe fithess of competiter antibioticsact as a

Acol oni zation hel per o of r ansreasedragunencypfopul at i

resistant populationsesulting in a number @onsequences. Firshehigh frequency of

194



4745

4746

4747

4748

4749

4750

4751

4752

4753

4754

4755

4756

4757

4758

4759

4760

4761

4762

4763

4764

4765

4766

4767

4768

4769

resistant cells increases the abifiby hostto-host transmission, particularly in hospitals

and farms, with a high level of antibiotic exposure. Secomel,increased frequency
favors theaccessof resistant cells to other bacterial populatiowkich are potential
donors of new antibioticesistance gaxs and virulenceolonization determinants. Third

(and most importantly), the absolute density of resistant organisms in the gut increases
thelikelihood of invasion otheh o st 6 s ti ssues. Transl ocat:i
spaces and the bloodstreé@ometimegproducing bacteremjandspread by contiguity

with the urinary tract are essentially stochastic evilnatire proportional to cell density;

if resistant populations prevail, the risk of bacteremia by sugdénismsncrease$1127)

Lastly, as invasive infections caused by resistant organisonsase, a larger number of
novel antibiotics aremployed alone or in combination, favoring the evolutimward

multiresistance.

PREDICTING EVOLUTIO NARY TRAJECTORIES

Paraphrasing Lobkovsky, Wolf, and Koonif1,128) the predictability of evolution
depends on our knowledge of the fraction of the trajectoriess landscapes that are
accessible for evolutionary exploration. In other words, predictability depends on our
knowledge of the evolutionary constraints influencingtkiis case) the development of
antibiotic resistanc€l129) Several types of explorations are possibtavevertheyare
currently insufficient for going beyond he quest for general principles aprbviding

solid predictions. A frequentlemployedtest for predicting mutational paths tise
repeatability of evolutionary trajectories in replicate populations, which depends on the
emergencerates of variants, theirfitness effects, and their interactions (including
epistasis). These experiments might be complemented by directed research, constructing
site-specific mutagenesis genotypes with all single and combined mutations that are

predicted to be under positive aetfion in phylogenetic analysis or evolution experiments
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andsubjectingthem to controlled selective environme(i81) These empirical fitness
lands@pes (1130) include exposure to different antibiotic concentratioasd
combinations or sequences of antimicrobialsd changing nutritional or growth
conditions. Experimental evolution methods, usthg serial passage of bacteria in
culture media with selection at csiant or varying concentrations of antibiotibave

beenemployedo determine mutational trajectorig81, 1131)

Experimental Evolutionary Trajectories

Long-term evolution experiments and historical contingency Experimental
evolution is the study of evolutionary processes occurring in experimental populations in
response to conditions imposed by the experimd6te8) The hallmark of the studies
on experimental evolution in microbiology is the famous Ldregm Evolution
Experiment (LTER, launched in early 1988 by Richard Lenski¢st the repeatability of
evolutionary dynamics across replicatgpulationg1132 1134) In LTEE, 12 replicate
E. coli populationswvere placed into tubes of minimal liquid medium containing glucose
as the | imiting resource. I n this Afrom
was seeded into fresh medigery day Every 500 generations, the remainder of each
population wa frozen tokeepa record of the accumulated changes for further studies
(1135) Currently evdution to 70,000 generations in wtegdpears to ba stable scenario
(only population fluctuations in seeding a new tube each day) has been achiesed.
studyhighlightedthat evolution, even in a simple scenario, is an intriguing mix of random
(mutation and drift) and directional (natural selection) procesBas.generation of
mutants might produce negative genetic interactions offering a possibility for new
beneficial nutations to emerg€s15) In general, these studies show the nereling

history of baterial evolution: after so many generations in a constant environment, there
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are sustained fitness gains in variability, implying that both adaptation and divergence
can continuepossiblyindefinitely (?)(1136) alesson that applies to antibiotic resistance.
The Shakespearian question applyhere iswhetheri evo |l ut i onary ti me wi

endo (entropic evolution).

Parallel evolution carbe shown in LTEE.The fitnessof E. coli in extractingall
possibilitiesfrom the culture medium (and the products released by bacterial metabolism)
increasedaluringthe experiment, and the trajectory of changes explaining thesergens

similar across th replicate populations but not identiclutationswere consistently

fixed in a number of genes in all 12 populatiqid37, 1138) although the exact

mutations at the sequence level differ in almost every case. A parallel evolution among
replicates in gene expression was also demonstrated, due to parallel chaagene
encoding a fAglobal d regul on. Ho we.verr , di ve
instance, the emergence of the abilttyusecitrate occurred in only one of the replicates;

some of the lines evolved the inabilityusemaltose.

The citrateusng variant only emerged after 31,500 generations, as a random, fortuitous
historical contingencyThe expected frequency for such a variant is less than'3yx&0

cell and generatio(l139) A geneticprehistoryof the abilityto usecitratewas detected

in three coexisting clades (within the same replictita) evolveda tandem duplicatign

increasing the expression of a previously silent citrate trans|fbi40, 1141)However,

only one of the three clades developed a significardteitrsing phenotype, indicating

the needforf ur t her changes all owing expression.
coined to refer to the genes involved in firehistoryof the citrateusing phenotype

(because theywere considered to potentiate the emeoge of sucha phenotypg

however, this is misleading termThe cryptic variation might depend on the presence
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of buffering mechanisms, and the phenotypic expression might derive from the release of

such mechanisms

Historical contingencies are expecteéd antibiotic resistance trajectories. Bacterial

populations, with huge population sizes, are spread iwrash variety of changing

environments,and thereforee he ac c umuhiastteodr yidt ionfe bacteri a

extremely high{(117). As in the case of citrate utilization in LTEE, silent mutations might

arise by historical contingencigisat eventually facilitate the emeggce of significant

antibiotic resistance. These accidents will determine or produce the extinction of

particular evolutionary trajectoriessiven the random nature of most environmental

changeshowevertrajectories, at least in thesgtial stages, wllremain largely sensitive

to history andare thereforainpredictablg1141)t h u s

taped of evolution(1142) Evenin simple experimentsuchas LTEE, there arebligatory

pr e créplaydngofitbe t h e

bottlenecks in transferring inocula from a culture to a new flask with sterile broth or

inadvertensubtle changes in experimental condititretmight produce unexpected rare

chance events leading to unexpected resalts,s i t uat i on d bidtoricali

ng

cont i ndl448cOf eoarse, nature differs from test LTEE identical tubes; in the

case of antibiotic resistance (and many others), microorganisms with identical ancestor
are be placed in multiple environmental circumstances but submitted to the same selective
force; previousadaptative events dictate the trajectories of later evolutionary processes

(1144) Because of that, clones or species might have different evolutionary trajectories

(1145)

Evolution in empirical fitnesslandscapesThe desirable combinatiaf LTEE and

realisticempirical fitness landscapessstill far from our technical capabilitiegiven that

this combination impliegsequential replication of landscapeldowever, the approach

provi ded

by

t h(@l46Kin shitio bactedasspread aedgive against a
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large antibiotic gradient in soft agar meggates is promisingn this respect. Empirical

fitness landscapestudies are based on the artificial mix wdrious mutations that
presumably influence fitnessuchas antibiotic resistantandon studying the fitness of

these genotypes and their epistatic combinatjhhg47) The main problem is sampling

to detectall variants pesent in the local population, across the gradigith, which to

perform independent fitness studies. However, a reasonably good resolution of these
fitness landscapes might be obtained in the analysis of areas exposed to strong selection

(1148)

A turn in modeling complexityesultsfrom the needo mergedifferent selective fitness
landscapes, changing the selective environments. The goal is to measure tha ni s moé s
fitness in a new environmenvhich hadlifferent fitness ira different environment his
approach might -btepo0he paimahts, lstarimd eitknb TEE

in a particular environmenThe subsequengplicate populations atkentransferred and
propagated for a new LTEE in a new environm@i#9) There is a cleanterestin the

evolution of antibiotic resistande.g.,for detectingchanges leading tmultiresistance
andantagonistic pleiotropy in particular variants to different antibigtiEavironmental

changes might produce evolutionary constraintsteatkoffs(correlated changaswove

in opposite adaptive directions), which migineéateconflicts between the survival and
reproduction components of fitnggl 1)

Advances have been madering the past decade inconstructing variougypes of
miniaturized, automated fitness monitorigplications forin-vitro evolution (i.e.,

evolution machings Particularlypromising are the applicatiobat takeadvantage of

mi crofluidic technol oggya qléseCanmbinedgvithfivemi cr of | u

cell imaging, microfluidics carmelp address thassues regardinghe relationshipsof
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physiological phenotypical adaptationlesztion, and inheritable resistan@de 51)across
fitness landscapes.

Directed experimental evolution of antibiotic resistance Directed experimental
evolution experiments are those that are designedainate the possibility of obtaining
successive bedit antibiotic-resistant variants under controlled exposure to antibiotics.
Theseexperiments arérequentlybased on serial passages of a culture containing the
ancestor(s) population, themsuringbottlenecks in the daily propagation of a sample
from oneculture tube to the nexthesuccessive culture tubggically contain growing
antibiotic concentrations, and the objective is to obtain the variant with the highest MIC
and to explore the mutationpath that has produced suahvariant (648). On other
occasions, the goal of experimental evolution is to ascertain the possibility of obtaining
variantsthat broaderthe spectrum of antibiotic inactivation. Aseviously stated, an
efficient method is to identifyby geneit analysi$ altered positions in the sequence of
the resistance gene that hdikely been submitted to antibiotic positive selection, to
construct these mutants and their combinations bydsieted mutagenesis, and
sequentiallyexpose the correspdimg cultures to growing concentrations of ttaious
antibiotics. These studies frequently reveal the possibility of diversificatiorseveral
possible pathwayd.81, 473)Direct genetic reconstruction of available trajectories might
consider not only antibiotic resistancet kalso compensatory evolution and enzyme
stability (599)

Experimental evolution of fithess costs omutational variation or acquisition of
resistancegenesAntibiotic resistance usually comes at a fitness, chst to the fact that
resistance mutations typically target important biological processes in thé:@g)l
whereasthe acquisition of resistance via HGT tigically associatd with the costs

imposed by MGE$749). Quantifying fitness costs and their reversibiigycritical to
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predicting theresistance determinamsostlikely to succeed antb affectevolutionary
trajectories.Severaltechniquesare available to measure fithess costs. The simplest
method is to measutbe growth rates of resistant and ancestlahes by monitoring
optical density during growth as monocultures (often employing +welli adapted
spectrophotometers). Growth rates careimployedas a proxy for fitnesshowever this
method is not overly sensitive to small differenteBtness Moreaccurate estimatesf
fithnesscan beobtainedby performing pairwise competition experiments, whickasure

the change in the ratio of two strains after growth as mixed culflt&f) Competition
experimentsare preferred over singlailture techniques because they integrate several
growth parametersuch as lag phase, growth ratasd efficiency of resource usage
(1153) New computational methods have been proposed to predict the outcome of
competition experiments from growth curve détda54) Competition experiments can

be performed in test tubes iorvivo by infecting model animals with a mixed bacterial
culture, which is likely to provide a more realistic view of the comipetiability of
antibiotic resistance mutants.

However, the cost of antibiotic resistance is itself an evolvable trait. Bacteria readily
acquire secondary mutations that alleviate the fitness costs associated with resistance.
This process, known as competasg evolution, can be reproduced under laboratory
conditions. Most experimental designs consispropagating resistant bacterial clones
during a relatively large number of generations while frequently monitoring for fitness
gains using the abow#escriled method$1155) Propagation is typically performed by
cycles of dilution and growth (serial passages) of the selected baeiénzr in the
presene of the antibioti¢o which the test clones are resistant or in antibifsée media.
Alternatively, continuous growth of the microorganisms can be achieved by the use of

chemostataindbioreactors, in which a constant supply of nutrients is providedow
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the microorganismgo grow steadily(1156) Althoughin vitro compensatory evolution
experiments have provided invaluable insights the evolution of antibiotic resistance,
evolutionary trajectories acially depend on the environmeftompensatorgvolution
experimentperformedn vivooften lead to different resultsanthosefrom experiments

performed withtesttubes(580)

Directionality and Repeatability of Evolutionary Trajectories

Based on the notion @bntingency theimpossibility ofdetermining whethesomething

is eithertrue or false under every possible evaluaji@nd using primitive computer

modeling, the paleontologist Stephen Jay Gaxpgressedn 1990 his deep concerns

about the repeatability f evol uti onary trajectories and
of 1(li1%7rSince thenthe catingencyconvergency debateas remainedentral in

evolutionary biology.Noncontingencyoccurs (e.g., in developmentalgenetic$, and

conserving a complex solution to an adaptive problem is frequently simpler than
repeatedlyreinventing the solution (thei f it ai not br o@dd8) dondt
whichapplies to evolutionary trajectories in mmcrobial resistance, at least for bacterial
organisms of the same | ineage (the fAinvent
trajectories might recruit variant steps or insert functionally equivalent changes without

altering the final phenotyper even that different trajectories produce an identical result
(convergence).The reality of convergent evolution (independent origin of similar

functions) suggests that iterated evolutionary outcamght be identifiedbecause they

follow a seemingly &aw-regulated determinatiofL159) in contrast o Goul ddés t hou
experiment. However, numerous studies have revealed the surprising result that
developmental pathways do in fact diverge throughout time, even with no accompanying

change in the phenotypic outcome. Very close trajectories at the start of the process are

expected to rapidly diverge, given that divergence is expondmfiéD)
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Pathwaysand trajectories carhowever,be limited by possible changes in adaptive
proteins (654). Theincrease in population size mighave areductioneffectin E. coli
fitness trajectorie®71), but this effect might beonmonotorc, depending on the supply

of beneficial mutation§1161)

Whole genome sequencing hescentlybeenemployedto study the reproducibility of
adaptive trajectories In general, adaptive convergence explains the increased
reproducibility of the advanced steps in the trajectory once a faeophlginotype (not
necessarily a fixed constellation of mutations) is obtai(Etb2) Assessment of
potentially advantagpus phenotypes can be obtained by experimental fithess assays,
including the study of substrabénding affinities of mutant protein{@163) Result§rom

genetic reconstruction experiments indicate the predictability of the associations between
antibioticresistance chromosomal mutations and fgnesd suggests that epistatic

effects are rare even when up to four mutations are com{Baaj

Complex Parametric Space,Chaotic Trajectories, and theStrange Attractor

The predictability of evolutionary trajectories of antibiotic resistance depends on
number of factors (constraintghe rate of resistance tracquisition;the resistance
phenotype the fitness of the resistant organisms as a function of drug coaemtr
determining the strength of selective pressures; epistatic interactions and compensatory
evolution co-selection of other resistangepopulation bottlenecksand bacterial
interactions(1164) A more detailed list of parameters (quantitatively) for establishing

the conditions that might shape evolutionary trajectories has rebeetiproposed41).
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Theensemble of these parameters (to add complexity, frequently in the form of composite
parametersjonstituteshe parametric space, composédix basic parameter ontologies

1) contact ratesthe probability that two particular evolutionary units could be in close
contactduringa u f y c i e petiod, enablirg paential interactior®;transmission

rates the probability that one evolutionary unit moves into another unit of the same or
different hierarchical leveB) integration ratesthe probability that one transferred unit
could be stably maintained in coexistence with another unit or assembled with other units;
4) replication ratesthe probability that a particular unit will increasecopy number at

a certain speed amdachc er t ai n vy ®B)ali vee rs3 iy tctiastpsotmalilityr at e s
that a particular unit produces genetic variant units at certain rates and variants of these
variants; and) selection ratesthe probability thaa particular unit might be replicating
differently than other units of the same hierarchical level as the rescédtrofinggenes
provi di ng [Actieelsedectionyot anh@isemnit level might result in passive

selection of lower units integraténto the former one.

The values of these parametemy in relation to the space and time in whitte
evolutionary trajectories and thaeractingevolutionary objectsire being investigated.

In terms ofantibiotic resistancdor instance, thparaméers and evolutionary trajectories

will be affectedby thefollowing factors: thdocal density of colonized and colonizable
hosts;bacterialpopulation sizes per host during colonization and infection; susceptibility

to host colonization, including age, utrition, and illnessfacilitated colonization;
frequency ofinter-host interactions (such as anirdalmani nt er acti ons) ;
natural and acquired immune response to colonizing organisms; ecological parameters of
colonizable areas, including intetan with local microbiota and frequency and type of
antibioticresistant commensals; migration and dispersal of colonized hosts; antibiotic

exposure; overall density of antibiotic use, type of antibiotics and mode of action, dosage
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and duration of therapyadherence to therapy, selective concentratiandantibiotic
combinations; mode of transmission of resistant organisms; transmission rates between
hosts (antibiotigreated anduntreated infected anduninfected); duratiorof contact
between hosts; ergure to biocides; hygiene, infection contrahd sanitation; food,
drinking-water and water body contamination, amelated host exposure; and
environmental contamination by resistant organisms in soil, including sewage and water

bodies.

Themere enunci#on of the diversity of variable parameters simultaneoalcting the
trajectories of antibiotic resistanseiggestshe impossibility of predicting trend3he
multifactoriatbased prediction of the evolution thiese typesof complex systems
involves considerableandomnessAs in weather prediction, probabilistprojections of
the future can likely only be achieved for tiedatively short ternand forparticular (wel
defined) locations; howeverthere is room for impre@ment(116, 116%. In certain

locations,it should be possible to find ordeut of chaos.

This problem has been treated in physics with twncept of the fistrange
attracton(1166) which describea set of points in a coordinate systeomsistingof the
variousparametershat affect he syst em, around whiwh t he
ti me, Aswirls | ike a ball of yarno. I n
evolutionary trajectorieshould be possible to trac€haos does not necessarily
undermine the predictability of evolution under defined environméoniads(1167) The

major epistemological (and technological) problerhow to combine these parameters,
tracing highly complex fitness landscapes to capture af roost) of thesy st e mé s
information Reproducible causal chains and relations can be identifiedutiyspatial
convergent crosmapping(1168) and patterfrecognition (patteroriented modeling)

might also help in this endeav§i169) We needa type of hyperspacdandscape
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geography(1170)but embedded iatime serie1171, 1172)A brilliant adaptation of
theseideasto biological processes was developed by Sugihara and(Ma8) who
developedools to make shoiterm predictiongor certainnonlinear natural systems. The
method is based on tlaecuratadetection and iddification of the parameter values that

are represented as points in a systemods

representing the systembés present state.

Modeling Evolutionary Processes irAntibiotic Resistance

Mathematical models A wealth of mathematical modelsave been developed to
study the evolution of antibiotic resistance. The classic studies noosttjuctedn the
early 1990s (1174)wer e @A compar t e riitimah hosh papeldtian is
typically compartmentalized intsusceptible and colonized hosts (with susceptible and
resistant bacterjaThe frequencies of susceptible or colpedl hosts ardepending on
their densities, being modified by therapy (use of antibiotics, dosages and therapeutical
schedules, pharmacodynamics and pharmacokinetics), prevention of transnasdion
natural clearance of bacteria, including the immune omesp These frequencies are

measuredy applying deterministic models based on a system of ordinary differential

at

equations describing the dynamics of the densities of each type of host and the susceptible

and resistant populations. Stochastic models amgost cases agebasedin whichthe
hosts and bacter@retracked individually, based aheindividual probability of a host
beingcolonized by a susceptible or resistant bacterilinese modelsequentlyemploy

the Monte Carlo protocol, calculatindnet daily probability of moving from one
compartmento the other(467, 1175)Suchc o mpar t ment al interbdstl ©
models applied to the transmission of resistance between sostisasin the spread of
resistance in hospitals @anf ar ms intradhrocs t ©  desighedio predict the

emergence of resistance within the treated (lisI6) These mathematical models are
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5044 mostly directed to predict the effect of targetetdiventions. Similar models have been

5045 applied to study more basic problems of antibiotic resistasweh as the horizontal

5046 transfer of resistance genes in bactdfid77) To a certain extent, mathematical

5047 approaches havédelpedo bt ai n esti mat e d , cihsdermdy base onar y
5048 substitutions througltomparative studies of nucleotide sequences and the derived

5049 phylogenetic analysid179) Other mathematical modeling studies are based only on the

5050 f p o s ssitrurtural dandscapes of molecules, taking RNAs or protein molecules as

50561 variable Anevahdthionamgssnot sphenotypeso as
5052 activities or their stability628, 1180) Thesemodeling studies do not encompassoéll

5053 the complex steps and interactions of evolutionary procdssesyer andrequiresevere

5054 reductionism to be able to describe (with deterministic and stochastic modeling

5055 combinationskertaintraits of theprocessesinder study1181)

5056 Synthetic biology modelling evolutionary trajectories fiLong-term behavior is
5057 unpr edildg&)aNaturaldomplex systems increase in complexertime, and

5058 natural complebacterial systems (from communities of microorganisms to communities
5059 of genes)suchas those involved in the evolution of antibiotic resistance, have much
5060 higher robustness tepurbations than engineered communities. Synthetic biology offers
5061 appropriate tools for the desirable reduction in the complexity factors influencing
5062 evolutionary trajectories. By developing genetic parts and devices based on
5063 transcriptional, translatiohaand postranslational modulesjumerousgenetic circuits

5064 and metabolic or antibiotic resistance pathways can be programmed in single cells,
5065 including those witha reduced genome (chass{®8, 1183, 1184) Syntheticbiology

5066 offers a rich potential for engineering microbial consotid82, 1185and in general,

5067 natural and syntheti microbial ecosystem$§1186, 1187) Until recently, synthetic

5068 regulatory networks have bedesigned manually; howevéhjs limit has beesurpassed
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with the development of genetic aiit design automationn which dozens of circuits
can be tested in living cells, includingumeroustypes of adaptive responses
(transcriptional factors, RNAased regulation, proteprotein interactionsandeffects

of recombinasgg1188)

Network analysis of evolutionary trajectories Classic phylogenetic trees hadween
extensivelyemployedo represent evolutionary processesimight clarify the historical
succession (pathway) of mutational events giving (iis¢he case under treatmentd)a

particular DNA or protein sequence involved in antibiotic resistance. In relatively simple

casesthecritical steps in evolution have been predicted from the shape of genealogical

trees €.g., thanfluenza virus)1189) Automated phylogenetic tools have been applied
to reconstruct ancestral sequences and explore mutational traje(8iesnspiredby
bioprocessngineering, modeling framework based on {fhatanceanalysis has been
proposed as a mathematical method for simulativgconstruction of metabolism

networks(1190) a method that could eventually be applied to antibiotic resistance.

However, a single genealogical trean no longerrepresent the complexity of

evolutionary trajectories. Trees are embedded into networks. The complexity produced

by lateral gene diverggtransfer among members of different lineages and introgressive
merging eventq120) in which elements ofvarious evolutionary units at different
biological hierarchies, and particularly among kin evolutionary {@it9) interact and
coevolve as composite objectsequires consideringfi | i firkeswdo 0 d s O

multidimensional supetreeswhich should be constructed wittetworks.

Sequence similarity networks offer appropriate images of genetic divetgityever
these images do not explain the differences in similantgythe causes for divergence.
Due tothe advancement in network theory, a multiplicity of networkyeis toolsare

now availablewhich canautomatically identify composite objects formed by genetic
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fragments with distinct evolutionary historig®68), represeting them (with a

quantitative dimensigrand formally producing comparisons among an extensive number

of sequencesbjects. In terms of exploring the evolution of antibiotic resistance, we can

deduce the possible positive or negative interactions beteleerents (from genes to
communities andn both a horizontahndvertical axis), affecting potentiavolutionary
trajectories. Network analysisffers the opportunityfor understanding why some
evolutionary entities rarely merge or exchange traits (tagybeclosely relatecupon
transmission events but without structuring a consistent assogiatiwhy others easily
share common public goodsetwork analysigefers to the antibioticesistance gere
coexistence interactions of the genes with the basterial genes, betweeanobile
genetic elements interactions and relations with the hostaredl,thebuilding up of

microbial communities.

For thesepurposes, bipartite graphs are adequmeausethey allow heterogeneous
biological entitiege.g.,plagnids and bacterial host® be connected by edges (relations)
(197). This type of analysibas revealedhat amultitude of gene families are shared
(externalized) by means ®fiGEs in different bacterial groups, including uksanall
bacterig869, 1191)The analysishasenablech e i dent i fi cati on
thatcan be contaminated with ARGs asidhe commonality ofhe components of these

circlesthatwill be detected by techniqueschas contact metagenomi(s25).

This progressn the network analysis of evolutionary trajectorieasprovided a new
image of evolutionary trajectorie€l192 1198) a rapidly growing fieldthat now
encompassesultilevel, transhierarchical networkshat considethe evolutionary and

mechanistic relations shaping phenotggmotype map€L199, 1200)

Computational modeling of multilevel antibiotic resistance Antibiotic resistance

evolutionary trajectoriesspan varioushierarchical levels, encompassing different
209

of

t

h e



5119

5120

5121

5122

5123

5124

5125

5126

5127

5128

5129

5130

5131

5132

5133

5134

5135

5136

5137

5138

5139

5140

5141
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5143

evolutionary individuals (units of selectio(§1). These individuals are in some cases
relatively simple ¢.g9.,DNA fragment$ and in other casesrery complex (e.gmicrobial
communities).In the complex cases, there ammmposite evolutionary objectsnd
composite individuals in short, cumulativeonstituted entitiesthat require the
application of ontologies andspatiatstructural granularitytheories (1201, 1202)
Computational models areeededthat consider evolution as resulting from the
findependenae of each individual of the complex, heterogeneous system, with a
changing set of interactions, and forming collecfivelependent entitiés{o assessof
possiblypredic) the integrated evolutionary effeat$ all fiagents in the system as a
whole (agenbased method$)1203, 1204)In other words, there is a nefat integrating
intra-host andnter-host modeling to address the evolutionary epidemiology of antibiotic

resistanc€1176, 1177)

Membrane comyting (1205)has recentlymade advances tte multilevel analysis of

antibiotic resistace (1206) Membrane computing differs from conventioha
mathematical models and most computational models in represérgingrious actors

of nested biological scenarios s particul ar entities (obj e
membranes, from genes to mobile genetic elements, species, bacterial commandities

hospital3. Thus,a membrane can be located ins@@othermembrane ofa higher
hierarchy. Membr anes answring ieterattong endth othert h A r u
membranes across hierarchaeslmimicking evolving biological entitiegiven that they

can ind@endently replicate, propagate, become extinct, transfer into other membranes,
exchangeanformation according to flexible rules, mutate, and be selected by external
agents(1207) Membrane computingnables usto dissect the influence of changes in

any evolutionarynit ata particular hierarchical level on the outcome of the entire system

(for instance, howheplasmid conjugation rate or cellular costmpensation of harboring
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5144 plasmids influences antibiotic resistance in a ho9it&29) Indeed, accurate modeling

5145 requires a better quantitative understanding of eaiatly processg4208)

5146 ECO-EVOLUTIONARY INTERVENTIONS IN ANTIBIOTIC RESISTANCE

5147 The study of evolutionary pathways and trajectoriesuikl provide the basic knowledge
5148 to apply interventions directed to control antibiotic resistaft®&e 1209) The more
5149 promising interventions directed limiting the evolution and spread of resistance have
5150 recentlybeenreviewed(1210)and includehe following:i) reducing antibiotic selective
5151 pressures bgeducngantibiotics and mobile ARGs in environmenisguidingantibiotic
5152 discovery to specifitargetselection witha low propensity for resistance evolutian)
5153 reducingthe variation and diversification processes of resistaar® reducing the
5154 mutation supply anHlGT rate iv) narrowing the window of selection of resistant variants
5155 during therapythroughpharmacokinetipharmacodynamic optimization) exploiting
5156 collateral sensitivity, so that the acquisition of resistance to a drug is tmkeelrecovery
5157 of susceptibility to another onei) improving local and global healthcare practices and
5158 health policies to reduce transmission of resistant organigsncreasingmultiple-
5159 target therapy, including antibiotic combinatignsvii) promding antibacterial
5160 vaccination to exclude propagation of higék resistant clonesx) discoveringdrugs
5161 acting specifically on resistant clones aadlectingfor drugsusceptible bacteriandx)
5162 modulatingmicrobiota to reduce the niches of resistdones.In our polluted world, the
5163 pathways and trajectories of antibiotic resistance are ubiqutteereforethe battlefield
5164 against antimicrobial resistance is #rgiremicrobiosphereTheglobal environment and
5165 therefore only global actionglpbalhealth on significant nodal points might be able to
5166 changethe risingtide of antibiotic resistanc75, 876, 1117, 1211)nterventions can
5167 beaimedin twodirections i) modifying the ecology landscapes that favor the emergence

5168 and dissemination of antibiotic resistance, essentially by controlling aotpaic
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5192

activities and ii)developingit her apeuti c approacheso t
processes fostering antibiotic resistanBech anapproachsuggestgshe possibility of
usi ngevadidguge t h anot direatedtowards curinginfections b rather by

targeting resistance proces$&212)

Targeting Emergence

Until recently,the targeting emergen@pproach was mainly limited tevaluatingthe
risk of resistance to new antimicrobial drugs under developnimirmaceutical
companies and even internatioragencies involved in the acceptation of new drugs
(antibiotics) aretypically satisfied with investigating the frequency of mutational
resistance, not always witmploying optimal methods and criteri@46). Prediction
should be based on a more complete set of (83ts28) Novel techologies,such as
advanced highthroughput genotyping, transcriptional analysisgd metagenomics, and
the parallel rise of powerful bioinformatic methods are promigiots for understanding,
predicting, and manipulatirthe evolution of antibiotic resmshce(1213) Whole-genome
sequencing imypermutabléacterial orgnisms(including highrisk clone$ challenged
with antimicrobial agents might identify the more frequdikktely) genetic changes
leading to bacterial resistan¢&22) Thistechnology has been proposed predicting
resistancelevelopment with novel and experimental antimicrobial ag&fisgudgments

as tothe possibility ofthein vivo emergence of antibiotic resistance have withdrawn or
delayedtheapproval of useful arttiotics, as in the case of fosfomy¢it214) However,
this emergences apparentlynot due tothe higher fitness costs of resistant rais, at
least inP. aeruginosg1219. Predictions based dhedetection of higher fitness resistant
mutants obtained undém vitro serial passages increasing antibioticoncentrations

have been applied to study the mutational evolution of antibi&%k 193, 473)
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Interventons designed to reduce mutation rates are still in the experimental phase.
Spontaneoumutagenesiss a viable drugtarget. Research in this field is promisiiug
controlling not only the emergence of antibiotic resistance but also tumorigenesis and
regstance to antcancer therapy(1216) For example,RecA inhibitors block the
mutational evolution of antibiotiR (1217, 1218)Thepossibletargetsor thesepotential
iartviol ut i on d (whichsnduceghe SOSirergsponse to DNA daygen

other SOkey factorsandthe translocase protein M{@61)

The prediction of evolutionary trajectories by experimental evolution has been considered
a key strategyfor identifying druggabé targets that could inhibit the evolution of
antimicrobial resistancg1219) There is ongoing researchon i e v o |-purt oi cof no
antibiotics,where thébacteria cannot tolerate any mechanism of resistance because there
are no possible detoxifying mechanisms in nature or because these mecltanisats

be obtained byHGT (1220) The candidateghat meetthese requirementsclude the
antimicrobial peptides, including those produced by multicellular organisms as part of the
innate immunity, such as peptidoglycan recognition protein@55) Bacterial

susceptibility to innate immunity proteins has been retamvedmillions of years.

Targeting Transmission

The control of transmission (mobility) events and processes is abgstive in the goal

of limiting the spread and evolution of antibiotic resistad@ansmissioractson two

levels, which we have reviewed elsewhei@94, 1221) The first is transacting
transmission, intercellular antcanshierarchicalransmission, and the spatial disgpen

of evolutionary units (mobile genetic elements, calslcommunities). The second is
cis-acting transmission, the intracellular transmission of genetic units (sequences, genes,
insertion sequencesnd transposons), resulting in the creation of gendiversity.

Mobility transmission imeededo solve the problems of ecologically unfit populations
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5238

5239

5240

5241

5242

either by the changing of patch, seeking a better (alterngatel or by changing the

c e lataptise resources (for instance by HGT) whasicallymaintaining the same type

of individual. For instance, an originally susceptible clone can remain in a host population

either by being readily transmitted torentreatedhost or by HGT acquisition of

resistance in a treated host.

The more transiasible or possiblyendemi¢ clones should secure the maintenance of

their susceptible populations by entering and exploiting antibiictecsanctuarieg.hus

interventions on tranacting transmission should be exquisitely targegacin thathere

ae fiheal t hy

consider ed

e p i dsusoeptbk dacteritsoma af twhich coald bec

i un d e ®neaf thes rkost romiseng futuren intenierdions .

against general hesb-host transmission is higiisk resistant clonéirected vaccinatin.

In current practice, the prevention of transmission is mosthnspecific( " gl o b a l

sanitationo aandistamcdandt gesaer al )pAttheugma ut i on s «

undoubtedly usefukhese approachesight favor the spread of the more abundamt an

transmissible organisms, witindesirableesults if these are resistant bacteria. Control

measures designed to prevent pathogen transmission and infection, such as

oversanitation, mi g ht

paradoxically

ntercept t he

commensak and i ncrease (0611222 ot i c resistance

Interventions against cacting transmissioareessentiallystill at theexperimentalevel,

although thepersistencef transmissible resistance plasmids in bacterial communsties i

a potential drugarget. Under significant antibiotic exposure, even plasmids that had a

significant biological cost for their new bacterial hosts might improve their fitness,

ensuringlong-term persistence. This hgsiasmid adaptation ipartly explaired by

mutationdn chromosomal helicases; inhibitors of the plashmticase interactions might

slow this adaptatio(iL223)
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Plasmidcuring strategies were among the first to be considered, including the use of toxic

DNA-intercalating agentfl224)suchas acridine orangandethidium bromidewhich

alter theDNA transfer between cells. A number of antimicrobials have been suggssted

havingplasmidcuring activity,suchas novobiocin, rifampicin,-4uinolonederivatives
(1225, 1226)agents with weak antibacterial activeychas ascorbic aci¢l227) and
thiazine heterocyclic compoundsich as phenothiazineshich acton cellmembranes
andareclinically employedin psychiatric and adirgic diseaseg§l228) Anti-HIV drugs
suchas abacavir and azidothymidine haalso beenshown to reduce intbacterial

plasmid transfe¢1229, 1230)

Specific approaches have been developed to reduce plasmid conjudatielgping
conjugation inhibitors to fight the spread of ARGs among bact@&b, 1231)
Tanzawaic acids arpolyketideswith anticonjugation propertie§l232) Unsaturated
fatty acids and alkynoic fatty acid derivatives, such dsXadecanoic acids (most

importantly, 2-bromopalmitic acid)ikely actto reducehe frequency of conjugation by

influencing the associatiomith bacterial menbranes of TrwD, a member of the secretion

ATPase, which is required in the conjugation pro¢&283)

Other approaches are being investigatgith the aim of limiting plasmid curop and
transmission, including the use of CRISPR/MBased approachgd234, 1235)and
plasmid interference, based on plasmid incompatibilities and-toxint i t o X i n

systemg1236)

Despitethese strategies, the most effectiwethod foreducing transmission is to reduce
contactbetween global resistance unigichas hospitals, farmsandeven countries.
Antibiotic-resistant bacteria are regularly released in water throughutman/animea
stools. Unless thawater is treatedwhich is uncommonin variousareasof the world,

these bacteriaccan freely spread. Basic sanitation procedusesh as wastewater
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5268 treatmentandsocial norms t@revent unnecessary contact stiét the mainelemensin

5269 reducingthetransmission of antibiotic resistan{¥36, 875)

5270 Targeting Restoration of Susceptibility

5271 A number of the strategies discussed in phevious sectiommight contribute to the

5272 elimination of antibiotic resistancA.number of other strategies foadisectly on ARGs,

5273 such as CRISPRbased antresistance antimicrobial§1237) The restoration of

5274 antibioticsusceptible bacterial populations constgui® main objective to contain

5275 antibiotic resistancelhe possibility of reversion depends the ability of susceptible

5276 popul ations to outcompete the Dksi bbDbawetveon
5277 fiwhere do susceptibl ésganbtypesaf288)t come!| &
5278 Could we alter in our favor thelements and conditions of such competition or at least

5279 coexistenceWe shouldfirst maintainthe diversity of susceptible populations as a basic

5280 requirementitheir extinction would make restoration impossibl&his is, however,a

5281 highly unlikely outcome there is a balancing selection in heterogenous bacterial

5282 populations, recurrent reverse evolution, with heterogeneous fitnesses in fluctuating

5283 habitats, different niches and subniches, and different population sizes, protheting

5284 coexistence of sensitiand resistant strairf$239) We canthenmodify co-selectiveand

5285 antagonistic pleiotropy effects, fitness costs of resistammkcompensatory adaptations

5286 (585, 1238)The third step is to exploihe epistatic mechanisnis.g., thosenfluencing

5287 membrane biosynthesed transpojtand chaperonesreatinga method for disrupting

5288 the evolution of antibiotic resistan¢&240)or restorirg susceptibility altering intrinsic

5289 resistance mechanismd?241, 1242) The fourth step is too magi ne fecol og!
5200 i nterventionso to alter t he c o.nRksotirgeons i n

5291 limitation prevents the emergence of drugsistance by intensifyingntra-host
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competition (1243) Presumably,this limitation alsoensuresbacterial coexistence

(susceptible and resistant populations) in the gut microii@#4, 1245)

Reestablishing microbiotaediated colonization resistance after antibithterapycould
markelly reduce infections, particularly those caused by antibresistant bacteria.
Ongoing studies are identifying commensal bacterial species that can be developed into
nextgeneration probiotics to reestablish or enhance colonization resistb?4é)
Severalstudies based on fecal microbiota transplantation offer promigsglts to
eradicate multidrugesistant organisnfsom the gut(1247) Phage therapy can be useful

for eliminatingparticular drugresistant clones from the microbidte248, 1249)

ANTIBIOTIC RESISTANCE AS A MODEL PROBLEM OF THE INFLUENCE

OF ANTHROPOGENIC EFFECTS ON THE BIOSPHERE

Microbial pathways and trajectories involving antibiotic resistance occur in a changing
biological world influenced by anthropogenic activities, resulting in the reduction of
diversity of certainspecies buikely also fostering speciatiqi250) Humansreate and
selectenvironments, and there is a reciprocal selection between biological entities and

environments.

Anthropogenic Antimicrobia | Agentsin the Biosphere: M eta-selection ofAntibiotic

Resistance

Antibiotic resistance is not only a threat for the treatment of infections in humans and
animals.The massive environmental pollution with antibiotics, biocides, heavy metals,
and numerousother anthropogenic substances able to select bacterial populiiddns

host ARGs ¢ a n al ter t hatwral p Healtsyp)hrécroldad sommunity
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5315 composition Local ecological conditions modulate antibiotic resistaecg.,resistance
5316 in Pseudomonass higher inthe water of tropical areasthanthat oftemperate areas
5317 (1251)andwill influence global ecosystem processes, including effects on microbial
5318 primary producerscarbon dioxiderespiration and decomposition, nitrogen cycling,
5319 photosynthesis, chemosynthesis, heterotrophic produciiot biodegradationAs a
5320 primaryexample, phytoplanktooonsistanostly of cyanobacteria, responsilfi@ more
5321 than 25% othetotal free oxygen production and carbon dioxide fixation. Cyanobacteria
5322 are susceptible to widelgmployed antibiotics however,it has been shown that
5323 cyanobacteria might contain claksntegrons containingull genes, which might serve
5324 as capturing units for resistance gef@s6, 1252, 1253)The second example is the
5325 effects of antibiotics on the soil and particularly in the bacterial rhizosphere, essential
5326 onlyto the maintenance oifitrogen fixation angblanthealth but alsto the phyllosphere
5327 (themicrobial colonizers of stems, leaves, flowers and fyuihich is endowed with its
5328 own resistomg1254) Interestingly, endophytic bacteria might evolve local adaptive
5329 mechanismgresulting in antibiotic resistand@255) Antibiotics affect plantseven at
5330 low concentrations, leading to delayed germination, lower biomass allocatiolgsand
5331 diversity (1256) A similar situationoccur with insects, particularly those deperidam
5332 bacterial endosymbion{d257, 1258)altering the healthy gut microbigtasis thecase
5333 with honeybee$1259) Protistan composition in soil is affected by antibiof{t260) as
5334 is the biology of nematodg4.261) Even mitochondria and chloroplasts could acquire
5335 antibiotic resistanc€l262, 1263)As a final example, antibiotics probably play a rade
5336 signaling agents in nature (gpe of ecologicalhormong, linking various microbial
5337 communities, andlikely interacting with higher entitie363) The effects of

5338 anthropogenic antibiotics should be understamhsidering the extensive use of other
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environmentallyreleased biocides, such as heides and insecticideshich frequently

kill themi c r o o r fostsandshensicéoorganismshemselveg876)

From the above examples, antibiotics might altebtheo s p Ibcalequibsaum which

can be recovered acquiringantibiotic resistance. Plants, nematodeslinsects hosting
resistanbacteria will benefit in terms of reproduction over those that maintain susceptible
organisms and willhereforeselect for microbial evolutionary pathways and trajectories
resulting in resistanc&hizobacteriaplants, nematodes, protozoa, and insecae
biologically linked. Any deleteriousantibiotic effect in one of them wiltherefore
influence the health and possibly the evolution of the entire system. In short, the exposure
of biosphere ecosystems to antibiotics will select for antibioticteesis, in aype of

higherorder selection or metselection.

Antibiotics, Antibiotic Resistanceand the Evolution of the Microbiosphere

Evolution can be defined as the flow of lifensuringreplication of chemical and
biological entitiesovertime. Timeis constantly offering discontinuities that should be
overcome by microbes. In thoaur part of the time arrowanthropogenic activities have
created a multitudef discontinuities, pushing beeria out of equilibrium withtheir
environment The human production andisseminationof antibiotics,which leadsto
ecologicaldamageand antibiotic resistance,& q u i nt ©re HeahhtandaGlobah
Healthd issue(876, 1264) Antibiotic (antilife) compounds interferaith the existence
of microbial organisms, and antibiotic resistance is a force (proesss)ringthe
continued flow of life under antimicrobial exposuaéorce based oganing information

to resist aforce translatableo againin energy(1265) pushing the altered bacterial world
to reacquire order, equilibriurandlife andto oppose the entropic effect of antimicrobial

agents. This forc&uelsthe evolution of genes, genomes, and coordinated ensembles of

genes and genomeBeyondt he changes due to eranlgrs and
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me mor y o (186G)dperlogr esses by t he contwrntueos
restructuring ofinformative storage mechanisn{$267) allowing changes without

disturbingthelong-term (evolutionary) integrity of the microbial world.

Directional evolution promoted by antibiotic natural selection should reduce eatndpy
randomnes$1268) However, the neveending diversification of genes and lineages
suggestt he pos s i déiudum plyibud f e ratnr dip i(1269eWesHould i o0 n
once again remember thliblogical systemsappearo besubjectedo an ineluctable
tendency toprogressevolution, resulting in complexificen. By natural selection,
antibiotics might reduce the diversity but not necessarily the complexity of the microbial
world. Evolution not onlycreate®ntities of higher hierarchickdvels (suclas eukaryotic

cells, plants anima)sthereby making it mercomplex, ialso produces complexity inside
individual entities. The diversification inside each family of ARGs (generation of
orthologs) and inside each bacterial clone of a single species is also a process of
complexification whichincreases the numbef geneg143, 1270)nd, in the jargon of
genome complexity metrics, sequences of lengtk-lKérs)(1271) The importanissue

is whethersuchanincreasen endaediversity unde antibiotic exposureyhich facilitates

the emergence of novel genetic associatiand epistatic bonds, is fostering more

evolvability or evolutionary energit272)

EVOLUTION OF ANTIBIOTIC RESISTANCE: A GLANCE FROM  PHYSICAL

SCIENCES

Evolutionary processes are increasingly considered in theoretical physics.

e )

approximatb n b et ween a fAmore biologized physicso

could provide important epistemological benefits. At the start of this review, we
distinguished pathways as sequences of chamsgefds mutational changes) forming

chains in which ach step facilitates theext and favoring, step by step, a significant
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increase in a particular process leading to antibiotic resistihesequence is not fixed

(there are alternatives for including successive links in the kHaih the number of

possibilities is relatively limited (the geqer ot ei n s pace oddgicawari ati o
and to a certain extepfi r e p r o dhaiosof leVerdsdepend orthe biological context

in which they evolve; in that regard, evolution is always conting@€rajectories are

boosted by these pathways, but pathways do not determine the direction of the
trajectories, which have a considerably higher degree of freedom, given that they depend

on complex contingent ensembles of biological entities (mobile gethatiepts, clones,

species, and communities), whose own evolution spaces (located on endless gradients of

niches and variable environments) are frequently subjected to stochastic events.

In other words, pathways constitute the more rigid parts of the ewwduy trajectories.

In a previous review180), we compared the intrinsic indetermination of evolutionary
trajectories with the dynamics ofaultiple pendulunfoscillator(1273) Imaginea string

with almost contiguous beads (the pathwdyg embedded in bodies (biological entities)
that are linked to others by frasviveling strings or baljoints (multitbody pendulurj
(Figure 9) Eachof these bodies can take different directions (the trajectories), eventually
stochastically linking with other bodies and exchanging or complementing their
pathways whichwasdescribeca bove as fAcor do o rThefickatid nni ngo
disaggregation of trajectories generated by the multiple pendulum is somewhat
compensated by thigype of networking. Most importantly, the pathways pushing
evolutionary trajectories are evolving with the trajectory itsefichhas been described
asthe simultaneity of evolution and the evolutionary soluti(i#/4) Lastly, pathways

and trajectories of antibiotic resistance constitute a complex cheptigsical reaction
diffusion systemn which substances (biological entities) react and are transformed into

each other, which results in diffusion, causinegir sprea (1275)
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FINAL CODA: ABOUT THE INTELLIGIBILITY OF EVOLUTIONARY

TRAJECTORIES OF ANTIBIOTIC RESISTANCE

Knowing the limits of our endeavor to discover laafshe natural world is an obligation

of scienceOur knowledge and the possibility egbmmunicatingour findings to future
generations depends on the rational structure of our proposals. Rationality requires the
existence of a certain order in the interactamong the elements involved in the process
under study or at least some solid probabilistic associatiohaos cannot be
explained@1272) In this review, we examined the plethora of processes involved in
antibiotic resistance. Evolutionary pathways are composkegjical sequences of events

in the acquisition of resiahce and, despite their diversity, can frequently be faithfully
reproduced under controlled evolutionary experiments. However, evolutionary
trajectories dependn an unlimitechumber of stochastic events influencing myriads of
interactions among a hierascbf nested biological elements, from proteins to genes to
species and communities, each acting in a selfisimney running on their own
evolutionary trajectories and colliding and collaborating with other evolutionary
trajectories. In the case of complexolutionary trajectoriesgertain trends can be
assumedy accurateand longterm observationshowever,such trends only apply for
shorts periodgas with weather predictionwhich also deals with highly complex
systemy Asin the rest othebiologicd sciences, our understandiagdour intelligibility

of the evolution of antibiotic resistance has a gat is logical, demonstrable and based
onsolidinformationand a parthat is based oandeterminedanformation, whichwe can
attemptto predict based on observations. However, this perception of reality (the
experience of seeing) can have a quality, almostlagi@al thought(1276) Therefoe,

if the knowledge of evolution is composed by thinkable and only showable parts, and a
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5439 strategy of halthinking, halfseeing is needed to make intelligible the evolutionary
5440 processes, including antibiotic resistarig277) We are obliged to continue our daily
5441 tasksto ascertain the details of the mdiierarchical interactions among entities involved
5442 in antibiotic resistance, in the hope thatthe future complex computational models and
5443 artificial intelligence toolscanhelp push the frontiers of our knowledge,understand
5444 andcontrolthe negative influence of antibiotic resistancenmdicine:One Healthand

5445 Global Health.
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