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Acquisition and expression of antimicrobial resistance (AMR) mechanisms in bacteria are often associated with a
fitness cost. Thus, evolutionary adaptation and fitness cost compensation may support the advance of subpo-
pulations with a silent resistance phenotype when the antibiotic selection pressure is absent. However, reports
are emerging on the transient nature of silent acquired AMR, describing genetic alterations that can change the
expression of these determinants to a clinically relevant level of resistance, and the association with break-
through infections causing treatment failures. This phenomenon of transiently silent acquired AMR (tsaAMR)
is likely to increase, considering the overall expansion of acquired AMR in bacterial pathogens. Moreover, the
augmented use of genotypic methods in combination with conventional phenotypic antimicrobial susceptibility
testing (AST) will increasingly enable the detection of genotype and phenotype discrepancy. This review defines
tsaAMR as acquired antimicrobial resistance genes with a corresponding phenotype within the wild-type distri-
bution or below the clinical breakpoint for susceptibility for which genetic alterations can mediate expression to
a clinically relevant level of resistance.

References to in vivo resistance development and therapeutic failures caused by selected resistant subpopula-
tions of tsaAMR in Gram-positive and Gram-negative pathogens are given. We also describe the underlying mo-
lecular mechanisms, including alterations in the expression, reading frame or copy number of AMR

determinants, and discuss the clinical relevance concerning challenges for conventional AST.

Background

The increased prevalence of antimicrobial resistance (AMR) in
bacterial pathogens emphasizes the need for rapid and accurate
antimicrobial susceptibility testing (AST) to guide antibiotic ther-
apy. Conventional AST is based on evaluating phenotypic inhib-
ition of growth of a bacterium in pure culture by an antibiotic.”
Complementary methods include the genetic detection of ac-
quired AMR determinants, which may allow inference of resist-
ance to the corresponding antibiotic.” However, the expression
of acquired AMR determinants is often thought to be costly to
the bacteria.? Thus, with reduced selection pressure from antibio-
tics, evolution may support the expansion of subpopulations with
genetic modifications that tightly regulate or silence the expres-
sion of the acquired AMR determinant, suppressing the resistant
phenotype allowing discrepancies between the genotype and
phenotype. This poses a clinical concern as antibiotic exposure
may select for genetically altered subpopulations with clinically

significant expression of those quiescent acquired AMR
determinants.

In the last decade, several observations of genetic modifica-
tions that reverse the expression of transiently silent acquired
AMR (tsaAMR) to a clinically resistant phenotype have been de-
scribed.”> This phenomenon has been thoroughly characterized
for VanA-type vancomycin-resistant Enterococcus faecium and
MRSA, also associated with therapeutic failures.®’ Conversion
of tsaAMR to clinical resistance has also been observed in
Enterobacterales and Pseudomonas aeruginosa.®**

In this review, we define tsaAMR, describe the underlying mo-
lecular mechanisms and discuss challenges for AST.

Defining tsaAMR

We define tsaAMR as acquired AMR genes with a corresponding
phenotype within the wild-type distribution or below the clinical
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breakpoint for susceptibility. When these determinants are pre-
sent, genetic alterations can turn on or change their level of ex-
pression to a clinically relevant level of resistance. We define
clinically relevant as a >8-fold increase in MIC or an increase in
MIC to a level that needs antibiotic dosing adjustment (I -
Susceptible, increased exposure) or is regarded as resistant ac-
cording to internationally accepted guidelines.'*'* Within the
scope of tsaAMR we exclude genetic modifications in inherent
chromosomal genes that cause a significant increase in resist-
ance. These are well-described phenomena related to antibiotic
target site mutations occurring at certain frequencies as well as
mechanisms within the concept of monoclonal heteroresistance
(see below).* Thus, we frame the concept of tsaAMR to acquired
AMR genes and their ability to be transiently silent causing dis-
crepancies and diagnostic challenges when comparing antibiotic
resistance phenotype and genotype. Alterations in acquired de-
terminants is an emerging field as their expansion in number
due to clonal dispersion and dissemination by multicopy mobile
genetic elements (MGEs) makes them more exposed to genetic
changes.

The current literature describes several complex phenomena
that are named differently but potentially associated to tsaAMR
in different ways. These phenomena are depicted in Table 1,
which also provides a short description of these phenomena
and their potential relationship to tsaAMR. The concept of hetero-
resistance is a population-wide variation of antibiotic resistance,
whereby different subpopulations of an isolate exhibit various
susceptibilities to a particular antimicrobial agent.** ¢ This defin-
ition covers a broad range of phenomena at defined frequencies
(greater than 1x1077) as well as a defined increase in MIC
(>8-fold) compared with the main population. The underlying
molecular mechanisms include chromosomal mutations in regu-
latory genes or determinants for antibiotic permeability (porins)
and efflux as well as increased gene dosage due to tandem
gene amplification. Importantly, recent studies have shown
that various Gram-negative and Gram-positive bacteria can ex-
press heteroresistance towards many classes of antibiotics, of
which some species-antibiotic combinations have been asso-
ciated with treatment failures.'* It is outside the scope of this re-
view to elaborate further on the other concepts or differences in
nomenclature except for silencing of antibiotic resistance by mu-
tation (SARM) and variable resistance that is mechanistically
clearly associated with the evolution of tsaAMR.*"®

Underlying molecular mechanisms of tsaAMR

The genetic basis of tsaAMR will be discussed within the frame of
mutational resistance and relevant characteristics of MGEs.
Mutations and MGEs are major players in bacterial genome plas-
ticity and the development of antimicrobial resistance. In par-
ticular MGEs play a crucial role in the capture, accumulation
and spread of AMR genes, as recently reviewed.?’

The extensive study of antibiotic resistance phenotype/geno-
type discrepancies (10.3%) in a collection of 1470 Staphylococcus
aureus isolates clearly underlines the importance of mutations in
transiently silent acquired resistance determinants.” The genetic
basis for silencing by mutations, including IS insertions, posi-
tioned within or upstream of the antibiotic resistance determi-
nants, could explain most of the discrepancies. Importantly,

SARM was reversible in most strains at clinically relevant frequen-
cies after exposure to the corresponding antibiotics.

The potential role of MGEs in the evolution of tsaAMR can be illu-
strated in at least two different contexts. The first one is related to
MGEs as major vehicles for horizontal gene transfer (HGT) of AMR
determinants. The multicopy and often replicative nature of
MGEs make them exposed to genetic alterations including muta-
tions that may affect expression of the inherent resistance gene
and contribute to subpopulations that favour the development of
tsaAMR. The second one is related to the mobile nature of major
classes of MGEs. The MGE itself may mediate silencing or conver-
sion to phenotypic resistance through insertion and excision events
directly affecting the resistance gene integrity or its expression.
Figure 1 illustrates molecular mechanismsin the conversionto are-
sistant phenotype: modifications in the promoter (Figure 1a), the
coding region (Figure 1b) or increased copy number of the AMR
gene (Figure 1c); these will be discussed in detail in sections below.

Intrinsic characteristics of MGEs related to the
occurrence of tsaAMR

Small MGEs, like ISs and transposons (Tns), encode their own intra-
cellular mobility (transposition). Through insertion and excision,
they can disrupt or restore an AMR determinant and/or its promoter,
enabling the switch between silence or expression in a single gen-
etic event. ISs carry a transposase gene (tnp) encoding their trans-
position but can also capture accessory DNA, including AMR genes.
Transposition can occur by non-replicative cut-and-paste or by rep-
licative mechanisms. In replicative transposition, the element joins
the donor and recipient DNA site in a co-integrate as for Tn3 and 1S6
family elements, which is then resolved to the original donor plus
the recipient with the element®°. Alternatively, non-replicative
transposition most commonly takes place by a copy-paste mech-
anism, which involves many IS families such as 1S3, 1S21, 1S30,
1S256 and ISL3, where a double-stranded circular intermediate is
formed and then integrates into the recipient®" (reviewed in®?7%).
The replicative mechanisms support gene amplification events.
Several IS families carry a strong promoter facilitating gene
expression.® Thus, the IS insertion can increase the expression
of a downstream resistance gene mediating a resistance pheno-
type (Figure 1a). IS families known to carry complete outward-
directed promoters include the 1S3, 1S4, IS5, 1S6 and 1S1380.
Besides providing a complete promoter, ISs may also activate
genes through the formation of a hybrid promoter. The IS can
provide a —35 box promoter sequence, which is functionally
aligned with the —10 box promoter sequence of the adjacent
gene. IS families related in hybrid promoter formation include
the 1S256, 1S1, 1S3, I1S6 and IS30 families.>* 1S256 has also
been described to form hybrid promoters upstream of intrinsic
AMR genes.>~*® Moreover, ISs can also modify resistance pheno-
types by excision from or disrupting AMR-encoding ORFs.*
Stress-induced elevated levels of IS transposition—transpos-
ition burst—support mechanisms associated with silencing or re-
storing resistance.>>“9 Antibiotic exposure, such as subinhibitory
concentrations of chloramphenicol, linezolid, spectinomycin, ci-
profloxacin and vancomycin, have been shown to induce trans-
position of 1S256,“*? whereas cefotaxime, ceftazidime and
piperacillin enhanced the transposition of ISEcp1B.“* Excision
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Table 1. Terminology of phenomena potentially related to tsaAMR

Term Description Relation to tsaAMR Ref.
Silencing of antibiotic Defined as mutationally silenced acquired AMR genes Covered within tsaAMR, but SARM makes no “
resistance by mutation Exemplified in S. aureus, which in most cases can revert to distinction whether the isolate can revert to
(SARM) antibiotic resistance at frequencies >107° resistance or not
Variable resistance Defined as an initially antibiotic-susceptible isolate that can Covered within tsaAMR. Mutational resistance and  &1°717
become resistant during exposure with the corresponding  increased copy number affecting the functional
antibiotic expression of the acquired AMR gene
Typically used for vancomycin variable enterococci (VVE)
Cryptic resistance (1) Defined as hidden resistance escaping diagnostic testing Partly related to tsaAMR as it includes the 18
Description of various antibiotic resistance mechanismsinS.  mutational conversion of OS-MRSA to a full MRSA
aureus that might escape phenotypic detection including ~ phenotype
oxacillin-susceptible MRSA (OS-MRSA), hVISA
(heteroresistant vancomycin-intermediate S. aureus) and
inducible clindamycin resistance
Cryptic resistance (2) Defined as unclassified resistance genes that confer Not related to tsaAMR as it involves intrinsic 19
resistance upon amplification chromosomal genes only and gene amplification
Experimental manipulation of plasmid cloned E. coli that might be related to heteroresistance
chromosomal DNA copy number revealed intrinsic genes
that conferred resistance to several antibiotic classes
when amplified
Intermediate resistance  Defined as an isolate with a MIC between susceptible and ~ Not related to tsaAMR as it only involves changesin 2923
resistant intrinsic chromosomal DNA
Exemplified in experimental evolution of reduced
daptomycin susceptibility and vancomycin resistance in
vancomycin-intermediate S. aureus (VISA) during
vancomycin selection and experimental evolution of VISA
and reversion to vancomycin susceptibility after serial
passages without vancomycin selection
Adaptive resistance Defined as a temporary increase in the ability of a bacterium Not related to tsaAMR as it only involves transient %*
to survive antibiotic exposure due to alterations in changes in intrinsic chromosomal DNA
chromosomal DNA after environmental stress
Heteroresistance Defined as a population-wide variation of antibiotic Not related to tsaAMR as it involves host tandem ~ '*
resistance towards a defined antibiotic, where gene amplifications and mutations in intrinsic
subpopulations at a high frequency (>1x1077) exhibitat ~ chromosomal genes including regulatory genes,
least 8-fold higher MIC than the clinically susceptible main  permeability and efflux
population
25,26

Interniche
heteroresistance

Phenotypic
heterogeneous
resistance (PHR)

Defined as a phenomenon where susceptible and resistant
isolates of the same strain are located in different sites
Exemplified by susceptible and resistant Helicobacter pylori

isolates of the same strain located in different anatomical
sites—the antrum versus corpus ventriculi in humans
Defined as growth of colonies within the inhibition zone of
antibiotics
Exemplified by carbapenem heteroresistance in
Acinetobacter baumannii

Not related to tsaAMR. The phenomenon is
associated with monoclonal heteroresistance

Not related to tsaAMR. The phenomenon is
associated with monoclonal heteroresistance

27

(1) and (2) are used when there is more than one definition described by a single term.

and transfer rates of integrative and conjugative elements or
cassette rearrangements are also influenced by environmental
factors“*“® including antibiotics.“® Moreover, p-lactams and anti-
biotics targeting DNA replication and repair have been shown to
trigger the excision of the staphylococcal cassette chromosome
mec via the SOS response,*® and erythromycin stimulated

transposition of the macrolide resistance-encoding Tn917.%’

Importantly, antibiotic exposure has also been shown to pro-
mote genetic rearrangements supporting clinical resistance de-
velopment in vivo. Metronidazole treatment was associated
with an activated SOS response, increased integrase expression,
integron gene cassette rearrangements and subsequently in-
creased B-lactamase (OXA-28) expression mediating high-level
ceftazidime resistance in an epidemic P. aeruginosa strain.*°
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Figure 1. Molecular mechanisms in resurrection of transiently silent ac-
quired AMR. Genetic alterations can occur in the promoter region upstream
of the acquired resistance gene (R-gene), in the acquired R-gene itself, or
change the R-gene copy number. (a) Promoter alterations may occur
through mutations, insertions of ISs that provide functional or stronger pro-
moters enhancing gene expression or excision of ISs reversing blockage of
promoters. (b) Acquired R-genes may be restored through (point) muta-
tions or excision of silencing ISs. (c) Amplification of acquired chromosomal
or plasmid R-genes can restore resistance. Promoter regions are illustrated
as boxes with bent arrows, R-genes as boxes with double lined arrows in-
dicating reading frame direction, mutations as boxes with diagonal stripes,
and ISs as boxes flanked with vertical stripes.

Furthermore, MGEs are enriched in extreme environments,
such as antibiotic-exposed niches, where they contribute to niche
adaptation.*® In E. faecium MGEs, including plasmids, phages,
genomic islands and especially ISs (IS3, IS110, 1S256 and 1S16),

are more prevalent in clinical than in commensal strains.“9>?

MGEs, like plasmids, prophages, ISs (IS256) and other transpo-
sons, are numerous in clinical Staphylococcus haemolyticus
strains,” and specific MGEs are associated with epidemic S. aur-
eus,”>>* Escherichia coli°>>® and Klebsiella pneumoniae
clones.>”*® Extended examples of the molecular mechanisms in-
volved in tsaAMR are givenin Table 2, and some are discussed be-
low. The mechanisms encompass alterations in the regulation of
AMR gene expression, reading frame or copy number, predomin-
antly through mutations. Silencing typically comprises trunca-
tions of AMR genes or their promoters and corresponding
mutations. Conversion to the resistant phenotype can either be
a direct reversion or a compensatory genetic change in a differ-
ent location. Silencing may also be irreversible.”

Alterations in the regulation of AMR expression

Rapid de novo evolution of functional promoters (Figure 1a) from
random sequences has been demonstrated in an experimental
E. coli system.”® Correspondingly, single nucleotide mutations
in silent E. faecium vanB clusters were shown to be associated
with restored expression of clinical vancomycin resistance upon
antibiotic exposure.®® Similarly, selection of deletions predicted
to remove a transcription inhibitory secondary structure and
introduce a constitutive promoter for vanHAX expression was
observed during vancomycin exposure of vancomycin variable
enterococci (VVE).°! VVE are van-positive isolates with a vanco-
mycin-susceptible phenotype that can convert to resistance
and be selected for during vancomycin selection. Likewise, a
44 bp deletion in the promoter region leading to constitutive
vanHAX expression was observed in a VVE strain with a
5'-truncated vanR gene.> Moreover, constitutive vanHBX expres-
sion and teicoplanin resistance in E. faecium were caused by an
18 bp deletion in the vancomycin sensor gene vanSg. In combin-
ation with an insertion in the housekeeping ddl gene inactivating
the host p-alanine:n-alanine ligase, the constitutive synthesis of
p-alanyl-p-lactate terminating precursors supported peptidogly-
can synthesis.®°

Corresponding findings have been observed in Gram-negative
bacteria and MRSA. A 118 bp deletion upstream of the
Tn4401-associated K. pneumoniae carbapenemase gene blagpc,
created the novel isoform Tn4401h with a stronger promoter
and enhanced blagpc expression in E. coli, increasing the merope-
nem MIC from 0.5 mg/L to >16 mg/L.° The expression of mecA,
encoding methicillin resistance in staphylococci, can be regu-
lated by the bla operon in the absence of the homologous
mecRI-mecl.”* In S. aureus, a frameshift mutation in the blaRI
regulator gene silenced mecA.* However, the truncated blaRI
failed to sense the antibiotic and derepress mecA. Upon cefoxitin
exposure, the resistant revertant lost the bla operon, allowing
constitutive mecA expression.

Several of the referred deletions appeared between tandem
repeats.®1>6%.7273 Therefore, it has been hypothesized that the
repeats in the AMR gene loci may act as emergency points allow-
ing bacteria to express resistance genes when challenged. Apart
from the mechanisms described here, it is likely that unknown
trans-acting elements can provide resistance on and off
switches. It has been suggested that chromosomally encoded
transcriptional control could override standard R-plasmid gene

4 0of 13

£20z fienige4 g0 U0 Jasn gswo.] Jo Areiqi AlsiaAiun Aq 681/ 10L/yZ0PEYP/OBI/EE0 L 0L /10p/ao1le-00ueApe/oel/Wwoo dno olwapeoe//:sdny WwoJl papeojumoq



C

J

Review

Downloaded from https://academic.oup.com/jac/advance-article/doi/10.1093/jac/dkad024/7017489 by University Library of Tromsg user on 09 February 2023

panuijuo)
7/bw 967 6-0TXT wia w9 Ul uonniisgns
Y 017/Bw g0 03,_0TXZ Uluonpinu |oulbuo 4o uoisianal 19311q 9pIo3PNN YW uRAwoiyfia ‘pijosdppy snainp s
2uab YWY 241 Ul SUOIDIDIY
uolissaldxa J1ayl snyi pup Ajwiixoud XVHUDA
7/bw 957< XVHUDA-SYUDA P2101SaJ X/HUDA  PUD SYUDA U99MID]
R 017/6w 1 g-0OTXE  PUD SYUDA US3MIS] £7S] JO UOISIOXT €7 4O uoasu] YUDA uRAwodupA ‘apidadodAin wni2ap) "3 anIsod-wnlo
90UDISISaJ BuLI0}SaI SI930W0Ad WOJY SST JO UOISIIXD :U0ISSIdXD YNV JO UoipINbaJ 8y} Ul SUOIIDIRNY
XVHUDA JO uoissaidxa
19A3]-yBiy 03 pa) pup xoq g
/6w 9gz< sapinoid HUDA PUD SUDA U99M13q uona)ap |piund 03
1o 017/bw T AN uoibald1uabiaiul Ul /9T IS JO UOILISUL SNP SYUDA JO 9dUISqY YUDA uAwoduoA ‘epndadodf|n wni2ap) '3 dAIsod-wnio
s1oj0wo.d pugAy buiwioy SST JO UOIRIBSUI :UOISSAIAXD YWV 4O UOIDINBI Y Ul SUOIIDIDNY
XVHUDA JO uoissaidxa
/6w 9gz< 01 P3] HUDA pUD SUDA U99M13q uonaep |pind 03
o' 017/6w 1 AN uoibaldiusbiaiul Ul TGZISI JO UOIISSUT SNP SYUDA JO 9dUSSQY YUDA upAwodupA ‘apiidadodAin wniap) '3 anIsod-wpio
si930wo.d 9AIIPUISYD BuiIasUL SST :U0ISSa4dXa YN 4O UoiIDINBaI BY3 Ul SUOIIDISNY
Ja30Wo04d unjoowal
Wang6w 7 19buo13s b pajpald 87 VX0p|q Jaj0woud pup wauadiwl ‘wauadpld

1 0YWIbw gzT0
4347/6w 49 03
Qm_u_l_\@r\c 8 w_2m__>_|_

¢ /bW 03 W3Wy6w T

, 1/Bwizg 037/6w v
NVAT/BW 4701
01 NVA/6w 715
P3/6w 960Y

09 03 2317/bwi 7
7/BW 9T

o< 03 7/bwi ¢

7/bw 957=
01 7/bw 4>
(4loaqwinu Adod
PaspaJdul pup
uona1dp Yioq
Yim) 7/bw 9Gz<
017/bw T

LT

St

AdN Jo wpansdn uona)ap Jind asonq a1buls
uolssaidxa 2Pp)g paodupyus
pup Jajowo.d Jabuois b pajpald

anN ddip;q Jo wpaJisdn uonalep dq 881

uolssaidxa yoaw
9-0T X% P3|gpud uoIado [D|G-[YD]]-ZD]] 4O SSOT
uoissaldxa
gUDA DAIIN}IISUOD S0y J2jowoid
Pa310aId SUDA Ul SIpadas 32941p
gN  Wapupl 0M] UdaM1ag uonaidp dq 81

uolssaidxa
0T X¥ gUDA JUSpUIdaP-UIAUWLOIUDA
01,01%¢ 01 pa) gSUDA Ul SUOIDINW JUI0d

]Pp ul uonoinw
Yum Jay3aboy Suba uj uopssul
#3DJS] JO |pp Ul uonpInwi juiod
AN yum Jayiaboy suba uj uonaep dq /1

uoIssaldxa XHUDA SAIINIIISUOD
104 sJ230Ul04d SAIIDUIDID PaAOW
g-0TXZ  XVHuDA jo woasysdn uonalap dq 4

w¢\<XOD~Q YD w¢\<xOU\Q

Ja10Wo04d dPip)q P IPip)q
uoissaldxa
y2oW passaldal
auab Joip)nbai
1¥D]q pa1IpOUNIL yoow

gupa jo uoibai

Ja30wo4d Ul uoRLINYY gupA
J193sn12 dUdb guoA
Ul suoiNISgns

3pRodPNN guoa
XUDA O UoiDOuNI| YUDA
YUDA JO UORDIUNIL yuDA

‘wauadoiaw ‘sup1dnT-g

awldayad pup wauadosaw
‘Wwauadpgibd ‘swpidn-¢

unIxo4ad ‘wnidn-g

uiup)dooiay ‘opndadoaA|n

upAwoduoA ‘epndadodk|n

uRAwodupA ‘opidadodAin

upAwodupA ‘apndadodAin

SIgoIw d

1102 "3 @AIPbau-wWDI

sNainob °§

wnioep) 3

wnioep) 3

wniap) 3

wni2ap) *3  ansod- wpJio

SUOII219P PUD SUOIIDINW :UOISSaIdXd YWY JO UoipINbas 8yl Ul SUOIIDIBYY

19y DIW Ul 9spaidu]

Salo)] UOISJI9AUO0D 22UDISISaJ JO WISIUDYI3|A
UOISISAUO)

Buidua)is auab YWy
4O WISIUDYIR

sonolqnuy

salads

S$D11S1212040YD JUDASJRA PUD SLUISIUDYISW :32UDISISS [DIGOIDILUNUD PaJinbop Juajis Ajuaisun.] *Z 31qpL

50f13



Review

Downloaded from https://academic.oup.com/jac/advance-article/doi/10.1093/jac/dkad024/7017489 by University Library of Tromsg user on 09 February 2023

awiniy buippai

/bW vzo1< #30s paydnisip 1103
s 017/6w 1 g-0IXG dwpJj buipoal paiolsas uonaiep dq / uonpondnp dq £ £I0s  upHyjoidass ‘OpisodAjboulwy  49390qojfdwp) aA1pHbIU-WDID
UIysawin.y
01 pa] 10041
/6w gz wial (v)Aj0d ui uonaep
Y 017/bw 1 g-0T X8 Ul uonoINw ouibLo JO UOISIaASI 123110 apnoadNu a1buls w191 2UI12A0DJ393 ‘saudAopiIaL snainp '
uopod
dois ainipwald pup
uoI3DINW BSUISUOU
7/bw Z16< ,-01X6 6PbD 0} pa] uonniisgns
Y 017/6w %9 014 0T X7 UluonpINW pUIbLO JO UOISIBARI 193110 apRosPNN 6ppbD  UPAWwoundads ‘sapisodA|boululy snainp '
Iysawinl}
01 p3] 19043
/6w z16< 6poo  (v)Ajod ur uonaiep
Y 01 71/bw 49 6-0T X/ Ul uonDINW [0UIBLIO JO UOISIaAS 103110 apnoapnu 91buls 6ppD  uPAwoudads ‘sapisodk|boulwy snaino '
awinlj buipoal £IUD Ul UOIJ3SUI
/6w 49 PaJ01sal 4Iub Ul UOII3]ap aploajdnu apnoadnu a1buls
Y 017/bw Gz°0 01-01X8 91buis ‘uonajap Aloipsuaduio) 03 9Np PIYsawni4 #IUD uPAWDIqo] ‘sapisodkiboulwy snaJnp s
8017/6w 91
01 8096w ¢
NI9/6W 7€ 80L_0TX6 gydo-yopp uPAWDIqO}
Y 01 N397,6w 57°0 NIQT X € @ydp-y2pD WoJ) 9GZST 40 UOISIDXT Ul 9GZST JO UOILaSU] gqydp-yopD pup uidiuniuab ‘sapisodAjbouiwuy snainp s aAiIsod-winlo
101
(v)Ajod ur uonsjep
7/bw 9gz< vdnw apnoapnu a)buls
N 017/bw g0 ,—0TX T Ul uonRDINW |oUIBLIO JO UOISIaAS] 123110 03 9NP PIYSaWDI4 ydnw uposidniy snaino '
uopod
y2aW Jo awpiy buippal paloisal dois ainpwiaid 03
/bW 49 uoIIDINW |pUIBLIO 01 9SO)D UOILASUl 3] Y2aW Ul UOI1a1ap
s 017/bw 50 g-0T X6 10 UONDINWI IPUIBLIO JO UOISISAS] 123110 apnosdNuU 31buls yoow UI|I2DX0 ‘WinjonT-¢ snainp '
7/6w %9< V29w 03Ul
, 017/bw 570 ,-0TX% VoW WOJy [T TSI JO UOISDX]  [QTISI JO UOIMISUT yoow uIIPDX0 ‘WnjonT-g snainp '
vX0/bw 7< 03 uopod dois
vX0/6Ww 570> ainipwaid 03 pa)
X0d7/BwW < ,_0IXT y22W Jo awniy buippai y29W Ul UoIJIasul
29 01X047/bw %> 01, QIXI  P2J0ISaJ UOMISSUI SpIOPANU S1PUIS Jind aspq a)buis V29U  UI||I2DX0 PUD UIIX043) ‘UIDIdDT-¢ snaJno °§
awinJj buipoal yoaw
yo9W PaJo3sal Uofiajap 03 anp UIYIIM UOI}Iasul
, 1/bw 9 0176w 4 60T XE  Hysawiny ‘uonpinul Aiojosusdwod 03 9NP PIYSaWIDI4 yoow u13IX0492 ‘wnjonT-g snainp '
7/6W 957 wie
Y 017/6w 50 ,_0TX¥ WIS WOJ4 9GZST 4O UOISIDXT 03Ul 9GZST 4O UOIaSUT yuLa uPAWOIYIAID ‘OpIjoIdD |y snainp '
19y DIW Ul 9spaidu] 21DJ UOISISAUOD 9DUDISISD JO WISIUDYIDN Bupuayis auab Yy sanoiqnuy sapads
UOISIaAUO) JO WISIUDYID

panujuo) 'z 3\qeL

6 of 13



C

J

Review

Downloaded from https://academic.oup.com/jac/advance-article/doi/10.1093/jac/dkad024/7017489 by University Library of Tromsg user on 09 February 2023

“UIDAWIOIUDA ‘NVA ‘URAWDIGO] ‘gO] ‘ulupidodial D3] ‘UljjidpXo ‘YXO {PauIlIISIDP 10U ‘N ‘wauadoiaw ‘N3N ‘UpAuDIUab ‘NID ‘UnIX04ad ‘X04 Dulidayad ‘434 {uDn1dngIAD/WIPIZDYSD V7D

69

89

L9

99

S9

79

Y

ST

LT

€9

ve/buig

01 V276w ¢°0

Wb zg
01 Wan/bw T

aN

/bW ze-91
017/bw 1-60

/6w 449
01 7/bwi #/4-¢

7/6W 71549
017/bw 4

/6w 4/871<

017/bw %/91>

/bW T
017/bw G7°0
(4l@aqwinu Adod
paspaJdul pup
uonaep Y1oq
yum) /6w 957 <
017/bw T

/6w 957<
01 7/bw 4>

7/bwiggz<
017/bw T

uolssaidxa
£2dIp)q paspaloul Jaquinu Adod
AN plwspld DToH4UL-EdPiD)g Ul 9sDaJdU]
uoissaldxa
¢Idp)g paspa.dul JIaquunu
anN Adod piwsoid ¢2ipjq Ul 9spaldu]
uolssaidxa
CECYXOp)q paspaJdul Joaguunu
AN Adod piwsnid ¢€¢-¥X0pq ul 9spaJdu]
95DWINIOD)-¢ 4o uondnpoidiadAy
01 pa] Jaquinu Adod
AN 8FWalp)q Ul aspaldul paloIpaw-9 7S]
uolissaidxa ¢AWIp)q ul
9sSDaJoUl pup Jaquinu Adod piwsoid
,~0T X1 ¢-AWdp)g Ul 9sPaJdUl 03 P dUsb
0} 40T X T  VNY 9SUSSIIUD SUf Ul UOIIDINW JUI0d
A31A139D 3spwin3dP)-g Jaybiy

aN 1oj 31pjq 4o uonpIdWD pjoj-+
90%5ulL
uosodsunJy bulpag-adupis|sal

60T XT A(V)pbA Jo uonpdyduly

g-0T X7 J3quinu Adod piwspid yupA paspaiou]
XUDA 1DUOI32UNY D BUIUIDIUOD
plwspld yYUDA D 4O UOI}PPD PUD

AN Jaquwinu Adod piwsoid yuba paspaldu]

anN 1332 WupA Jo uonpaydwy

aN

anN

aN

aN

aN

aN

anN

HUDA JO uoipounJ|

XUDA JO UoIDIUN|.

anN

m\Un_xDNQ

N\UQXUNQ

2e2-vxop)q

mm\_\,\mﬁc\ﬂ

T-AWdp)q

EmPONQ

A(Y)DbA

YUuDbA

YUuDA

WUDA

wD3dDGIAD
/aWIpiznad ‘Wauadolsw
‘1031gIyul 9SDWDIID]-d puD

uriodsojoydad pup wauadoglo)
wiauadiwl

pup wauadossw ‘wauadpgin)

wiauadiwi ‘wauadpngin)

wIn3dPqoZPI-ulIdDIadId

wp3120gozp3-ul|jppIadid
win3dpgozDl-ulPpIadid
J0}IgIyul WnIID}-g puD WDIIDT-Y

UIDALIDPUI} ‘S9PILIDS0dUlT]

upAwodupA ‘apidadodAin

upAwoduoA ‘apndadodf|n

upAwodupA ‘apidadodAin

1023

apjuownaud

apjuownaud Y

11033

11033

103 '3 anIDBBU-WDID

sNainob °§

wnioap) 3

wnioep) 3

wniap) "3 anIsod-wnio

Jaqwinu Adod auab YWy aYi Ul SUoRDISNY

7 of 13



Review

expression in E. coli.”* Resistance resurrection of intact silent
plasmid-encoded AMR determinants (blapxa-2, aadA1, sull and
tetA) was observed only after introducing the plasmid into an-
other host.

ISs may insert alternative or hybrid promoters restoring ex-
pression of AMR (Figure 1a). Examples include those related to
the concept of VVE.®1® For example, the silent E. faecium
VanA-type vancomycin-resistance gene cluster vanHAX was re-
covered by an 1S1251-like element promoter implant”. The inser-
tion of an 1S1542 hybrid promoter upstream of vanHAX in an E.
faecium isolate, provided a —35 box sequence supporting consti-
tutive expression of glycopeptide resistance.”® The latter mech-
anism was also described in resistance reversion of another
VVE, by insertion of an 1S1167, providing the —35 box sequence
adding to the van plasmid —10 box itself.®*

Excision of ISs from promoter regions can also enable expres-
sion of resistance (Figure 1a). In E. faecium an ISL3 element si-
lenced vancomycin resistance by interrupting the binding site
of the VanR activator and the vanHAX promoter. Resistance
was restored upon excision.® In E. coli, IS26 insertion in the pro-
moter region of blactx-m-15 Separated the AMR determinant
from its native promoter, which was associated with a signifi-
cantly reduced MIC to third-generation cephalosporins, allowing
a similar mechanism.”®

A recent review summarizes observations supporting the im-
portance of epigenetics in AMR, in particular related to adaptive
resistance, heteroresistance and persistence.”” Epigenetic requ-
lation can affect mutation rates and gene expression thus modi-
fying phenotypic expression of resistance. Genetic changes and
epigenetics are tightly linked because mutations, also induced
by antibiotic stress, affect methyltransferases and thus may alter
the overall epigenetic landscape.’” In the future epigenetic mod-
ifications will probably expand our understanding of AMR, where
genetic changes alone fail to fully explain the dynamic nature of
resistance phenotypes.

Alterations in the AMR gene

Mutations can silence or revive (Figure 1b) quiescent resistance
genes and antibiotic exposure can increase mutagenesis.”$80 A
single missense mutation in the coding region of an AMR deter-
minant can silence and revert resistance. In a large clinical collec-
tion of S. aureus, 10% of the strains harboured a resistance gene
silenced by mutations.” The relevant mutations were mainly sin-
gle nucleotide insertions or point deletions introducing a frame-
shift. Importantly, 90% of the silenced AMR gene-carrying
strains converted to resistance upon exposure to the correspond-
ing antibiotic in vitro, whereas silencing was irreversible in the
other 10%. Likewise, a single base-pair deletion resulted in a
frameshift silencing the mupA gene encoding high-level mupiro-
cin resistance in S. aureus.®! Reinsertion of the single nucleotide
restored high-level resistance. In a similar manner, removal of
a 7 bp duplication restored the reading frame of the streptothri-
cin acetyltransferase gene, sat4, and the expression of strepto-
thricin resistance in Campylobacter coli.®

ISs can silence AMR genes and subsequent excision may res-
urrect resistance (Figure 1b). Oxacillin exposure of a silenced
MRSA was associated with reversion to resistance by excision of
1S1181 from the mecA reading frame.” Similarly, excision of

1S256 from aacA-aphD in S. aureus restored the gentamicin/
tobramycin-resistant phenotype.*

Apart from direct reversion of the mutation causing the si-
lenced resistance, the occurrence of compensatory mutations
enabling functional resistance has been observed.” A nucleotide
insertion into mecA caused inactivation through frameshift. After
antibiotic exposure resistant mutants had a deletion of a differ-
ent nucleotide restoring the reading frame and expression of a
functional mecA.

Alterations in the AMR gene copy number

AMR gene dose can alter resistance phenotypes. The mechan-
isms include increased copy number of the antibiotic resistance
gene itself or the MGE conferring AMR, as illustrated in Figure 1(c).

This notion has particularly been observed in Gram-negative
bacteria.?? A panel of almost 800 bacteria-drug combinations
was experimentally examined for emerging resistance in subpopu-
lations involving clinicalisolates of E. coli, K. pneumoniae, Salmonella
typhimurium and Acinetobacter baumannii. Resistance appeared
at a median frequency of 49x107 in a quarter of the
bacteria-antibiotic combinations, and more than half of these
were associated with amplification of known resistance genes
located at both plasmids and chromosomes. In K. pneumoniae,
elevated carbapenem resistance correlated with higher
B-lactamase OXA-232 expression, the copy number of the
B-lactamase-encoding plasmid, and increased carbapenemase ac-
tivity.°” Likewise, carbapenem resistance levels correlated with
blapc-2 plasmid copy number,®® and ceftazidime-avibactam resist-
ance of K. pneumoniae correlated with a higher blaypc.3 gene dose
as well as blaypc.3 plasmid copy number.®?

Similar findings have been observed in clinical isolates of
Gram-positive bacteria. Vancomycin exposure selected for high-
level vancomycin-resistant variants in a vanM E. faecium strain.®?
The high-level resistant phenotype was associated with multiple
copies of the vanM operon, flanked by IS1216 on plasmids and
the chromosome. Resistance through increased gene dosage
has also been described in vanA E. faecium'>'’ and S. aureus.”
Clindamycin-susceptible S. aureus strains carrying a functional
clindamycin resistance gene, vga(A)v, became resistant after
clindamycin exposure, associated with an increase in the copy
number of the resistance-conferring transposon.”

Clinical relevance

The observed resistance conversion rates in tsaAMR strains vary
between 107® and 107'° (Table 2). These numbers are compar-
able to the mutation rates for chromosomal ampC derepression
for Enterobacterales, which have resulted in breakthrough infec-
tions and treatment failure during oxyimino-cephalosporin
monotherapy.®*#* In terms of clinical relevance, these conver-
sion rates can also be compared to the bacterial load (in cfu) dur-
ing infection. In human bacterial infections, >10* bacterial
genome copies/mL in bloodstream and urinary tract infections
(UTIs) as well as >102 cfu/mL in tissue infections have been ob-
served.®>"®’ During bacteraemia, 10* cfu S. aureus per mL were
described, & and 10° cfu S. aureus per mL in UTL®% 10° cfu E.
coli per mL in UTL® 10° cfu E. faecalis per mL blood were de-
tected during bacteraemia, and 10° cfu E. faecium per gram of
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human faeces during colonization.?® Overall, these numbers
show that at least 5x 10 cfu E. coliin the urinary tract (assuming
avolume of 500 mL) or 5x 10”9 cfu S. aureus in blood (assuming
avolume of 5 L) or 2.5x 107 cfuE. faecium in the intestinal faeces
(assuming an amount of 250 g), can be obtained within patients
(Figure 2a). These bacterial population sizes allow the spontan-
eous conversion of tsaAMR genotypes (Table 2), which could be
enriched during antibiotic exposure.

Accordingly, in vivo resistance development and therapeutic
failures due to breakthrough infections caused by selected resist-
ant subpopulations of tsaAMR Gram-positive and Gram-negative
pathogens have been reported. These observations include the
emergence of high-level vancomycin-resistant E. faecium during
treatment of systemic infections with VVE strains®?>¢! convert-
ing at a frequency of 1078, The ability of silenced vancomycin-
susceptible vanA-positive E. faecium to spread unnoticed causing
hospital-associated outbreaks has been documented in several
countries including Canada,” Denmark®? and Norway.®

Similarly, an MRSA strain emerged during therapy of an
initially methicillin-susceptible mecA-positive S. aureus, termed
mecA-positive, oxacillin-susceptible S. aureus (OS-MRSA).”¢?
Importantly, some OS-MRSA isolates recently observed in Brazil ap-
pear to be related to epidemic clones, emphasizing their potential to
spread unrecognized.’® The referred in vivo development of ceftazi-
dimeresistance in an epidemic P. aeruginosastrainillustrates the in-
herent possibility of activation of integron-borne quiescent AMR
determinants in Gram-negative pathogens.°

Diagnostic challenges and opportunities

The resistance conversion rates have implications for the inter-
pretation of phenotypic AST. The bacterial inoculum size in con-
ventional AST is of particular relevance, and the ability to
detect resistant subpopulations needs to be compared with the
observed conversion rates. The inoculum varies from 2.5x
10* cfu in broth microdilution, to 1 x 10* cfu per spot in agar dilu-
tion,”*%> and 2x10° cfu per plate in disc diffusion or gradient
tests?® (Figure 2b). Thus, compared with the observed resistance
conversion rates*”*%6281 of petween 107° and 107 standard
bacterial inoculum sizes in routine AST are not able to detect re-
sistant subpopulations in most tsaAMR strains (Figure 2c).
Phenotypic AST methods are validated with a standard inoculum
and do not allow a higher inoculum to overcome the problem
with undetectable tsaAMR. The current population analysis profil-
ing method,'* considered the gold standard for determining het-
eroresistance, is far too laborious and time consuming in a
routine laboratory. Thus, we must still rely on genetic methods
in combination with phenotypic methods for the detection of
tsaAMR. Knowledge of the circulating strains through genetic
methods can help to adapt phenotypic methods in order to im-
prove detection of challenging pathogens.’” A composite ap-
proach of genetic and phenotypic methods is currently
recommended in the Nordic countries for the detection of VVE
in cases of ampicillin-resistant E. faecium bacteraemia.”® The
identification of tsaAMR is of particular importance in controlling
nosocomial infections. For example, regional or national clonal
spread of the originally tsaAMR-vanA E. faecium strains in
Canada and Denmark, has been documented recently.?% %

5x107 to 5x10° cfu in
blood stream infection

108 cfu/mL in soft
tissue infection

Up to 1022 cfu/mLin
intestine

5x108 cfu in urinary
tract infection

(b) MIC test
10*to10° cfus

2.5x10*
cfu/well

1x10*
cfu/spot

2x10°
cfu/plate

2

Inoculation
for MIC test
Conversion
frequency
Bacterial load
in bacteremia

Figure 2. Challenges in detection of tsaAMR. Bacterial loads that can be
reached during infection (a), the bacterial inoculum size for conventional
AST (b), and their comparison with the resistance conversion rate (c). The
numbers for the graph are based on Smith and Kirby,?* Kime et al.“ and
Peters et al.8®
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In the future, increasing use of genomics in combination with
phenotypic methods for AMR pathogens will likely reveal more
cases of tsaAMR. This provides an opportunity to continue and ex-
pand the understanding of the prevalence and mechanisms of
tsaAMR, optimizing detection methods of tsaAMR strains.

Conclusions and future perspectives

The acquisition of AMR determinants by HGT often impairs bac-
terial fitness.® Fitness cost compensation may support the ad-
vance of mutants with a silent resistance phenotype in the
absence of antibiotic selection.* Thus, divergence in AST geno-
types and phenotypes is likely to increase due to the expansion
of acquired AMR and the increased use of genotypic AMR detec-
tion. This notion is supported by the recent study of the preva-
lence and nature of silent acquired AMR genes in a large
collection of MDR clinical isolates of S. aureus. A total of 10% of
the strains harboured silent AMR determinants. Most of those
strains (90%) were able to recover their resistance phenotype
at canicolly relevant frequencies during antibiotic selection in
vitro.

The epidemic potential of clinically relevant tsaAMR strains
and the ability to spread unnoticed was recently illustrated by
the clonal shift for vanA E. faecium in Denmark during 2015
and 2019.Y7 The VVE ST1421-CT1134 vanA E. faecium, first de-
scribed in Denmark in 2016, soon became the most dominant
vanA E. faecium clone occurring in all five regions in Denmark
as well as the Faroe Islands.?” Corresponding expansion of VVE
has been reported from Canada and the Republic of Korea.?®%°

The observed discrepancies between phenotypic and geno-
typic AST are a challenge for conventional AST, where the bacter-
ial inoculum is too low to be able to detect the observed
frequencies of resistance conversion. Extended use of genotyp-
ing, including pathogen WGS, will be a necessary supplement
to phenotypic AST to overcome such challenges. This is most im-
portant in species where tsaAMR is a particular clinical problem
such as S. aureus and E. faecium. 1007193
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