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Introduction

1 Introduction

The term ESKAPE organisms(Enterococcus faeciuntStaphylococcus aureuKlebsiella
pneumoniagAcinetobacter baumanniPseudomonas aerugingsandEnterobacterspecies)
was introducedh 2008 to summarizagroupof bacterialorganismswhich developedraex-
ceptionalsignificance sincetheir increasingrevalenceand their ability to escape the action
of antimicrobialshecameone of the most concerning challengesealthcaré Growing anti-
microbial resistancandvirulenceenabled theserganismgo cope with harmful external in-
fluencesandfavoredtheir persistencehroughout the hospital environment Inappropriate
use and werconsumption of amicrobialsin livestock, agricultureand healtkcarefacilitated
theemergence ansbreadf resistanisolatesresultingin the evolution of multdrugresistant
(MDR, nontsusceptibility to one or more agentsabfeast three antimicrobial clasgesxten-
sive drugresistant (XDR nonsusceptibility toat leastone agenin all but two orfewer anti-
microbial classesand even padrugresistant (PDRnonsusceptibility toall currently avail-
ableagentsin all antimicrobialcategorie} bacterig® Finally, the loss of treatment options
prompted théaVorld Health OrganizationfHO) in 2017 tocall for novel antimicrobial agents
againstpriority pathagensincluding the ESKAPE groupVithin this scope, carbapenem-
sistantA. baumanniivas assigned priority level tritical.”

1.1 The genusAcinetobacter

The discovery ofthe genusAcinetobactemgoes back td911when Beijerinck cultivatedan
organismisolatedfrom soil, which was initially named/icrococcus calcoaceticifsin 1954
the termAcinetobactewas introduced teeparateéhe nonmotile organisms from the genus
Achromobactef Advancedcharacterizatioreventuallygrouped several organisms under the
genusAcinetobacter® Acinetobacterspp. are Grasmegative, strictly aerobic, nefiermenta-
tive coccobacillit! Because of their mufile habitatsthey are considereas ubiquitous organ-
isms which have beersolated fromwater and soilfrom food productsfrom animals and as
a part of thephysiologicalskin flora'?14 Remarkably the carriage rates particularly high
among hospitated patierts, at up to 75%* Currently the genuscinetobactecomprises’2
validly namedspecies® Of theseAcinetobactespp.,Acinetobacter baumannifcinetobacter
calcoaceticusAcinetobacterijkshoorniag AcinetobactemosocomialisAcinetobacterpittii,
andAcinetobacterseikertii have a DNAsequence homology about 70% but cannot be phe-

notypically distinguished from each other diagnostic settings using standard laboratory
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based testshereforghe species were combined in thecalcoaceticug\. baumannicomplex
(ACBcomplex)*®

1.2 Epidemiology of A. baumannii

Althoughnaturalhabitatdike avianpopulationsand soi] as well apresence imlomestic ani-
mals likecattle and petdave beerdiscovered A. baumanniis mainly associated wittthe
healthcare setting. Moreover, ntensive care units (ICUare known reservoif®r MDR iso-
lates!! In particular carbapenentesistantA. baumanniis assigned a special roks treatment
options are sevety limited. Following the rankings of the WHO from 201fe U.S. Centers

for Disease Control and Preventioas listeccarbapenennesistanfA. baumannias one of the
urgent threats among antimicrobial resistant organisntiseir most recdrantibiotic threats
report from 2019: *® According to the European Centre for Disease Prevention and Gontrol
carbapenennesistantA. baumannicause sporadic hospital outbreaks in Germany, wheiteas

is alreadyendemidn southern European countries like Portutialy, and GreecéFigure 1)*°

Epidemiological stage

Sporadic occurrence
Single hospital outbreak
Sporadic hospital outbreaks
B Regional spread
mm |nter-regional spread
= Endemic situation
mm Stage uncertain

> K Luxembourg

Mata

FigaEei demi ol ogical stagdé&d.obacvhtabapénem resistant
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1.3 Pathogenicity and virulence inA. baumannii

SinceA. baumanniis mainly recovered from specimeabtained frompatients inintensive
care unitsit is associated witharious nosocomiahfections especially among patientgth
severe comorbiditie§ he most common clinical manifestations associated Avitraumannii
areventilatorassociategpneumonia, bloodstream infections following invagvecedures, as
well as wound and urinary tract infectiomseningitis,and sofitissueinfections!!* However,
since colonization witlA. baumanniis more likelythan infection, it is generally considered
as an organism of low pathogenicityeverthelessthe course of infectionan beseriousA.
baumanniipossesses several properties tatfer pathogenicity, including lipopolysaccha-
rides(LPS)acting as ligands for Tallke receptor 4° capsular polysaccharides that protect
bacterial cells from complementediated killing?! phospholipases C and, Which facilitate
epithelial cell imasionandevasion of the host immumiesponsé? outer membrane vesicles
secreting outer membrane proteirffA%*which induces adherea and invasion of epithelial
cells as well as apoptosis in host c&landsiderophoresystems such as acinetobactin that

scavenges iroff

Adherence t@bioticsurfacedike glass polycarbonate, polystyrene, and stainless &weks

the emerge of biofilmeven ommedicalequipmentasA. baumannibiofilms were detected on
ventilation tubes, catheters, and consequently on artificial heart valvesthogedialevices,

as well within skin and soft tissue, wounds and occlusive dresgifftiofilms arecomplex
surfaceassociated cell commuias, inducedby primary binding of single cells whicarein-
fluenced by the negative charge of the bactenaeadisas thenydrophobicity of components of
the cell surfacé! This is followed byproliferation and accumulation. The cells encase them-
selvesin an extracellular ggsaccharide substance separated by flilied channels, which
results in the final formation of biofilms. An established biofilm hasomplex threglimen-
sional architecture enclosed in a protecting matrix creamg@ptimal environment for ex-
change ofgenetic material (e.g. resistance plasmiosveen cell$? An important step for
propagan and persistence of thacterial cell community is the ability of some cells to de-
tach from biofilm regionand disperse, thereby forming biofilms in new environmental niches.
Moreover, nechanism®f antibiotic resistance in a biofilm differ from the amanisms ob-
served in individuatdls. Bacteria ardess susceptibl® antimicrobial agents when grown in

a biofilm, because gboor agentpenetration, as well as to other harmfohditionssuch as
ultra-violet (UV) light, acidexposuredehydrationand phagocytosis in comparison to plank-
tonic growing cells® 3*Analyses of mRNA expression have shown that the gene expression

3
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pattern ofbiofilm forming A. baumannicells is distinct from that odther modes of growth

including gene overexpression as well as genes expressed only in bfofiims

However, @ wet surfaces amny A. baumanniisolates reveal a motile phenotypehich is
associated with virulenc@ A. baumanniimotility is flagellaindependenand driven byetrac-

tion of type IV pili3’ These appendages emanating from the surface of the outer membrane
generate motor forces by assembling and disasseniBlfugthermore, ytpe IV pili are par-
ticipating in processes such agherence tsurfaces and biofilm formatioff. The dynamic
nature of these filaments to elongate by polymerization and rbyrdefpolymerizationnduce
changes in the outer membrane and conegiotuptake oinakedDNA from the extracellular
environment, followed by transport across the cell enveiojpethe cytoplasmresulting in
genetictransformatiorf® This mechanisipdescribed as natural competerfegilitates theac-

quisition of novel resistanaeterminantdy horizontal gae transfer

Moreover, ts high propensity tenvironmental persistentes enabledA. baumannito thrive

in the hospitalenvironment facilitating its disseminatiéh ! Adaptationto stressetke des-
iccationwas observed in clinical. baumanniisolates, whictstill were viable after a period
of about 100 days under dry conditidis'® The composition of the outer membrane and the
capsule especially the presence of capsular polysaccharidddesia baumanniito retain

waterand prevent eésiccatiorf4 4°

1.4 Antimicrobial resistance mechanisms inA. baumannii

The fundamentaimechansm of actiorof antimicrdial agentss to bind to its bacterial target
site and tainterferewith cellular processes like cell wallynthess, protein biosynthesjor
nucleic acid replicatiofFigure 2) In this way, thevariousclasses of anicrobialsavailable
cause a slowdown of bacterial cell growth (bacteriostatiion) or lead to bacterial cell death
(bactericidalaction).

A. baumannihas revealed diverse set ahtrinsic andacquiredresistance mechanisnvehich
are base@n enzymatic inactivation of the druglterations inthe structure of antimiobial
target sitepreventing binding of antimicrobial agengdproperties odevicesthatdenyac-

cessof an adequatamountof the antimicrobial agent fits targetsite*6

Many resistance mechanisrast veryspecifially and accordingly confer resistanmely to a
singleantimicrobial or a single classf antimicrobial*’ This applies for example in the case

of enzymatic inactivationProminentr e pr esent at i ves o-factaindsess me c |

4
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whi c h i nlac@am agents bydydfolysis of the amide borfd  tlalctem ring Therdoy
b-lactamases prevent thehibition of peptidoglycan crosslinking, which would otherwise
cause impairedell wall synthesis resulting incelllysl.c cor di ng t o t h-ei r
lactamases are divided into seriaad metalleb-lactamaseswhich either need a serine resi-
due or one or two zinc ions in their active centespectivey/* Ev e r y  c-lactamaseso f
can be present i. baumannij either chomosomallyencodedandbr encoded on plasmid$

Ast h dactém subclass of carbapeneim®f particular impdance for the treatment éf.
baumannii infections the emergace of carbapenemhydrolyzing b-lactamases(car-

bapenemases) concerning?’

Furthermore, antimicrobial ressstce can be caused by enzymaitmdification of antimicro-

bials. This mechanism is based on the transfer of chemical groups like @oysphate nu-
cleotidyk, and ribitoyl groups?! Because they form large molecules with many hydroxyl and
amide groups, aminoglycosides aggticularlyaffected by tese modifying enzymed.he an-
timicrobial action of aminoglycosides is caused by inhibition of protein synthesis induced by
binding of amnoglycoside molecules to the 16S ribosomal RNA ofithesomal30S subunit.

Drug modification inhibitdbindingto the ribosomend therefore decreases antimicrobial ac-
tivity of the drug.Three main classes of aminoglycosimedifying enzymesavebeende-
scribed: acetyltransferases, phosphotransferases adéoatidyltransferases. These enzymes

are highly diverse and rather specific to few agehts.

An additional mechanism of resistance is the alteration of antimicrobial targets. This mecha-
nism is associated with resistance to compoundsglikeolonesand thesubsequenfiuoro-
guinolones Quinolonesinhibit DNA synthesis by binding to bacterial topoisomerases.

quired aquinolone resistance genescode pentapeptide reppatdteins thabindto topoisomer-

ases and tirs protect them against binding of quinolorté$lowever, inA. baumanniit is

amino acid substitutions within the topoisomerase gewye&, gyrB, parC, andparE that are

responsible fofluoroquinolone resistancé.

Polymyxins like colistin are cyclic antimicrobigdeptidesused totreatinfections caused by
Gramnegative bacterid?olymyxinsbind toLPSandcauselisruption of bothcell membranes
because dtfheir hydrophobidail.>> Modifications ofLPS affect thebinding of colistin.In par-
ticular, he addition of phgphoethanolamine to lipid Aausedby overexpression opmrC,
whichis induced bymutations within théwo-component regulatorgystem PmrABis asso-

ciated with colistin resistancé.>’
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As these mechanisms require spedaififustment®f antimicrobial agents or targets, they are
accordingly spefic to single antimicrobials or antimicrobial class€sntrary to thismecha-
nismsreducingthe concentratiorof antimicrobials on their site of acti@ifect a broad range

of drugs.This canbe established eithby increaseefflux activity or by reducegermeability.

Due to rather small porins, which generally occur in relatively small numbers, the permeability
of the A. baumanniiouter membrane is strongly reduced compared to other -Gegative
organisms? Accordingly, reduced expression of outer membrane porins (ORKB}arOor

OprD has been shown to be associated with antimicrobial resistaAc®aumannip® ©°

Efflux plays a major role in redudesusceptibility todtracyclines andglycylcyclines. These
antibiotics inhibit protein synthesig/ binding to the 16S rRNANd inhibiting the binding of
aminoacyitRNA to the mRNAribosome comple&! Tigecycline was developed to ovence
the main mechanisms of tetracycline resistance, such as acquisiipaatic efflux pumps
like TetA82 However,A. baumannii tolerance to tigecycline is associateith overexpression
of efflux pumps3 84 Additionally, modificatiors of tigecycline induced by the moroxygen-

ase TetX has been reportedrarious Grammegative bacteria agigecyclineresistance mech-

anism®°
Increased efflux
» _ Antibiotic
Efflux pump C, a»
'// —. Decreased influx
> 3999 \ /-Qc.
Antibiotic /, e () Target amplification ,A p
inactivating — ,
enzyme p % \
\ AnthIOtIC lﬂOCtIVOtIOﬂ - @ y \\
Target site alterations y C,
;‘\ \ // 3
\ &
Fig@reAnti microbial rBatséennak smechbhegmmact oo fcesdptie t |

bialenzymatic antibiotic ainmaantitcaetheétafd, t modefti ampl bhi c

ant i miicrrfolbuxa,lan tc meeafsfelduixa.l Repri n%®ed with permission.

1.5 Acquisition of antimicrobial resistance

The mechanissiof antimicrobial resistancare basically the result ¢fe acquisitionof anti-

microbial resistance genesmutations inexistinggenetic information®’ Thetransmission of



Introduction

nucleic acids is termed dmrizontal gene transfefhis mechanisnpromotesthe intra- and
interspeciespread of antimicrobialkesistance genes andthiereforeof great importance for
the emegence of MDR bacteria.Horizontal gene transfaakes placehroughconjugation,
transductionor transformation. Conjugatioequires directell-to-cell contactby cell surface
pili or achesinsand occurs unidirectionalhaccordingly, DNA, predominantlyin theform of
plasmids, igransferred from a donor to a recipiéhTransductioris abacterophagedepend-
ent mechanismof transfer whereas transformatiatescribes theptake of exogenous DNA
process thatasbesnobserved inA. baumanii during motility (1.3)%: 69

Depending on their locatiginsertion sequences (I8§e ISAbalcan act as resistance deter-
minants and arthereforealso involvedin the spread of antimicbial resistancelS are DNA
sections, whichcontaina recombinas#anked by invertdrepeatsand thus can be exchange
and spread between different genetic segm@n.elementsexhibit different forms of re-
sistance conveyancEor example, @air of IS elements cdracketa resistance gerand can
be transmitted as a continuous transpdsdn.addition, some IS elements can increase the
expression of genes whose natural expression does not confer resl§&mt®.elemenhar-
boring a potent promoteis inserted upstream @f potential resistance geneverexpression
and subsequent resistae occus. This form of resistancecguisition has been observed in
carbapenennesistantA. baumanniisolates thatevealed 1Snduced overexpression of the in-
trinsic blaoxa-s1.”?> Furthermore, 1San insert themselves intgenes, causing disruption and
inactivation andconsequenthaffect thebacterial phenotypim terms of virulence and antimi-

crobial susceptibility3

In addition to IS elements, spontaneous mutations play an important role in the resistance
correlatednodification of existing genetic informatioBesiccation and rehydrationassoci-

ated with a substantial increase in mutation frequeseyhese processes associated with

DNA lesions, such as alkylation, oxidation, cHis&ing, base removal, and strand bre&ks.

In thisregard, natationsaltering promoteor regulatoractivity areconnected to antimicrobial
resistanc&® °” "Hence DNA altering mechanisms arepatential tigger forthe development

of antimicrobialresistancé® 7’

1.6 Bacterial efflux pumps

Efflux pumps were firstharacterizein Gramnegative bacteria in 1998 They are compo-
nents of tie bacterial membrane that seciateacellularmetabolic waste products and harmful

compounds®ut of the cell ito the extracellulaenvironment’® Moreimportantly, efflux pumps

7
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increase bacterial tolerance to environmental conditueh as bile saltgletergentsdyes,

heavy metalsorganicpollutants, planproduced compoungandsolvents$£®8® Furthermore,

efflux pumpsare suggesteid lower the intracellular concentrationgpforum sensing inducer

moleculesand thereforenodulatevirulence and pathogene$fsSince efflux pumps addition-

ally enable bacteria to survive high antimicrobial concentrations, they contribute to the re-

sistance phenotypéccordingto their amino acidcompositionand energy source, bacterial

efflux pumps areategorizednto six majorgroups the adenosine triphosphd#€r P)-binding

cassette (ABC3uperfamily, the muktdrug and toxic compound extrusion (MATE) family, the

majorfacilitator superfamily (MFS), the small muttrug resistance (SMR) familthe pote-

obacterialantimicrobial compoundefflux (PACE) family, and theresistance nodulatiecell

division (RND) family (Figure3).8”#° Although many efflux pumps are intrinsto A. bau-

manniiand theefore chromosomally encoded, several examples for acquired efflux pumps are

known?8! ®°Genes encody for efflux pumpprotens have been identified omobile genetic

elements, such as plasmids arathsposonsyr onresistance islandike AbaR1, whichcarries

antimicrobial resstance associated efflux gersegh agetAandcmlA®?

ls) Extracellular
Outer Matrix
membrane
N\ —_— — P
=
8 |
2 /
o RND |
o
_| PACE
Inner _J \
membrane | J = |
’ATP Pi J]
H* L ’ H*
H+ H+ Na*
/H*
Cytoplasm

Fi g8 Sehemdagicothiacrt er i al
ATRydrol ysi s

1.6.1 RND-efflux pumps

(bAIBaCn f aamtiTiltpa) u toesp wad Mado mb i al

eTfhfdeugxu i fraendi leineesr.gpr 6 or ded f by x

’Pat hogenesi

Of the efflux familiescharacterizedo far, RND pumpbavethe highest clinicatelevanceln

particular their broad substratespectrum including detergents, bile salteand dyesandfre-

guentlyusedantimicrobials as well asntisepticanddisinfectantsised in health cayassigns
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this class a significant ral& ** RND-efflux pumpsfunction as a tripartite compleontaining

an inner membrane transportan outer membrane chanoelouter membrane factor (OMF)
and a membrane fusion protgidFP). Theinner membrane transportisressentiafor the
function ofthe efflux systemasit harborsthreeperiplasmic binding pockets ardnsequently
participates in substrate recognition, binding, and tran$pdttey arestructured asraasym-
metric homdrimer of which eachmonomertakesa different conformation corresponding to
one of the three functional stat@cess, bindingand extrusionpf the transport cycl&> %
These switcHike conformational changes dlfie transporter protomers are energizedthny
proton motive brce across the cell membrasaising dunctional rotatiormechanism, which
leads to an extrusion of the substrteough the distal part of the transporter into the outer

membrane channel and consequently out of the baatetidl

In A. baumanniithree chromosomallgncoded RNEype efflux pumpgAde-Acinetobacter
drug efflux)have beemrharacterizedAdeABC, AdelJK, and AdeFGH.

AdeABC efflux pumps

AdeABC was thdirst characterized RNBfflux pumpin A. baumanni?® AdeABC comprises
the proteins AdeA (MFP), AdeB (transporter) and AdeC (OMF), whicleaceadin anop-
eron consisting of thegenesadeA adeB andadeC However, previous studies have reported
that therole of the outer membrane factodeCis not aucialfor thefunctionality of the pump.
Furthermorethe recruitment of another outer membrane companetgad ofAdeCto form

a functional tripartite complex and similarly serve the purp@seseen in a studgbout
MexXY-OprM efflux pumps inP. aeruginosawas suggestet¥:'°* AdeABC is polyspecific,
and substrates included are aminoglycosides, flgowoi n o | -lactams ¢chlorbmphenicol,
trimethoprim, erythromycin tetracyclines, glycylcyclines anethidium bromide?: 102, 103
Therefore, AdeABC is consideradthe mgor contributing factor to MDR among RND efflux
pumps.This isparticularlytrue when AdeABC is overexpressédthough carbapenemare
reportedlysubstrate®f the pump the role of theAdeABC in carbapenem resistancesisl
under debateral studies are inconclusiv& Moreover, sudiesbased on carbapenem suscep-
tibility testing inthe presence and absendeefflux pump inhibitors to enlighten the rolefo
AdeABC in carbapenem resistan@ame to contradictory resufs 1°31%8 Carbapenente-
sistances mainly associated with tigresence ooverproduction of carbapenemases,duuhe
studies revealed correlation of carbapenemases with overexpression of RND efflux pumps.

A studyon OXA-23 produtng A. baumanniisolatesreportedhatanadeBdeleterious mutant
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lost resistanceéo meropenem® However,additioral studies revealed thaverexpression of

AdeABC is proportional tohe level of resistance in clinical isolafd$.11°

~ Signal o
<O
Q >AdeC |
S ( > AdeB
o & )\/%AdeA A"’}h 9 &
42‘7\\0 ADP! / ]’\\ )
~ ( \ |
e %77 7 AdesS
5‘ ~_ £ @
b -
L 7 )
\“oﬂs\e‘OQ\ ™ o
/T @ @) o oY 71 %‘
?Y\O AdeR ( /\B R’ 3 \"./‘.‘;.'lt‘;‘e;'*\,»
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Ay (S NIBALAHGONBNJ A O

Figure 4. Regulation of AdeABC by the twecomponent reguldory system AdeRS External signals cause
autophosphorylation of AdeS followdy phosphorylation of AdeR. Functional AdeR binds tostieecific DNA
sequence within a 18& intercistronicspacebetween the start codonsarleAandadeR which are encoded in
opposite directiongp initiate gendranscription Adapted from Ouyang et al. 2021 with permissitin.

The expressionf AdeABC depends otthe two-componentegulatory systemdeRS, which
is transcribed upstrearand in the opposite directiai AdeABC (Figure 4) Two-component
regulatory systems are ubiquitosignal transduction proteiralowing cells to sense and re-
spond to environmental stimdfi® The transmembrane sensor kinaselergoes comirma-
tional changes upadpinding of an environmental stimulgausingATP dependenautophos-
phorylation at a conserved histidine resid8ebsequently, the phosphate groupassferred
to an aspartate residue of the correspondisgonse regulatowhichthen initiatesexpression
of therespective gent:3With regard to AdeRSAdeS represents the sensor histidine kinase
which compriseswo transmenbrane Nterminal helices linked by extracellular sensor do-
main (residue 34 61), ahistidine kinase, adenylyl cyclase, metlagicepting chemotaxis pro-
tein and phosphatagélAMP) domain (residue 84 138), adimerization histiline phos-
photransfer (DHp) domain (residié6i 204), and a @erminal catalytic ATBinding domain
(residue 204 357)11! To exhibit full histidine kinase activity, AdeS forms a hoimexamer.
In the event of activatiomduced byexternal stimuliATP hydolysis of the catalytic domain

is followed byanautophosphorylation at the conserved phosghton site histidine 149he
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correspondingesponse regulator Adegdnsistsof a receiver domaifresiduel i 127)and a
DNA binding domain(residuel38- 247) and is functional as dimer. AdeR is activatedby
phosphoryl transfer frorthe AdeS histidine 149 residte theAdeR phosphorylation site as-
partate63 withinthereceiver domairgFigure 5) Finally, theDNA binding domairrecognizes
a 10bpdirectrepeat DNA sequenddAGTGTGGAGNAAGTGTGGAG)of a 168bp inter-
cistronicregion betweeadeRandadeABCandacts as transcriptional activafdf- *>Theex-
ternalsignal responsible for transcription activatioasto date not been identifieoreover,
studies revealethat the number aideRSranscripts is notrucial for regulation ofadeABC
expression, ago linear correlation betweeexpressionevels ofadeRSandadeB was identi-
fied.!'® However,somemutations withirmdeRSare associated wiihcreasedideABCexpres-
sion andconsequently antimicrobial resistanoeluding amino acid substitutions the re-
ceiver domain and the DNA binding domain of AdeRR well asn the sensor domain, the
HAMP domain and the DHp domain of AdeS 64 87 100. 117, 113 ddjtionally, truncation of
AdeS bylSAbalinsertionhas been shown to increaseleBexpression anceduce antimicro-

bial susceptibilityf3 119120

AdeS AdeR
Sensor
domain
34 1
TM helices
12 83
N B 84
HAMP
Receiver
138 pe3] domain
Catalytic 204 7 P
OOITI aln 146
DNA binding
domain
s

FigbBehematic illastraAadéeBndpbindiexd em mallecSstt a Imutliic doma
i nducess pahuotroyplhaot i on i n thE1DHp Rloonap mdEwlft htersdrreacfeeirv etrc
domaicn i vatledmt AdeCUyamg2 vl ah . pelrmi ssi on

11



Introduction

AdelJK efflux pumps

An additional commonRND efflux pump inA. baumanniiis AdelJK composed ofAdel
(MFP), AdeJ(transporter)and AdeK(OMF) .’ This efflux pump has a comparably broad sub-
strate specificity including a partial overlap with AdeABZ Moreover,these twoefflux
pumps are found to show synergigmmultiple antimicrobials Knockouts ofeitherAdeABC

or AdelJK led to increaseahtimicrobialsusceptibility.Subsequentlythe inactivation of both
the efflux pumps showed a furthieicreased susceptibility @nibiotics such as fluoroquin-
olones, tetracyclines, and tigecyclfffe!?! AdelJK isassumed to beonstitutively expressed
and tocontributeto reduced susceptibility to-lactams such as ticarcillin, cephalosporins, and
aztreonam, fluoroquinolongketracyclines, tigecycline, lomsamides, rifampirghloramphen-
icol, cotrimoxazole novobiocin, erythromycin and fusidic acid Additional substrates of
AdelJK are acdine, pyronine, safranine and sodium dodecyl! suffaté'Overexpression of
AdelJK above a certain threshold has been shtonme toxic'?? However,increased expres-
sion levels have been identifiegcentlyin clinical isolates associated with reduced antimicro-
bial susceptibility?®

Figé6SeéructuifetmNA tchoenfptireuxc.t ur es of homo edii medriinagg TdeotnRa.i nk
(helUllc®3%Hr een: helices affected by conforbhati 6al U8 he:
and to sUmMmReckxaredhtdt3ey: DNA.

The expression addelJKis regulated byonstitutively expessed TetHike repressor AdeN
which is encodeth a distance d813kb.*?2 The TetR-family represergagroup of widespread
transcriptional repressons bacterial multidrug efflux genes?* TetR was first describeas
repressor othe MFS tetracyclineresistance genetA!? Similar to AdelJK, TetA is toxic
when overexpressed. TheredoFetRrepresses the transcription very tightlythe absence of
tetracyclineby bindingto the @eratorupstream ofetA!?® TetR harborsan N-terminal DNA-
binding domainpr esent ed by cbngalningcabetix-tubhhelixt notif @2 an d
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U %7 Binding of tetracyclineby hydrogen bondt TetRresidues 64), 82, 86
116 igdUceésconformathanges n h ed,i clee, Uldusing dissaciatidrdof the
repressor DNA complex and subsequently inducasscriptiont® Up to now,the detailed
repression and dissociation mechanism of AdeN has natdbeeacterizedHowever, it was
shown that truptionby IS or deletion oaideNcauses reduced antimicrobial susceptibility

and elevated virulenda A. baumannif3 128
AdeFGH efflux pumps

The third RND efflux pumpgliscoveredn A. baumanniis AdeFGH, which alsbas the poten-
tial to affect antimicrobiasusceptibility when overexpressettudies revealed that strairs
missingAdeABC and AdelJK, expression of AdeFGts increased up t800-fold but did
not cause@MDR phenotype. On the other hand, a mutant exhibiting AdeFGH qu&ssion
in the presence of wildtype AdeABC and AdelJK expressiewvealedesistance to chloram-
phenicol, fuoroquinolones, and trimethoprirAdditionally, susceptibilityto b-lactams tetra-
cyclines, tigecyclineandrifampinwasdecreased?® Other substrates of AdeFGH aralidixic
acid, ethidium bromide, erythromycin and sodium dodecyl sulphate (ED&)ermore, ihas
beensuggested thaadeFGH driverextrusionof quorum sensing moleculego the environ-

mentinducesbiofilm formation in a A. baumannipopulationt*

kCo-nnducer

Fi gd.Bcechemati c repr e sgeenntea trieojndH)aatthilobrih.B di mer bound

at

(U5)

t

f

at the IAB&radt2i)on bet weercatulbe®a miwdan LITETtRr adnmemmeidcs DAINFAo t e it

bend(i3gndi ng of RNA polymerase at .t hTe amrsccma tpe Ui wme g iso n

in ebBence-infdue €esionduwc)er binding ¢adudgeazxe rLARRC thieard aonfe r

Consequent lty,t rtamecldmR i nto contact with the RNA pol

t ar geitnigteinet i ng 'f%t s transcription
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The expression of AdeFGH is controlled tine LysR-type transcriptionategulator(LTTR)
AdeL, which is encodedirectly upstreanof adeFGHandtranscribedn opposite direction
LTTR arethe mosttommontranscriptional regulators among prokatgs LTTR are autoreg-
ulated andcconsist ofa conservedN-terminal helix-turn-helix DNA-binding domainconnet
by a flexible hinge t@ less conserve@-terminal effectorbinding domainwhich is divided
in two subdomaingRD1 and RD2)Transcription is irtiated by each one LTTR dimkinding
to a regulatory binding sitlRBS) andthe adjacenactivation binding sit¢ ABS), forming a
tetramer Subsequentlyan effectormediatedstructural changeiithin the tetramefinally in-
ducestranscription by DNAbending(Figure 7).13! It hasbeenshown that mutationgithin
adel, asthe deletion of the last 11-términal residugss well asthe amino acid substitutions
V139Gand T319K cancause overexpression AleFGHand consequentiseduce suscepti-
bility to chloramphenicglfluoroquinolones, tetracyclines, and tigecychtfie

1.6.2 MATE

Efflux pumps of the MATE superfamilgan be éund in eukaryotes and pralates. Thee
transportergorm 12 transmembrane helices atepend on a N#cation or proton gidient32
The chromosomally encoded proton anfporter AbeM is the most prevalent
MATE transporter iPA. baumanniiAbeM displays a wide range of substrates including-

microbialssuch as fluoroquinoloneaminoglycosidesmacrolides, and chloramphenicét.

1.6.3 MFS

Themajor facilitator superfamilys ubiquitous in prokaryotes amiikaryotesMFS pumps are
gradientdependenantiporters thatisuallyarerather substratepecific Examples of MFSfe
flux pumps inA. baumanniare AmvA, CmlA, CraA, FIoR, TetA, and TetBmvA mainly
contributes to efflux of substtes like detergents, disinfectants, and dpeslitionally, it was
shown thakerythromycin belongs to its substrates, as inactivation adthedgenedecreased
the erythromycirminimum inhibitory concentratiorMIC).**CmlIA and FloRare encoded on
the AbaR1 resistance island iA. baumanniiand are associated with resistance to chloram-
phenicolandflorfenicol, respectively?* Theefflux activity of CraA is limited to chloramphen-
icol only and is assumed to contributeittrinsic chloramphenicol resistanceAfbaumannii
as it isfound in the majority of isolate's® TetA and TetB ar@cquiredMFS pumps andhe
mostprevalent tetracycline efflux pumpsA. baumannit®¢138 TetA is mainly associated with

tetracyclineresistance only, but it was shown recently smheTetA variantsmay contribute
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to efflux of tigecycline in synergy with RND pum35.13°TetB on the other hand, mediates

resistance teetracyclire andminocycline®’

1.6.4 SMR

SMR dflux pumpsaresmalldimersexhibitingdifferent orientation for each monomé? The
chromosomally encoded SMR pump Ables been shown fflux acriflavine,acridineor-
ange benzalkonium, deoxycholgtendSDSas well axonferring resistance the antimicro-
bials chloramphenicolfluoroquinolones, erythromycin, and novobioéfh Another SMR ef-
flux pump inA. baumanniis QacEwhichis associated with resistance to quaternary ammo-

nium compoundsnd is encoded as paftthe AbaR1 resistance islamtt 142

1.6.5 ABC

ABC transporters arene of the most comon effluxpumptypesand are present in eukaryotes
and prokaryotesTheyrepresent thenly transporter family using ATP hydrolysisasenergy
sourcet® 4ABC transporters contribute to efflwf amino acids, peptides, lipidsolysac-
charides, and oligonucleotidas wél as antimicrobial$?> 46The ABC transporter MacAB
was first described if. coliand is also the main ABC efflypump inA. baumannit*’ It is
regulatedy the twecomponent regulatory system BaeSR emksists ofthe membrane fusion
protein MacA, the ABC transporter protein MacB, and the outer membrane proteid*dolC

The main sbstrate of the MacAB-TolC complex ar@rythromycin and gramiciditf®

1.6.6 PACE

PACE family efflux pumps are the most recent type of efflux pundastified in A. bau-
mannii*° PACEefflux pumpsarewidespreadn manyGramnegativebacteriaand are mainly
associated with increased tolerance to biociggsd as disfectants and riseptics™®! Acel
wasthe firstdiscovered PACE efflux pump and wakentified in response to chlorhexidine,

which is needetb induce formation of a functional Acel dinf8r1°2

1.7 Efflux pump inhibition

Efflux pump inhibitors (EPIs) are compounds that inhibit efflux psymgduce substratex-
port, and thereforénduce intercellular accumulation of therresponding compoun@onse-
quently, EPIs have the potential to increase antimicrobial activity in NbR&eriatl’ 121 129
However, the use of EPIs as a combination therapy with antibiotics is extremely difficult, as

many efflux pump familieare also esseat in eukaryotes and inhibition would have harmful
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implicationsfor patients.There are twanain mechanismef EPIs, eitheby direct bindingo
the efflux pumpor by energy dissipatiot?® Binding of EPIscan becompetitiveon the sub-
strates binding siteor ron-competitive ifbinding of the inhibitorcauses a decrease on the
affinity of the pump towarslits substrate.

Phenylalaninerginine-b-naphhylamide (PABN) was the firssyntheticRND pump inhibitor
increasing levofloxacin, erythromycin, and chloramphenit¢alt nd tetracyclineMICs in P.
aeruginosaby binding toMexAB, MexCD, and MexEF pumpsn a competitive manngp*
Verapamilis usually used as the treatment of hypertension aamctsasion channel blocker.
It was found to inhibit MATE effluxn Mycobacterium tuberculostsy binding to the active
site of the efflux proteif® 1-(1-napthymethyl)-piperazine (NMP) was first describéal in-
hibit the E. coli AcrAB-TolC RND efflux pumpby inducingconformational changes by bind-
ing.2*% In A. baumanniiNMP was shown tdncrease susceptibilitio fluorogquinolones and

tigecyclinet®’: 158

Since efflux pump deped on cellular energydecoupling of energy sources is an effective
way to impair efflux activityThis kind of inhibitiondoes notequiredirect interaction between
inhibitor andefflux pump.Carbonyl cyanide rehlorophenyhydrazone (CCCP an iono-
phore that disrupts the proton motive fonetichalsoinactivatesacterial metabolisnCCCP
has been shown to restaiprofloxacinsusceptibilityin A. baumannit>® However, is toxicity

to mammalian cellprevents the clinical usef CCCP®3

The substance IITR0802vas ber reported as possibleinhibiter against the MATE efflux
pump AbeM inA. baumanniias itrestoredluoroquinolonesusceptibilityin resistant isolates
by disrupting the proton gradieriloreover, the compound found to ekibit low cytotoxi-

City. 16

Next to synthetieefflux pumps, several naturally derived efflux pump inhibitors have been
describedEpigallocatechin Jjallate (EGCG),aserpingandpolyamine agets are thought to

hinder efflux by direct binding tthe outer membrane chanmlthepump sectionrespec-
tively.161’ 162163

As nanopartiles are associated wimtimicrobial activity, studies have been carried tout
determine their role as efflux pump inhibitors. ®pberol polyethylene glycol succinate
capped silver nanoparticles have been reportathtbit efflux in A. baumanniby addressing

the expression d@ND efflux pump geneadeBandadeJ*®*Furthermore, copper nanoparticle
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capped withN-lauryltyramineare implied to ghibit efflux inhibition, sincethey caused re-

duced ciprofloxacimndethidium bromideMIC in A. baumanniandE. coli.°

An additionalapproach to inhibit efflux activity is the use of bacteriophaBasteriophages
might becomean alternativeto antimicrobialsandrepresent a possibility to overcome antimi-
crobial resistancelheybind to bacterial host cell membrane proteingherefore, OMF of
RND-type efflux pumpsare potential receptors fdwacteriophages;ausing impaired efflux

activity 166

1.8 Aim of the study

Efflux of A. baumannij particularly that driven by pumps of the RND family, is of high clinical
relevancebecause it mediates tolerance to a broad spectrum of potentially haustriates
including antimicrobial@long withantiseptics and disinfectantgdely appliedin healthcare
facilities. Therefore gaining insight into regulatory mechanisms of RND efflux icwmtical

importance

The aim of this thesis was to investigate the regulation of the AdeABC, AdelJK, and the

AdeFGH efflux pumps i\. baumannii. Specifically the followingtopicswere addressed:

1 Identificationof alterations withirregulatorygenes associated with increased RND ef-
flux activity and determination of their respective prevalelbased on aomprehensive
collection ofworldwide obtained isolates

1 Characterization drequentlyidentified alterationsn terms ofantimicrobial suscepti-
bility, RND pump expression, and efflux activityased on genetical modification of
well characterized. baumannireference strains.

1 Application of various reporter systems itovestiga¢ the expression of regulatory

genes under differegonditions ofgrowth
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2 Experimental concepts

The results of this thesis are based on thelsyesiep development and execution of a work-
flow algorithm enabling th&lentification and characterization of mutations within Riype
efflux regulatorygenes. Additionallyexperimensg to investigateegulator expressiowere
carried out. The methodological approach will be described below.

2.1 Identification of RND-type regulatory mutations

In order to identifymutations within RND efflux regulatory gen#sat maycauseincreased
efflux pump expression, and therebgntribute to the antimicrobial resistance phenotgpe,
workflow based orthe detection algorithm by Gerson et al. was pgdrich aimed to identify

mutations contributing to colistin resistarée

Tigecyclinetoleranceis a reliable indicator of increased efflux activity, as efflux is the main
mechanism for increasedlerance to tigecycline iA. baumanniiUp to now no tigecycline
breakpoints folA. baumanniareavailable and therefore thested isolatewere categorized
asexhibiting low (00.5 mgl) or high (> 0.5 mgl) tigecyclineMICs based on thEUCAST
breakpointgor Enterobacteales!®’

Thephenotypicclassificaion of the A. baumanniisolatesvas combined witlanalysisof cor-
respondingDNA sequencgobtained bywhole-genome sequencing (WGS)herefore, dtal
DNA from the bacterial isolates was extracted and used for-sdamitsequencing on an lllu-
mina MiSeq pl#orm. The obtained raw reads wete novaassembled with the Velvet assem-
bler (version 1.1.04). The molecular epidemiology was investigated usaiglatedcorege-
nomeMLST (cgMLST) schemeusing SeqSphereversion 7.0.4 software (Ridom, Minster,

Germany)-68

2.1.1 Initial assessment of genetipolymorphisms

Identification of alterations in the genes encoding Riype efflux regulators associated with
increasedigecyclineMICs was performedby comparingDNA and amino acid sequences of
isolateswith high tigecycline MIGo low tigecycline MIGsolatesof the same collectioDNA
andaminoacid sequencesf RND-type efflux pumpregulatorygenesadeR$adeNandadel
wereanalyzedusingMultAlin. %° Any alteration not identified exclusively in high tigecycline
MIC isolates (for example also found in a reference strain or a low tigecycline MIC isolate),

was classified as a genetic polymorphism not contributing to increased efflux activity and was
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therdore excluded. Mutations within regulatory genes that only occurred in high tigecycline
MIC isolates were assessed as putative resistance mutations and subsequently further analyzed.
Furthermore, the bacteriabgomes werascreenedor the most prevalentS elenentsin A.
baumanniiusingthe bioinformaticgools|S-Finder and ISVlapper’® 171

2.2 Methodological approaches for analyzingputative resistance mutaions

Characterizatiomf amino acid substitutiorsuspected to increase the expression obFeiN
flux pumps was based dwo different approache®ne way is the comparison ofinical
isolatepairs, which were genetically identical apart frosirayle nucleotide exchangausing
a relevaneamino acid substitution within a RND efflux regulatrno suitable isolate couple
was availablecharacterization was carried out ggnetic nanipulationof reference strains

which is described in the folldng.

2.2.1 Genetic modification of A. baumanniireference strains

The wildtype regulator oA. baumannireference strains ATCC 17978 and ATCC 19606 was
deletedvia markeless mutagenesi§’? For recomplementation of knockout strainse adeRS
backbons of the A. baumannireference stramACICU and ATCC 17978verefused tothe

shuttle vector pJN17/04.TheobtainedadeRSshuttle plasmids were subjectedsite-directed
mutagenesis to exchange single nucleotides within the sequeaeRSto induce thelesired

amino acid substitutions. Primers for PCR amplification of the plasmid including the corre-
sponding nucleotide ekange were designed using the online tool NEBaseCh&Ri@mger
sequencing (LGC Genomics GmbH Berlin, Germany) was used to confirm the correct nucleo-
tide exchangeSubsequently, wildtypand modifiedadeRSshuttlevectorsweretransformed

into A. baumanniATCC 17978sadeRS

2.2.2 Characterization of putative resistance mutations

To analyzethe impact of the specifregulator alterationgomplementarysolatecouples were
compared in terms of antimicrobial susceptibilixpression of th&ND efflux pump, and

efflux activity.
Antimicrobial susceptibility testing

Susceptibility to tetracycline, gentamicin (Sigmddrich, Steinheim, Germany), meropenem,
amikacih, minocycline, rifampicin (Molekula, Newcastle upon Tyne, UK), levofloxacin
(Sanofi Aventis, Frankfurt, Germany), ciprofloxacin (Bayer Pharma AG, Berlin, Germany),
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azithromycin (Pfizer Pharma GmbH, Minster, Germany), chloramphenicol (Serva, Heidel-
berg, Gemany) and erythromycin (AppliChem, Darmstadt, Germany) was tested by agar di-
lution following the current CLSI guideliné$* Minimal inhibitory concentrations fdigecy-

cline (Molekula, Newcastle updryne, UK) were determined by broth microdilution following

the CLSI guidelines’™

Quantification of gene expression

Expression oddeBwas evaluated byemiquantitative reatime PCR RT-PCR) as described
previously!”™ The DNA-directed RNA polymerase subunit beta ggmeB was used as a ref-
erence gene, and its expression was quansimditaneouslyvith adeBexpression. Statistical

analysis wadased oran unpaired-test using the recorded absolute values.
Determination of eflux activity

The AdeABC substrate ethidium bromide was used to investigate efflux adfieiyespond-

ingly, thefluorescencef prepared cell suspensions containing 10 uM ethidium broméide
measured in an Infinite M1000 PRO plate reader (Tecan, Crailsheim, Germany) every 15 s
over a period of 30 min. The plate reader was set to an excitation wavelength of 530 nm and
an emissin wavelength of 600 nm. Accumulation studies were carried out with and without
the proton motive force uncoupler CCCP (Sigiddrich), used at a final concentration of
500uM.
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2.3 Expression studies

Expression of RND efflux pumps or regulet was investigated by using different reporter
systemsi.e.LacZ, luciferaseand GFPTheA. baumanniATCC 17978jenome sequeneeas
usedfor primer desigrfor reporter plasmid generatiomhe designed primers amplify the up-
stream region oRND efflux pump or regulator operom®ntaining the putative promoser
Primers were designesb that after the fusion of the targatomotefregion and the reporter

gene does not disturb the open regdrameof therespectivgpromoterless reporter gerladz,
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luxCDABE, sifp). An empty vector control andaarO transformantvas included as negative

and positive controkespectivelyfor each reporter system.
Lacz

Onereporterappointed in this wayas theb-galactosidase gernacZ of the reporter plasmid
plG14/09 Forvisualizationof gene expression, the lactose analogigaX5bromao4-chloro
3-indolyl-b-D-galactopyranoside) was used, whiclhysirolyzedb y -gdbactosidase to galac-

tose and Jromao4-chloro-3-hydroxyindole. This byproduct in turn forms dimers and is oxi-

dized to the insoluble dark bleeloredp r e ¢ i p rdibramod,468ichleré6i ndi go. The
galactosidase activity was determined in combination with different growth mediaulikee

Bertani (B) and Mueller Hinton(MH) agarplates and broth, as well as motility agarose, sup-
plemented with Xgal (40 mg/ml). Correspondinglexpression of the respective genes of in-

terest was indicated by formation of blue colonies.

GFP

Additionally, thegreenfluorescent protein (GFRyas usedo investigate gene expression. Pro-
moter regions were fused the reporterplasmidpWH1266:sfgp.1’® GFP is asmall protein
originally obtainedrom the jellyfishAequorea/ictoria, whichemitsafluorescent signal when
excited by UV light withouthe dependency exogenous substratén this study an advanced

GFP version was used. Since the temperature factor affecelitii@lity of the original GFP
reporters, a more robust GFP derivative was developed, which is called superfolder GFP
(sfGFP). This protein exhibits increased thermal stability and better resistance to chemical de-
naturation compared to conventional GEPDetection of gene expression using this sfGFP

reporter systemequires detection amission at 535 nm after excitation at 483.nm
Luciferase

The luciferase reporter plasmpdPV1Z was kindly provided by Massimiliano LucifDe-
partment of EngineerindJniversity Roma Tre, Rome, Italy}® The genes ofhe luciferase
operonluxCDABE originate fromXenorhabdus luminesceriBhis bioluminescence reporter
has the advantage that both the luciferase (encodedhfd) andthe machinery responsible
for synthesisof the longchain aldehyde substrate that is essential irbibleminescencee-
action (encoded byluxCDE) are located m oneoperonand no additional substrate is re-

quired”In this way tle expression dficiferasecomplies wih the genes to be investigated
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2.4 Investigation of the motile phenotype inA.baumannii

Motility describes thenovementdependenspread of bacteria over wet surfackesA. bau-
mannii, motility can exhibit different forms such asirface motility and twitching motility
which can be observea the interphase betwetire bottom of the petri dish and the meditfm.
Motility experiments were carried owtsinga semisolid growth medium composed 6f5%
agarose5 g/l tryptone, and 2.5/IgNaCl3’ Depending on thapplied assay (gene expression
analysis antimicrobial susceptibility testingnd investigation of natural competeneeldi-
tional supplements were adddfthot stated otherwise ul of McFarlandMcF) 0.5 bacterial
suspensiopwere noculatedon the surface of the agarose or staiculated Motility was
observedafter 24 h incubation at 37 “@With increased humidity to prevent the medium from

drying out.
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3 Results

Since tle presenthesisconstitutesacumulative dissertation, some of the results are presented
in the form of the corresponding prepared publications in the respestives The following

providesa summaryof the individual subchapters.

In the coursef thiswork theregulatory aspedif increasedRND effluxin A. baumanniwas
investigatedTherefore a worldwide collection of clinicatarbapenennesistantA. baumannii
isolates vasanalyzedior mutationscausing increased tigecycline tolerance, whicinisndi-

cator for increased efflux activi(.1). Subsequentlya selection of RND regulator amiaoid
substitutions wereharacterized in terms tfieirimpact on RND efflux pump expression, ef-
flux activity, andantimicrobial susceptibility3.2. and3.3). Additionally, studies tanalyze

the impacbf the regulatory genesleNandadelLwere carried out based on genetic knockouts
in A. baumanniATCC 19606(3.4). Moreover expression oRND regulatory genes wake-
terminedunder different growth conditions usimgporter plasmids3(5) andthe relation be-
tween thetwo-component regulatory system AdeRS, motility, and natural competence was

investigated 3.6).

3.1 Prevalerce of RND efflux pump regulator variants associated with tigecycline

resistance in carb@enemresistant A. baumanniifrom a worldwide survey

Purpose othe studypresented in thpublication attached belowyas to detect mechanisms
causing reduced tigecycline susceptibility in HeheticallyuniquecarbapenernesistantA.
baumanniiisolates obtained from a global collection between 2012 and Z6&6nain focus
was on RNDBtype efflux regulatory gendhatwereinvestigated foputativeefflux increasing
mutations. The most frequéynidentified mechanism associated witducedigecyclinesus-
ceptibility wasthedisruption ofthe AdelJK repress@deN either by IS elements or nucleotide
deletions causing premature stop codons. Howé&s frequenamino acid substitutions and
disruption by IS elements within the tveomponent redatory systenadeRSwhich regulates
expression of the AdeABC efflux pumywere found tocorrelate withcomparativelyhigher
tigecycline MICsFurthermorean altered version dviB, which contributes t@apsular poly-
saccharide synthesiwas identified Other previously identified mechanisms, as for example
the presence d@ét(A) andtet(X), as well as mutations in putative resistance determiriants

pIsC, rrf, msbAand genes encoding 30S ribosomal proteins, were not identified inc@atei
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Our data provide thimundationfor furtherinvestigationof regulator alterations and their con-

tribution to increased efflux and reducaatimicrobialsusceptibility.

My contribution to théollowing publicationwas conception of the analysis, antimicrobial sus-
ceptibility testing, sequencing data analysis, data interpretation and composing the manuscript
Preliminary data of this studyerepresented at th29th ECCMID, Amsterdam, April 2019,
andthe 71st DGHMConference, Leipzig, March 2020.
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Objectives: To determine the most common tigecycline resistance mechanisms in carbapenem-resistant
Acinetobacter baumannii isolates obtained during the global Tigecycline Evaluation Surveillance Trial (TEST).

Methods: Tigecycline MICs were determined by broth microdilution. WGS was used to screen for the previously
identified tigecycline resistance mechanisms, as well as mutations in resistance-nodulation-cell division (RND)-
type efflux pump regulators.

Results: From a total 313 isolates, 113 genetically unique tigecycline-resistant isolates were analysed. The most
frequent and worldwide distributed mechanism associated with tigecycline resistance was disruption of adeN,
which encodes the repressor of the RND efflux pump AdellK, either by IS elements or nucleotide deletions
causing premature stop codons. However, mutations leading to amino acid substitutions and disruption by IS
elements within the two-component regulatory system aderS, which regulates expression of the AdeABC efflux
pump, correlate with higher tigecycline MICs, but these were found less frequently and were mainly restricted to
Southern European countries. Furthermore, an altered version of tviB was identified in several tigecycline-
resistant isolates that did not have putative resistance mutations within RND-type regulators. The resistance
determinants tet(A) and tet(X), as well as resistance mutations in putative resistance determinants trm, plsC, rrf,
msbA and genes encoding 305 ribosomal proteins, were not identified in any isolate.

Conclusions: The most prevalent tigecycline resistance mechanisms were caused by alterations in the regula-
tors of RND-type efflux pumps. These data provide the basis for further characterization of regulator alterations
and their contribution to increased efflux and tigecycline resistance, and also should be taken into account in
drug discovery programmes to overcome the contribution of efflux pumps.

Introduction

The Gram-negative Acinetobacter baumannii has gained world-
wide importance as one of the most problematic nosocomial
pathogens causing ventilator-associated pneumonia, meningitis
and wound, urinary tract and bloodstream infections, predomin-
antly in patients in ICUs. Treatment of these A. baumannii infec-
tions is challenging because of their frequent resistance to a wide
range of antimicrobial agents, such as aminoglycosides, fluoroqui-
nolones and B-lactams, including carbapenems.’ Hence, in par-
ticular against carbapenem-resistant isolates, only few available
antimicrobials (including tigecycline and colistin) remain for the
treatment of A. baumanniiinfections.

Many antimicrobial resistance determinants, such as those
conferring resistance to B-lactams, folic acid pathway inhibitors,
tetracycline, aminoglycosides, macrolides and chloramphenical,
are responsible for resistance to a single antimicrobial, or only a
single class of antimicrobials, and are mostly acquired through
horizontal gene transfer, e.g. blargy, sull or tet(B).” Concerning
tigecycline resistance, the monooxygenase TetX has recently
gained impartance and has been reported in Escherichia coli and A.
baumannii, among other organisms.**® However, tet(X) is still a
relatively rare resistance gene, which does not correlate with the
high frequency of tigecycline-resistant A. baumannii isolates.”
Foong et al.® described the contribution of the tetracycline

©The Author(s) 2021. Published by Oxford University Press on behalf of the British Seciety for Antimicrobial Chemotherapy. Al rights reserved.

For permissions, please email: journals.permissions@oup.com.

10of7

26



Results

Lucalken et al.

transporter TetA to reduced tigecycline susceptibility. Furthermore,
mutations in the tigecycline-related methyltransferase (trm), the
1-acyl-sn-glycerol-3-phosphate acyltransferase (plsC), the 30S
ribosomal subunit protein S10 (rpsJ), the ribosome recycling factor
(rrf), the UDP-N-acetylglucosamine 6-dehydrogenase (tviB) and
the lipid transporter ATP-binding/permease (msbA) genes are
associated with tigecycline resistance.”*

In contrast to acquired resistance determinants, intrinsic efflux-
mediated antibiotic resistance, especially by the resistance-
nodulation-cell division (RND) family, can contribute to reduced
susceptibility simultaneously to nurmerous antimicrobial classes.
RND-type efflux pumps are chromosomally encoded tripartite
pumps consisting of an inner membrane spanning pump subunit
and an outer membrane pore, which are joined together via a link-
er protein. RND transporters are intrinsic to all Gram-negative bac-
teria and, besides their ability to pump out antimicrobials
(including tigecycline), their contribution to reducing intracellular
concentrations of a diverse array of compounds, such as antisep-
tics, detergents, heavy metals and disinfectants, is of clinical
relevance.'* 17

In A. baumannii, there are three characterized RND efflux
pumps, AdeABC, AdeFGH and AdelJK, which are subject to differ-
ent types of regulators: the two-component system AdeRS
(AdeABC), the LysR-like transcriptional requlator Adel (AdeFGH) or
the TetR-like repressor AdeN (AdelJK).'® In particular, AdeABC and
AdelJK have been shown to affect antimicrobial susceptibility
and to contribute to tigecycline resistance."” Additionally, it was
shown that mutational hotspots in these regulators cause overex-
pression of the corresponding RND efflux pumps, causing anti-
microbial resistance.””"!

Up to now, studies investigating RND-type efflux overexpression
in correlation with mutations in regulatory genes in Acinetobacter
spp. have been confined to a few geographical regions like
Southern Europe or China.”*? The present study investigates the
worldwide prevalence and contribution of alterations of RND-type
efflux pump regulatory genes to tigecycline resistance in
A. baumannii obtained from 47 countries as part of the worldwide
Tigecycline Evaluation Surveillance Trial (TEST) and investigates
other mechanisms behind elevated tigecycline MICs.”*

Materials and methods

Strain collection

The investigated isolates were collected between 2012 and 2016 in 114
centres worldwide as part of the TEST study.?* All included isolates were
carbapenem resistant. The origins of the isolates are summarized for this
study as Africa, Asia, Europe, North America and Latin America. No isolates
were available from the Australion continent. The isolates were from clinical
specimens obtained from the CNS, the cardiovascular system, intraabdomi-
nal sources, the urogenital tract and the respiratory tract, as well as from
skin and skin structure and osteoarticular infections. Duplicate isolates
obtained from the same patient were excluded.”

Antimicrobial susceptibility testing

Susceptibility to tigecycline (Molekula, Newcastle upon Tyne, UK) was deter-
mined by broth microdilution following CLSI guidelines using
Staphylococeus aureus ATCC 29213 and E. coli ATCC 25922 as quality con-
trol strains.”” Tigecycline resistance was defined as an MIC of >0.5mg/L

accarding to the EUCAST breakpaint for Enterobacterales, since no tigecyc-
line breakpoint is available for A, baumannii.*®

WGS

Total DNA from the bacterial isolates was extracted using the MagAttract
HMW DNA Kit (Qiagen, Hilden, Germany) according to the manufacturer's
instructions and used for short-read sequencing. Sequencing libraries were
prepared using a Nextera XT Library Prep Kit (Illumina GmbH, Munich,
Germany) for a 250bp paired-end sequencing run on an Ilumina MiSeq
platform. The raw sequencing reads generated in this project were submit-
ted to the European Nucleotide Archive (https://www.ebi.ac.uk/ena/) under
study accession number PRIEB27899.

Sequencing data analysis

The obtained raw reads were de novo assembled with the Velvet assembler
(version 1.1.04). The molecular epidemiology was investigated using a vali-
dated core-genome MLST {cgMLST) scheme, using SeqSphere” version
7.0.4 software (Ridom, Miinster, Germany).”” Isolates that showed <10 al-
lele differences and were provided by the same participating laboratory
were considered potential duplicates and also excluded. The acquired resis-
tome was analysed using ResFinder v.3.2. ISfinder and [SMapper were used
to analyse the genome assemblies for IS elements.”**® DNA and amino
acid sequences of RND-type efflux pump regulatory genes adeRS, adeN and
adel, as well as plsC, trm, rrf, tvib, msbA and genes encoding 305 ribosomal
proteins 51-521, were analysed using MultAlin.*®

Detection of RND-type efflux overexpression
contributing regulatory alterations

Identification of alterations in the genes encading RND-type efflux regula-
tors associated with tigecycline resistance was performed according to a
madified version of a previously published approach, taking into account
the change in tigecycline breakpoint values.*" Briefly, DNA and amino acid
sequences of tigecycline-resistant isolates included in this study were
compared with those of susceptible isolates identified within the same
collection. An alteration not identified exclusively in tigecycline-resistant
isolates (for example also found in a reference strain or a tigecycline-
susceptible clinical isolate) was treated as a genetic polymorphism not
contributing to tigecycline resistance and was therefore excluded.

Results

Isolate selection and description

In total, 313 isolates were included in the present study, originat-
ing from Asia (n=88), Africa (n=29), Europe (n=67), North
America (n=53) and Latin America (n=76). Of these isolates, 148
were found to be tigecycline resistant, resulting in a worldwide
prevalence of tigecycline resistance of 47.3% (Figure 1). After
excluding genetically closely related isolates as determined by
cgMLST, 113 unique tigecycline-resistant isolates from Asia
(n=31), Africa (n=7), Europe (n=32), North America (n=22) and
Latin America (n=21) remained for further analysis. Most of these
belonged to the international clonal lineage IC2 (n=84). Further
identified lineages were IC1 (n=9), IC3 (n=2) IC4 (n=1), IC5
(n=9), IC7 (n=1) and IC8 (n=1). In addition, five isolates were
assigned as USA-clone-1, whereas one isolate did not cluster
with any known IC.

The majority of tigecycline-resistant isolates had a tigecycline
MIC of 2 mg/L (n=69). Additionally, MICs of 1 mg/L (n = 20), 4 mg/L
(n=19) and 8mg/L (n=5) were determined for the resistant
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Figure 1. Geographical distribution of tigecycline-resistant and tigecyc-

line-susceptible carbapenem-resistant A. baumannii isolates based on
the current EUCAST breakpoint for Enterobacterales. TGC, tigecycline.
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Figure 2. Tigecycline MIC distribution for 313 investigated carbapenem-
resistant A. baumannii isolates. TGC, tigecycline.

isolates (Figure 2). Resistome analysis carried out with ResFinder
revealed that none of the isolates investigated in this study carried
the tigecycline resistance determinants tet(X) or tet(A).

Prevalence of tigecycline resistance-associated
regulatory gene alterations

In our study, IS elements in adeN represent both the most com-
mon and most disseminated efflux alteration, since they were
identified in African (n=3), Asian (n=6), European (n=#6), North
American (n=6) and Latin American isolates (n=2) (Table 1 and
Figure 3). Apart from a singleton which was not assigned to any IC,
all these isolates belonged to IC2 (Figure 4). Disruption of adeN by
ISAbal was identified within 22 isolates, whereas 1 isolate har-
boured ISAba12. By cgMLST this isolate showed one allele differ-
ence to another isolate obtained from the same testing site and
was therefore excluded from tables and figures in this study.
However, these two isolates differed only by a T156M amino acid
substitution in AdeS, associated with a shift in tigecycline MIC from
2 to 8 mg/L. Moreover, adeN was also truncated in a further 17 iso-
lates by premature stop codons. These were caused by different
eventsin the DNA sequence of adeN, such as an insertion, deletion
or exchange of one or more nucleotides. The location of the pre-
mature stop codons varied, but was mainly within the beginning or
middle of the gene. AdeN is 217 amino acids long and no prema-
ture stop codon was present after residue 138 of AdeN. The stop

codons were found in isolates originating from Asia (n=5), Europe
(n=4), North America (n=7) and Latin America (n=1), indicating
that these mutations were also not limited to any given region.
Remarkably, every investigated isolate belonging to USA-clone-1
revealed the same 2 bp deletion within adeN, causing a premature
stop codon.

In addition, the amino acid substitutions P16T, A43P, G545,
G650, N66Y, K141N and L173F in AdeN were detected each in a
single isolate. Two isolates contained AdeN dltered by a L35R
substitution. Strains containing resistance-associated amino acid
substitutions in AdeN were isolated in Asia (n=5), Europe (n=3)
and Latin America (n=1). One Asian isolate revealed a unigue du-
plication of alanine after residue 32 of AdeN.

The sensor kinase AdeS and response regulator AdeR comprise
the two-component regulatory system of adeABC. The sequence
of adeS was interrupted by ISAba1 in two isclates that originated
from Southern Europe (IC2). [n both cases it was associated with
amino acid substitutions in AdeR. In one of these isolates, the
1SAbal in adeS was combined with the amino acid substitution
E204K in AdeR and the isolate had a tigecycline MIC of 4 mg/L,
whereas the second isolate had a tigecycline MIC of 8 mg/L and
this isolate combined the AdeR amino acid substitutions D21V and
D26N.

Furthermore, a truncation of AdeS caused by a premature stop
codon was found in @ single Latin American isolate. AdeS amino
acid substitutions were identified in 10 isolates. These isolates har-
boured a combination of 1100M and T156M (n=4, Latin America,
1C1), T156M alone (n=2, Asia and Europe, 1C2), E121K (n=1, Asia,
1C1), D167N (n=1, Europe, IC3), N268Y (n=1, Africa, IC2) and
Q339K (n=1, Europe, IC1).

Six isolates harboured AdeR amino acid substitutions. The only
substitutions in AdeR, which occurred in more than one isolate,
were E19D (n=3, North America, 1C2) and L142I (Asiq, 1C8, and
North America, IC3). In one [C2 isolate, which was obtained from
North America, a nucleotide substitution in the AdeR binding
site 85 bp upstream of adeA was detected.

Finally, analysis of Adel, the LysR-like requlator of AdeFGH,
revealed two different amino acid substitutions (P125L/C292G),
which were each found in one Asian isolate (IC2). One European
isolate (IC2) contained ISAbal in adel. However, in 48 tigecycline-
resistant isolates, no RND-type efflux requlator alterations were
observed. Of these isolates one revealed a unique amino acid
substitution within the RND-type efflux pump Adel, which was not
identified in any other isolate or reference strain. Tigecycline-
resistant isolates with putative resistance mutations within RND-
type efflux pump regulatory genes are summarized in Table 1.

Putative resistance mutations in plsC could not be identified in
any included isolate, whereas frameshift mutations in trm were
also present in tigecycline-susceptible isolates. Genes encoding
308 ribosomal proteins, as well as rif and msbA, were found to be
very conserved between resistant and susceptible isolates
and did not reveal mutations present only in the resistant popu-
lation. In contrast, the resistance determinant TviB revealed
highly diverse amino acid sequences, including patterns and
amino acid substitutions limited to resistant isolates (Figure S3,
available as Supplementary data at JAC Online). In particular, a
seven amino acid extended version of tviB was associated
with tigecycline resistance, since it was limited to 17
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Table 1. Overview of identified carbapenem-resistant A. baumannii isolates with putative tigecycline resistance mutations; cgMLST was used for de-
termination of clonal lineages; tigecycline MICs were determined by brath microdilution

RND-type efflux regulatory gene mutations

Year of Country Tigecycline
Isolate 1C collection of origin MIC (mg/L) adel. adeR adeS adeN
ABCO01 1c2 2012 Egypt 2 1SAbal
ABC0O08 1c2 2012 Tunisia 2 N268Y
ABCO11 1c2 2013 Egypt 4 ISAbal
ABCO14 12 2013 Egypt 2 1SAbal
ABCO19 1c2 2014 Poland 2 PMSC
ABC020 €2 2014 Poland 2 PMSC
ABCO26 1c2 2014 Italy 2 G545
ABCO29 12 2014 Spain 1 ISAbal
ABCO32 1c2 2014 Romania 2 1SAbal
ABCO38 1C5 2014 Colombia 2 PMSC
ABCO40 1c2 2014 USA 2 ISAbal
ABCO41 USA-clone-1 2014 USA 2 PMSC
ABCO47 1c2 2014 USA 2 1SAbal
ABCO51 €2 2014 USA 4 E19D 1SAbal
ABCO52 1c2 2014 France 2 ISAbal
ABCO55 12 2014 USA 2 PMSC
ABCO58 1c2 2014 USA 2 E19D 1SAbal
ABCO59 1c2 2014 USA 2 PMSC
ABCO63 1c2 2014 USA 2 A101T
ABCO76 12 2015 Mexico 2 ISAbal
ABCO78 1 2015 Brazil 8 I100N; T156M
ABCOSO0 €2 2015 Saudi Arabia 2 K141IN
ABCO91 1C2 2015 Saudi Arabia 4 P125L ISAbal
ABC093 c2 2015 Philippines 4 amino acid
insertion
ABCO94 1C8 2015 Philippines 2 L1421 A43P
ABCO95 1c2 2015 Philippines 1 PMSC
ABC103 €2 2015 Pakistan 4 PMSC
ABC105 Ic1 2015 Pakistan 2 E121K
ABC110 12 2015 Pakistan 4 PMSC
ABC115 1c2 2015 Pakistan 4 PMSC
ABC124 unclassified 2015 Thailand 4 1SAbal
ABC130 1c2 2015 France 2 P16T
ABC132 1C2 2015 Malaysia 2 C292G
ABC137 1c7 2015 Argentina 4 Ne6Y
ABC140 €2 2015 USA 8 E19D 1SAbal
ABC144 1c2 2015 USA 1 nucleotide substitution in AdeR binding site
ABC150 1C2 2015 Singapore 2 1SAbal
ABC153 1c2 2016 Vietnam 8 T156M 1SAbai2
ABC156 €2 2016 Vietnam 2 1SAbal
ABC157 1c2 2016 Vietnam 2 L173F
ABC168 1 2015 Brazil 4 I100N; T156M
ABC176 1c2 2015 France 4 1SAbal
ABC180 €1 2015 Germany 2 Q339K
ABC181 USA-clone-1 2015 USA 2 PMSC
ABC185 USA-clone-1 2015 USA 2 PMSC
ABC189 1c3 2015 Spain 2 D167N PMSC
ABC200 €2 2016 Mexico 4 1SAbal
ABC203 1c2 2016 Spain 1 PMSC
ABC204 1c2 2016 Hong Kong 4 PMSC
Continued
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Table 1. Continued

RND-type efflux regulatory gene mutations

Year of Country Tigecycline

Isolate 1C collection of arigin MIC (mg/L) adel adeR adeS adeN
ABC210 1C2 2015 Italy 4 E204K [SAbal
ABC226 c2 2016 Argentina 1 PMSC
ABC250 1C1 2016 Brazil 1 1100N; T156M
ABC251 1C1 2016 Brazil 8 T100N; T156M
ABC262 1c2 2016 Spain 2 ISAbal
ABC263 12 2015 Greece 8 D21V; D26N [SAbal
ABC265 1c2 2016 Thailand 2 L35R
ABC266 12 2016 Thailand 2 ISAbal
ABC271 12 2016 Austria 2 L35R
ABC278 USA-clone-1 2016 USA 1 PMSC
ABC282 1C3 2016 USA 4 L1421
ABC300 USA-clone-1 2016 USA 2 PMSC
ABC303 12 2016 Netherlands 2 ISAbal
ABC308 12 2016 Taiwan 2 G65D
ABC311 1c2 2016 France 2 1SAbal
ABC327 12 2014 USA 4 T156M ISAbal
PMSC, premature stop cadon; IC, international clone.

25 D= Africa # - I
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2 B LatnAmerca 9 % - c5
B 101 B North America % = Ic7
g £ Z m IC8
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Figure 3. Geographical distribution of RND-type efflux requlatory gene
alterations. AAS, amino acid substitution; PMSC, premature stop codon.

tigecycline-resistant isolates that did not have any other puta-
tive resistance determinants or mutations.

Assessment of the impact of adeRS, adeN and adel on
tigecycline susceptibility

Analysis of the present cohort of isolates reveals that mutations of
the various RND-type regulators differ in the degree of reduced
tigecycline susceptibility that they confer. Among the isolates car-
rying a putative resistance mutation in adeN, 10% had a tigecyc-
line MIC of 1 mg/L, while 60% had a tigecycline MIC of 2 mg/L and
30% had a tigecycline MIC of 4 mg/L or higher. In contrast to this,
alterations in adeRS correlated with higher MICs, since 55% of
these isolates had an MIC of =4mg/L (Figure S1). Mutations
within adel have been excluded from Figure S1, since only three
qualifying isolates were identified.

Figure 4. RND-type efflux regulatory gene alterations associated with
clonal lineages. AAS, amino acid substitution; PMSC, premature stop codon.

Discussion

Previously published studies analysing mutations in A. baumannii
RND-type regulators were able to prove their impact on efflux
pump overexpression and tigecycline resistance.”***** However,
those studies have been predominantly based on few and locally
limited isolates, due to lack of a comprehensive strain collection.
The present study investigated the global prevalence of tigecycline
resistance in A. baumannii in association with altered RND-type
regulators. The isolates were carbapenem resistant and collected
as part of a global multicentre study over five geographical regions:
Africa, Asia, Europe, Latin America and North America. The fact
that tigecycline resistance was found in almost 50% of the
investigated isolates emphasizes the necessity to investigate
the mechanisms of resistance, as the options for effective treat-
ment decrease considerably.
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The analysis was carried out by screening for known tigecycline
resistance determinants and comparing the sequences of regula-
tory genes adeN, adeRS and adeL in resistant and susceptible iso-
lates. Tigecycline resistance caused by regulator alterations of
RND-type efflux pumps was the most common mechanism.
Moreover, it was the disruption of the TetR-like repressor of the
adelJK gene cluster, adeN, with an IS element that was the most
prevalent mechanism, which was identified in isolates from mul-
tiple countries located in Africa, Asia, Europe, Latin America and
North America. Truncation of AdeN due to premature stop codons
was also prevalent in tigecycline-resistant isolates investigated
in this study. In accordance with our findings, it was described
previously that dysfunction of adeN is associated with adelJK
overexpression and reduced antimicrobial susceptibility to
macrolides, chloramphenicol, tetracyclines, p-lactams (including
carbapenems), sulphonamides and quinolones.** Furthermore,
Saranathan et al** showed that disruption of adeN by ISAbal
causes increased virulence in A. baumannii. In the present study,
we also identified AdeN amino acid substitutions that were limited
to tigecycline-resistant isolates and we hypothesize that these will
impair the repression of adelJK.

Although tigecycline resistance was most frequently caused by
a dysfunctional AdeN, our findings indicate that mutations within
adeRS possess a greater potential, since these mutations correlate
with higher tigecycline MICs. This hypothesis is supported by a
study characterizing Southern European A. baumannii isolates,
which also reported higher tigecycline MICs associated with adeRS
mutations compared with changes in adeN.” Furthermore, the
same study revealed the contribution of ISAba1 in adeS, the amino
acid substitutions D21V and D26N in AdeR and the amino acid sub-
stitution D167N in AdeS to reduced tigecycline susceptibility. These
mutations are presumably regionally limited and of low preva-
lence, since these adeRS alterations were limited to Southern
European isolates in the present study as well. Since only a small
number of isolates harbour mutations in AdeL, the LysR-like requ-
lator of AdeFGH, we speculate that this efflux pump plays a minor
role in tigecycline resistance. The amino acid substitution I37L in
Adel, which was thought to be associated with tigecycline resist-
ance, was also identified in tigecycline-susceptible isolates in our
study.” Therefore, 137L in Adel might be a genetic polymorphism
and does not contribute to reduced antimicrobial susceptibility.

Furthermore, our findings suggest that an accumulation of
mutations within RND-type efflux regulatory genes contributes to
a stepwise increase in tigecycline efflux, since isolates harbouring
multiple regulator alterations correlate with higher tigecycline
MICs (Figure 52). Consequently, the tigecycline MICs (Figure 2)
creep upwards, in contrast to other resistance mechanisms, such
as oxacillinase-mediated carbapenem resistance. For example,
OXA-143 was shown to raise the meropenem MIC from 0.19 to
32 mg/L, whereas characterization of the AdeR amino acid substi-
tution D20N revealed an increase in tigecycline MIC from 1 to
ﬁmglLAsz

Our study also identified tigecycline-resistant isolates that did
not harbour mutations in the known RND-type regulatory genes
and therefore other potential resistance mechanisms were investi-
gated. The presence of tet(X)- and tet(A)-positive ESKAPE organisms
contribute to tigecycline resistance.**’” However, no tet(X)-like or
tet(A)-like resistance determinants were identified in our isolates.
Mutations within the 30S ribosomal protein S10, encoded by rpsJ,

were shown to emerge in tigecycline-resistant A. baumannii,***?

Our study did not reveal any mutations limited to tigecycline-
resistant isolates and therefore the analysis was extended to 30S
ribosomnal proteins S1-521. However, still no resistance mechanism
was identified. These findings also apply for other tigecycline
resistance-associated genes: pisC, trm, msbA and rrf >'%1? On the
other hand, tviB, which contributes to lipocligosaccharide and
capsular polysaccharide synthesis and has been linked to tige-
cycline resistance previously, was found to be diverse among the
presently investigated resistant and susceptible isolates.**** An
extension of this gene was limited to resistant isolates. However,
the high variability of this gene indicates that care should be
taken in interpretation of mutations and further characterization,
e.g. using isolate pairs, is required. Taken together, these findings
illustrate the complexity of tigecycline resistance mechanisms
in A. baurnannii.

In the revision of the EUCAST guidelines 2019, the
Enterobacterales breakpoint for tigecycline was lowered from 4 to
1mg/L, impairing comparison with previous publications.””!
Furthermore, the applied algorithm developed by Gerson et al.*!
had to be adapted, since the reference strain ACICU has to be con-
sidered as tigecycline resistant according to the current breakpoint
value, and this strain was replaced by susceptible isolates from the
TEST study. In the present study, most isolates with an unknown
resistance mechanism had a tigecycline MIC of 1-2 mg/L and pre-
viously would have been classified as susceptible or intermediate.
According to our findings, we hypothesize tigecycline MICs >4 mg/
L to be predominantly caused by RND-type efflux overexpression,
whereas lower MICs (EUCAST breakpoint) may be caused by cur-
rently unknown mechanism(s) in A. baumannii. This would then
correlate with earlier published studies, based on the former
EUCAST breakpoint for tigecycline.’

Since overexpression of RND-type efflux pumps may facilitate
the persistence of Gram-negative bacteria in the hospital environ-
ment by reducing their susceptibility to antibiotics and biocides, it
isimportant to elucidate the fundamental mechanism respansible
forincreased efflux.*® This study contributes to the identification of
regulatory alterations and assesses their worldwide prevalence.
In addition, our results allow further elucidation of the impact of
individual mutations on RND-type efflux pump expression and
tigecycline susceptibility.
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Results

Figure S3. Analysis of tviB using MultAlin. Resistant (R) and susceptible isolates (S) of
different international lineages (IC) have been alignedi&ection of resistance patterns.
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ABCO05_IC2_R HOLADLRIATIGLGYVGLPLAYEFGKKGPYIGFDINONRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQVNRPDLTPLKKASETYGOALKKGDIVYYESTVYPGATEEVC
ABC0O08_IC2_R HOLADLRIAIIGLGYVGLPLAYEFGKKGPYIGFDINONRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQYNRPDLTPLKKASETYGOALKKGDIVVYESTVYPGATEEVC
ABC331_IC2_R HOLADLRIAIIGLGYVGLPLAVEFGKKGPVIGFDINQNRIDELKSGKDHTLEYSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQYNRPDLTPLKKASETYGOALKKGDIVYYESTYYPGATEEVC
ABCO15_IC2_R HOLADLRIAIIGLGYVGLPLAYEFGKKGPYIGFDINQNRIDELKSGKDHTLEYSPEELQKAEQLSFSANLDDLKTSNFFIVTYPTPYDQYNRPDLTPLKKASETVGOALKKGDIVYYESTYYPGATEEVC
ABC024_IC2_R HOLADLRIATIGLGYVGLPLAVEFGKKGPYIGFDINONRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQYNRPDLTPLKKASETYGOALKKGDIVYYESTYYPGATEEVC
ABCO25_IC2_R HOLADLRIATIGLGYYGLPLAYEFGKKGPYIGFDINONRIDELKSGKOHTLEVSPEELQKAEQL SFSANLDDLKTSHFFIVTYPTPYDQVNRPDLTPLKKASETYGOALKKGDIVYYESTVYPGATEEVC
ABCO54_IC2_R HOLADLRIATIGLGYYGLPLAYEFGKKGPYIGFDINQNRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQVNRPDLTPLKKASETYGOALKKGDIVYYESTYYPGATEEVC
ABC283_IC2_R HOLADLRIATIGLGYYGLPLAYEFGKKGPYIGFDINONRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQVNRPDLTPLKKASETYGOALKKGDIVYYESTVYPGATEEVC
ABC276_IC2_R HOLADLRIATIGLGYYGLPLAYEFGKKGPYIGFDINONRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQVNRPDLTPLKKASETYGOALKKGDIVYYESTVYPGATEEVC
ABCO56_ICA_R HOLADLRIATIGLGYVGLPLAYEFGKKGPYIGFDINONRIDELKSGKDHTLEVSPEELQKAEQL SFSANLDDLKTSHFFIVTYPTPYDQVNRPDLTPLKKASETYGOALKKGDIVYYESTVYPGATEEVC
ABC057_IC2_R HOLADLRIATIGLGYYGLPLAVEFGKKGPYIGFDINONRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQVNRPDLTPLKKASETYGOALKKGDIVYYESTVYPGATEEVC
ABC261_IC2_R HOLADLRIAIIGLGYVGLPLAYEFGKKGPYIGFDINONRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSNFFIVTYPTPYDQVNRPDLTPLKKASETYGOALKKGDIVYYESTVYPGATEEVC
ABC128_IC2_R HOLADLRIATIGLGYVGLPLAVEFGKKGPYIGFDINGNRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQYNRPDLTPLKKASETYGOALKKGDIVYYESTYYPGATEEVC
ABC136_IC2_R HOLADLRIAIIGLGYYGLPLAYEFGKKGPYIGFDINONRIDELKSGKDHTLEYSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQYNRPDLTPLKKASETYGOALKKGDIVYYESTVYPGATEEVC
ABC202_IC2_R HOLADLRIAIIGLGYVGLPLAVEFGKKGPYIGFDINQNRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSHFFIVTYPTPYDQYNRPDLTPLKKASETVGOALKKGDIVYYESTYYPGATEEYC
ABC243_IC2_R HOLADLRIAIIGLGYVGLPLAVEFGKKGPYIGFDINQNRIDELKSGKDHTLEVSPEELQKAEQL SFSANLDDLKTSHFFIVTYPTPYDQVNRPDLTPLKKASETYGOALKKGDIVYYESTVYPGATEEVC
ABC186_IC2_R HOLADLRIATIGLGYYGLPLAYEFGKKGPYIGFDINONRIDELKSGKDHTLEVSPEELQKAEQLSFSANLDDLKTSNFFIVTYPTPYDQYNRPDLTPLKKASETYGOALKKGDIVYYESTVYPGATEEVC
ABCO09_IC2_S HOLAELRIATIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKSGQDHTLEVTPEELKQASYLSYTANLEELKDCHFYIYTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDIVYYESTVYPGATEEVC
ABC010_IC2_R HOLAELRIATIGLGYYGLPLAVEFGKKYPYYGFDIYOKRIDELKSGQDHTLEVTPEELKQASYLSYTANLEELKDCHFYIYTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDIVYYESTVYPGATEEVC
ABCO23_IC2_R HOLAELRIATIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKSGODHTLEVTPEELKQASYLSYTANLEELKDCHFYIYTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDIVYYESTYYPGATEEVC
ABC252_IC5_R HOLAELRIATIGLGYVGLPLAVEFGKKYPYYGFDIYOKRIDELKSGODHTLEVTPEELKQASYLSYTANLEELKDCHFYIVTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDIVYYESTYYPGATEEVC
ABC028_IC2_R HOLAELRIAIIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKSGQDHTLEVTPEELKQASYLSYTANLEELKDCHFYIVTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDIVYYESTVYPGATEEVC
ABCO31_IC1_R HOLAELRIAIIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKSGQDHTLEVTPEELKQASYLSYTANLEELKDCHFYIVTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDIVYYESTVYPGATEEYC
ABC034_IC5.S HOLAELRIATIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKSGODHTLEVTPEELKQASYLSYTANLEELKDCHFYIVTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDIVYYESTVYPGATEEVC
ABC035_IC5.S HOLAELRIAIIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKSGADHTLEVTPEELKQASYLSYTANLEELKDCNFYIYTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDIVYYESTVYPGATEEVC
ABCO89_IC5_R HOLAELRIATIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKSGODHTLEVTPEELKQASYLSYTANLEELKDCHFYIVTYPTPIDDFKQPDLTPLIKASTSIGQYLKKGDIVYYESTVYPGATEEVC
ABCO77_IC5.S HOLAELRIAIIGLGYVGLPLAVEFGKKYPYYGFDIYQKRIDELKSGQDHTLEVTPEELKQASYLSYTANLEELKDCHFYIVTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDIVYYESTYYPGATEEVC
ABC298_IC2_R HOLAELRIAIIGLGYVGLPLAVEFGKKYSYIGFDIYOKRIDELRSGQDHTLEVTPEELKQASYLSYTANLEELKDCHFYIVTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDIVYYESTYYPGATEEYC
ABCO30_IC1_R HOLADLRIATIGLGYYGLPLAYXFGKKLPYYGFDIYOKRYDELKNGQDHTLEVSPEELKQATAQLSYTANLGDLKDCHFFIYTYPTPIDDYKQPDLTPLYKASTSIGKVLKKGDIVYYESTYYPGATEEAC
ABC207_IC2_R HOLADLRIATIGLGYYGLPLAYEFGKKLPYYGFDIYQKRYDELKNGQDHTLEVSPEELKQATOLSYTANLGDLKDCHFFIVTYPTPIDDYKQPDLTPLYKASTSIGKYLKKGDIVYYESTVYPGATEEAC
ABC027_IC2_R HOIAKLKIAIIGLGYYGLPLAYEFGKKYPYYGFDIYOKRIDELKNGQDHTLEVSPEELKQAVHLKYTAHLDDLONSHFFIYTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDYYYYESTVYPGATEEVC
ABC206_IC2_R HOIAKLKIATIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKNGQDHTLEVSPEELKQAYHLKYTAHLDDLONSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYYVYESTVYPGATEEVC
ABC284_IC2_R HOIAKLKIATIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKNGQDHTLEVSPEELKQAVHLKYTAHLDDLONSNFFIVTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYVVYESTVYPGATEEVC
ABC287_IC2_R HOIAKLKIATIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKNGODHTLEVSPEELKQAYHLKYTAHLDDLONSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYYVYESTVYPGATEEVC
ABC166_IC2_R HOIAKLKIAIIGLGYYGLPLAYEFGKKYPYYGFDIYOKRIDELKNGODHTLEVSPEELKQAVHLKYTAHLDDLONSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYVYYESTVYPGATEEVC
ABC133_IC2_R HOIAKLKIAIIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKNGODHTLEYSPEELKQAVHLKYTAHLDDLONSNFFIYTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYVYYESTVYPGATEEVC
ABC033_IC2_S HOIAKLKIATIGLGYVGLPLAVEFGKKYPYYGFDIYOKRIDELKNGODHTLEVSPEELKQAVHLKYTAHLDDLONSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDYYVYESTYYPGATEEVC
ABCO71_IC2_R HOIAKLKIAIIGLGYVGLPLAVEFGKKYPYYGFDIYQKRIDELKNGQDHTLEVSPEELKQAYHLKYTAHLDDLOQNSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYYYYESTYYPGATEEVC
ABC260_IC2_R HOIAKLKIATIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKNGQDHTLEVSPEELKQAYHLKYTAHLDDLONSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDYYVYESTVYPGATEEYC
ABCO45_IC2_R HOIAKLKIATIGLGYYGLPLAYEFGKKYPYYGFDIYOKRIDELKNGQDHTLEVSPEELKQAYHLKYTAHLDDLONSHFFIYTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYYYYESTVYPGATEEVC
ABC165_IC5_R HOIAKLKIATIGLGYYGLPLAYEFGKKYPYYGFDIYOKRIDELKNGQDHTLEVSPDELKQAYHLNYTAHLDDLQDSNFFIYTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYYYYESTVYPGATEEVC
ABC155_IC2_R HOIAKLKIATIGLGYYGLPLAYEFGKKYPYYGFDIYOKRIDELKSGQDHTLEVSPEELKQAYHLKYTAHLDDLQDSHFFIYTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYYYYESTVYPGATEEVC
ABC159_IC2_R HOIAKLKIATIGLGYYGLPLAVEFGKKYPYYGFDIYOKRIDELKNGODHTLEVSPEELKQAYHLKYTAHLDDLQDSHFFIYTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYYYYESTVYPGATEEVC
ABC299_IC2_R HOIAKLKIAIIGLGYYGLPLAYEFGKKYPYYGFDIYOKRIDELKNGODHTLEVSPEELKQAVHLKYTAHLDDLQDSNFFIYTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDYVYYESTVYPGATEEVC
ABC254_IC5_R HOIAKLKIATIGLGYVGLPLAVEFGKKYPYYGFDIYOKRIDELKNGODHTLEVSPEELKQAVHLKYTAHLDDLQDSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYYYYESTYYPGATEEVC
ABC264_IC2_R HOIAKLKIAIIGLGYYGLPLAYEFGKKYPYYGFDIYOKRIDELKHGQDHTLEVSPEELKQAVHLKYTAHLDDLADSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDYYYYESTVYPGATEEVC
ABC170_IC5.S HOIAKLKIATIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKNGQDHTLEVSPEELKQAVHLKYTAHLDDLADSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDYYYYESTVYPGATEEVC
ABC211_IC5_R HOIAKLKIATIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKNGODHTLEVSPEELKQAYHLKYTAHLDDLADSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGAVLKKGDYYVYESTVYPGATEEVC
ABC327_IC2_S HOIAKLKIAIIGLGYVGLPLAYEFGKKYPYYGFDIYOKRIDELKNGODHTLEVSPEELKQAVHLNYTAHLDDLADSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYYVYESTVYPGATEEVC
ABC107_IC1.S HOIAKLKIAIIGLGYVGLPLAVEFGKKYSYYGFDIYQKRIDELKNGQDHTLEYSPEELKQAYRLTYTAHLNDLADSHFFIVTYPTPIDDFKQPDLTPLIKASTSIGOYLKKGDYYVYESTYYPGATEEVC
ABC232_IC5_R HOIANLKIAIIGLGYVGLPLAVEFGKKYPVIGFDIYQKRIDELKNGKDHTLEYSPQELQQAYQLSYTADLADLKDSHFFIVTYPTPIDDFKAPDLTPLIKASTSIGAVLKKGDYYYYESTYYPGATEEIC
ABC255_IC5_R HOIANLKIATIGLGYYGLPLAYEFGKKYPYIGFDIYOKRIDELKNGKDHTLEVSPQELQOQAYQLSYTADLADLKDSNFFIYTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDYYYYESTYYPGATEEIC
ABCO36_IC1.S HOIAKLKIATIGLGYVGLPLAVEFGKKYPYYGFDIYKKRIDELKKGKDHTLEVYSPEELKQAYHLTYTAHLSDLQDSHFFIVTYPTPIDDFKQPDLTPLIKASTTIGAVLKKGDYYYYESTYYPGATEEVC
ABCO39_IC2_R FHLEQLHIATIGLGYYGLPLAYEFGKKYPYIGFDIHOKRIDELNNGQDHTLEVSKEEIQQAFKLRYTSSLEDLKDCHFFIVTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDIVYYESTVYPGATEEVC
ABC129_IC2_R FHLEQLHIATIGLGYVGLPLAYEFGKKYPYIGFDIHOKRIDELNNGQDHTLEVSKEETQQAFKLRYTSSLEDLKDCHFFIYTYPTPIDDFKQPDLTPLIKASTSIGOVLKKGDIVYYESTYYPGATEEYC
ABC121_IC2_R FOLEQLKIATIGLGYYGLPLAYEFGKHKPTIGFDINTDRIQELKSGHDHTLEYTSDELKHVHQLSYTADIEDLKTANFFIVTYPTPIDDFKQPDLTPLYKASQSIAKYLKKGDIVYYESTVYPGATEEVC
ABC267_IC2_R FOLEQLKIATIGLGYYGLPLAYEFGKHKPTIGFDINTDRIQELKSGHDHTLEVTSDELKHYHALSYTADIEDLKTANFFIVTYPTPIDDFKQPDLTPLYKASQSIAKVLKKGDIVYYESTVYPGATEEVC
ABC125_IC2_R FOLEQLKIATIGLGYVGLPLAYEFGKHKSTIGFDINPQRIRELQSGYDHTLEVTSDELKQVEHLSYTYDINDLKNSHFFIVTYPTPIDDFKQPDLTPLIKASQSIAKVLKKGDIVYYESTVYPGATEEVC
Consensus HO1A,LrIAIIGLGYVGLPLAVEFGKKvPYvGFDIYQkRIDELKSGQDHTLEVsPeELkqA. .LsytAnLddLk.sHFFIVTVPTPiDdfkqPDLTPLiKAStsiGOvLKKGDiVVYESTYYPGATEEYC
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