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ABSTRACT

Regulation of gene expression is a key factor influ-
encing the success of antimicrobial resistance deter-
minants. A variety of determinants conferring resis-
tance against aminoglycosides (Ag) are commonly
found in clinically relevant bacteria, but whether their
expression is regulated or not is controversial. The
expression of several Ag resistance genes has been
reported to be controlled by a riboswitch mechanism
encoded in a conserved sequence. Yet this sequence
corresponds to the integration site of an integron,
a genetic platform that recruits genes of different
functions, making the presence of such a riboswitch
counterintuitive. We provide, for the first time, ex-
perimental evidence against the existence of such
Ag-sensing riboswitch. We first tried to reproduce
the induction of the well characterized aacA5 gene
using its native genetic environment, but were un-
successful. We then broadened our approach and
analyzed the inducibility of all AR genes encoded
in integrons against a variety of antibiotics. We could
not observe biologically relevant induction rates for
any gene in the presence of several aminoglyco-
sides. Instead, unrelated antibiotics produced mild
but consistently higher increases in expression, that
were the result of pleiotropic effects. Our findings
rule out the riboswitch control of aminoglycoside re-
sistance genes in integrons.

INTRODUCTION

The expression of antibiotic resistance (AR) genes can in-
fluence the phenotype and the fitness of the bacterial host,
and is a fundamental factor driving their fate in the clini-

cal setting (1). Inducible resistance mechanisms can allevi-
ate the cost of resistance in the absence of antibiotics while
preserving a high resistance phenotype in its presence (2—
4). Several mechanisms are known to induce the expression
of AR genes in the presence of antibiotics, like ribosome
stalling (5,6), ribosome-mediated transcriptional attenua-
tion (7,8), and the sensing of the antibiotic molecules (9)
or their effects (10,11). Because the cost of resistance is the
main driver of its reversibility at the community level (12), a
clear understanding of the transcriptional and translational
mechanisms regulating the expression of resistance genes is
key in the fight against AR.

Aminoglycosides (Ag) are critically important antibiotics
(13) against which the most common resistance mechanism
is enzymatic modification. Many such modifying enzymes
are plasmid-borne and circulate among clinically relevant
species. To fight against the emergence and spread of Ag
resistant bacteria it is necessary to understand the expres-
sion of these determinants. Notably, the expression of AgR
genes has recently been claimed to be under the control of
a riboswitch (14). The authors observed a strong level of
conservation of the 5’ leader RNA of several AgR genes
and suspected a common regulation mechanism. They in-
vestigated experimentally the (6)-N-acetyltransferase en-
coded in aacA5 (Genbank L06163) and found a potential
secondary structure in the 5 untranslated region (UTR) of
its mRNA that involved a large part of the conserved re-
gion. Through a series of experiments combining bioinfor-
matic, genetic and biochemical techniques, they concluded
that 4-6 disubstituted deoxystreptamine (4—6-DDs) amino-
glycosides bind to this structure and destabilize it, releas-
ing the trapped Shine-Dalgarno (SD) sequence and allow-
ing for the translation of the gene. This structure would
hence act as a riboswitch. Given the sequence conservation
they observed among AgR genes, in follow up works from
the same group, they investigated the regulation of other
AgR genes using a similar methodology and concluded that
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riboswitches are also present in other acetyltransferases (15)
and adenyltransferases (16).

A puzzling aspect of these riboswitch-controlled genes is
that they are encoded in integron cassettes, and that the
conserved region encoding a large part of the riboswitch
is actually the integration site (attl) of a class 1 integron,
where genes of unrelated functions are inserted (Figure
1A) (17). Integrons are bacterial recombination platforms
that recruit new genes encoded in mobile genetic elements
called cassettes (Figure 1B) (18,19) (reviewed in (20,21)).
They do so through site-specific DNA-recombination re-
actions between the atzC site in cassettes and the azt/ site
within the integron platform (22-24). Sequential integra-
tions at art/ lead to the formation of a cassette array of
variable content that is expressed from the Pc promoter lo-
cated immediately upstream the a1 site (25). Hence, cas-
settes acquired recently are closer to the P¢ and therefore
more expressed than those acquired earlier. Yet, the or-
der of cassettes in an array is dynamic: under stress con-
ditions or during horizontal gene transfer, integrons can
reshuffle them to modulate their expression (26-29) (Fig-
ure 1B). Integrons are ancient structures found in ~10% of
the genomes in the databases (30,31). Five integron classes
carrying AR cassettes have been transposed onto plasmids
and have reached our hospitals. These elements are called
mobile integrons (Mls), in contrast to the native sedentary
chromosomal integrons (SCIs) in environmental bacteria.
MIs are nowadays commonplace in Gram negative clini-
cal isolates carrying small subsets of typically 1 to 6 resis-
tance cassettes against virtually all antibiotic families. The
class 1 integron is by far the most prevalent and important
MI (32) and is the platform in which the riboswitch was
described.

The variety of functions encoded in integron cassettes
makes the presence of such a riboswitch counterintuitive,
since the expression of unrelated genes would be contin-
gent on the presence of aminoglycosides. Also, in the initial
report on these putative riboswitches, the induction levels
observed for aacA5 were arguably very low (1.5-2.5-fold)
and it has been suggested that these effects might be the
result of pleiotropic effects of antibiotics on protein pro-
duction, rather than the consequence of a specific induc-
tion mechanism (33). Yet, data supporting this claim was
not provided and is still nowadays unavailable. Hence the
presence of Ag riboswitches in integron AgR cassettes re-
mains today counterintuitive and controversial, and exper-
imental proof from independent laboratories is necessary.
In this work we provide, for the first time, experimental evi-
dence addressing the validity of the Ag-sensing riboswitch.
We have recreated some of the experiments for aacA5 mim-
icking the native genetic environment of cassettes in a class
1 integron, but could not observe an induction by amino-
glycosides. We have then extended our approach to all AgR
cassettes found in integrons (64), to provide an exhaustive
analysis on the inducibility of these elements. Our data re-
veal that AgR genes in cassettes are not repressed in the ab-
sence of Ag, nor induced in their presence. We show that
some unrelated antibiotics can produce higher (although
still mild) variations in expression levels in AgR cassettes,
and we prove that these are the result of pleiotropic effects
of antibiotics. Altogether our data rule out the presence of
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a riboswitch controlling aminoglycoside resistance genes in
integron cassettes.

MATERIALS AND METHODS
Bacterial Strains, Antibiotics and Culture Conditions

Escherichia coli MG1655 was used as recipient for all plas-
mid constructions in this work. Bacterial strains (Supple-
mentary Table S2) were grown at 37°C in Miieller Hinton
(MH; Oxoid, UK), lysogeny broth (LB) or LB agar (1.5%)
(BD, France). Zeocin was added at 100 pwg/ml to maintain
PMBA and pMBA-derived plasmids in E. coli. Liquid cul-
tures were incubated in an Infors Multitron shaker at 200
rpm (Informs HT, Swiss). Antibiotics were purchased from
Sigma Aldrich (Merck, USA) except for zeocin (InvivoGen,
USA).

Plasmids and primers

Plasmids used in this study (Supplementary Table S2) are
derivates of pMBA, a replicon containing a p15A origin of
replication and a zeocin resistance gene. pMBA provides the
genetic environment of cassettes in first position of a class
1 integron. It contains the 331 bp upstream the cassette, in-
cluding the Pc (we chose the strong version of the Pc¢ (34))
and Py, promoters, the artl] site (including ORF11), and
the beginning of the integrase gene. A truncated integrase
was used to avoid the deleterious effects of integrase expres-
sion and recombination.

To build all p MBA derivatives, we amplified the S UTRs
from a collection of AgR gene cassettes available in the lab.
When this was not possible, fragments containing 5'UTR-
gfp fusions were synthesized in vitro (IDT, USA). Construc-
tions were performed using Gibson Assembly (35). All con-
structions reproduced the sequence that would result from
integrase mediated insertion of the cassette.

Inducibility of aacA5

In an effort to recreate Jia et al.’s experiments, we studied
the inducibility of aacA5 using disc diffusion tests and in-
duction in broth.

Disc diffusion tests: Overnight cultures of pMBA,
PMBA5 .45 and pBGT were adjusted to a 0.5 in the Mc-
Farland scale using saline solution. These solutions were
further diluted 1:200 and seeded on MH agar plates by in-
undation (~3 ml) for 3 min. After discarding the remain-
der of the inoculum and letting the plates dry, discs con-
taining kanamycin (30 pg), sisomycin (30 pg) or arabinose
(2 pg) were placed on top of the agar. Kanamycin disks
were obtained from Oxoid while sisomicin and arabinose
discs were prepared in house using commercial 6-mm sterile
discs (Oxoid, UK) and powder reagents. Plates were incu-
bated overnight at 37°C. Pictures were taken in a GelDoc
apparatus using epilight for growth and UV transillumi-
nation for GFP fluorescence (BioRad, USA). Fluorescence
pictures were taken using constant exposition values across
all plates to avoid misinterpretations derived from exposi-
tion differences. Fluorescence profiles across the diameter
of the plate were obtained using Image] plot profile tool
(https://imagej.nih.gov/ij/).
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Figure 1. The aminoglycoside sensing riboswitch described in an integron cassette is counterintuitive. (A) Diagram of the riboswitch described in (14)
upstream the aacA5 integron cassette. A large part of the structure is composed of the az¢// integration site of class 1 integrons (blue shade) including the
direct repeats (DR) 1 and 2 (partially) and the L box. This region is the sequence found by the authors to be conserved upstream aminoglycoside resistance
genes. Cassettes start at the crossover point between the G and the T of the conserved 5'-GTT-3' triplet (dotted box). It is of note that most of the R box
(5-GTTRRRY-3') in a1 sites is provided by cassettes in first position, but are a functional part of the site. (B) Schematic representation of an integron.
The conserved part (the platform) includes the integrase coding gene, the Pc and Pint promoters and the a¢z] integration site. Integrases insert cassettes in
att] -where they are expressed from the Pc promoter- and form an array of variable content. They can also shuffle the order of cassettes through excision

and integration reactions, modulating their expression.

Induction in broth: three independent colonies of pMBA
and pMBAjy._ .45 were inoculated in LB and incubated at
37°C overnight. Cultures were then diluted 1:50 in fresh LB
containing a range of inhibitory and subinhibitory concen-
trations of kanamycin (0.125-16 pg/ml) and 2 x 200 wl of
each were placed in 96-well plates and incubated at 37°C
without shaking. Growth and GFP expression were fol-
lowed along 24 h using a Biotek Synergy HTX plate reader
and BioStack plate feeder (Agilent, USA). Growth (ODg0)
and fluorescence intensity at 488 nm were measured every
15 min with prior shaking at 567 cpm for 10 s. Growth and
fluorescence curves are the result of the mean of the two
technical and three biological replicates (six points) of each
strain. In an interpretation of the experiments performed by

Jia et al. we also took a sample of these cultures after 1 h of
incubation, diluted 1:20 in filtered saline solution and mea-
sured fluorescence using a Cytoflex-S flow cytometer (Beck-
man Coulter, US).

Minimal inhibitory concentration (MIC) determination

The MIC of the strain containing pMBA was determined
against kanamycin (1 pg/ml), sisomycin (0.125 wg/ml),
amikacin (1 pg/ml), gentamicin (0.25 pg/ml), neomycin
(8 pg/ml), trimethoprim (0.125 wg/ml), tetracycline (0.25
pg/ml) and ciprofloxacin (0.016 wg/ml). These MICs are
assumed to be extrapolable to all pMBA derivatives since
none of them contain additional resistance genes. MIC



determination was performed following CLSI guidelines.
Briefly, 10° UFCs were inoculated in 200 wl of fresh
MH with doubling dilutions of antibiotics and incubated
overnight in 96-well plates at 37°C in static conditions. The
MIC is the mode of three biological replicates for each an-
tibiotic.

Database exploration

To describe all different AR cassettes, the content of the In-
tegrAll database (www.integrall.bio.ua.pt) was examined in
November 2018. Applying a cutoff of 95% in cassette nu-
cleotidic sequence, we recovered 177 different AR cassettes
of which 64 were AgR genes.

To determine the frequency of appearance of each cas-
sette gene family in the first position of class 1 integrons,
the IntegrAll database was examined again in June 2021,
retrieving 1927 distinct class 1 mobile integrons.

Expression of AgR genes in resting conditions

Three independent colonies of each strain containing a
PMBA derivative were inoculated in LB broth and incu-
bated at 37°C overnight. A strain containing the pBGT
plasmid in which GFP expression is under the control of a
Pgap promoter, was included as a landmark of expression.
Three biological replicates of pPBGT were incubated in the
presence of glucose, arabinose and in the absence of supple-
ments. All overnight cultures were diluted 1:400 in filtered
saline solution and fluorescence intensity was measured by
flow cytometry using a CytoFLEX-S cytometer (Beckman
Coulter, USA). The measurement of each biological repli-
cate is the result of the mean of the fluorescence intensity of
20 000 events per sample. Data processing was performed
with Cytexpert software.

Induction ratios of all AgR genes in the presence of antibiotics

At least three independent colonies of each strain con-
taining a pMBA derivative were inoculated in LB broth
and incubated at 37°C overnight. Overnight cultures were
then diluted 1:50 in fresh LB with and without antibi-
otics at 1/2 the MIC of the strain carrying pMBA. Cul-
tures were then incubated 1 h at 37°C with shaking (200
rpm), diluted 1:20 in filtered saline solution, and analyzed
by flow cytometry. Experiments using trimethoprim were
performed in LB and MH to decouple the activity from
the presence of the molecule. To deliver the induction ex-
periments with high concentrations of kanamycin, armA
was cloned in a pBAD and transformed in a subset of
strains. Induction with kanamycin at 128 wg/ml was per-
formed as explained above in the presence of 0.1% L-
arabinose throughout all experiments to ensure the expres-
sion of armA. Additionally, growth and GFP expression
were monitored along 18 h using a Biotek Synergy HTX
plate reader. Growth (ODgg) and fluorescence intensity at
488 nm were measured every 15 min with prior shaking at
567 cpm for 10 s. Growth and fluorescence curves were ob-
tained from three biological replicates of each strain. The
induction ratio along the curve was calculated at each time
point as the ratio (fluorescence/ODgyy) with kanamycin
over (fluorescence/ODgy) without kanamycin.
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Western blot

The strains showing the highest and lowest induction ra-
tios in kanamycin were selected for relative GFP quanti-
tation through western blot. Strains were incubated in LB
at 37°C overnight. Cultures were then diluted 1:50 in fresh
media with and without kanamycin at 0.5 wg/ml (1/2 the
MIC of pMBA), and incubated at 37°C with shaking until
an ODgg of 0.2 was reached. One ml of cells was pelleted,
resuspended in 50 wl of Laemli buffer (BioRad) with 20%
B-mercaptoethanol (BioRad), and boiled for 10 min. Cell
lysates were then spun down and 5 pl of the supernatants
were run on 4-12% gradient polyacrylamide precast gels
(Invitrogen, USA). Following electrophoresis, proteins were
transferred to nitrocellulose membrane using iBlot2 sys-
tem (Invitrogen). Membranes were blocked with 2% BSA
and 0.2% Tween-20 TBS for 1 h (ThermoFisher Scientific,
Spain). Primary antibody incubation was performed dur-
ing 2 h at room temperature with shaking. Primary anti-
bodies used were mouse a-GFP 1:50 000 (Invitrogen) and
mouse a-DnaK 1:6000 (Enzo Life Sciences, USA), in fresh
2% BSA TBS-T. Membranes were washed with 0.2% TBS-
Tween (three times, 10 minutes each with shaking) and incu-
bated at room temperature for 1 h with HRP-labelled goat
anti-mouse IgG (Invitrogen) (secondary antibody) diluted
1:10 000 in fresh 2% BSA TBS-T. Images were obtained
using SuperSignal West Pico Plus Chemiluminescent Sub-
strate (Thermo Scientific) and ChemiDoc XRS+ imaging
system (Bio-Rad, US). Data were analyzed using ImageLab
software to quantify band intensities.

Growth curves

Three independent colonies were inoculated in LB and in-
cubated overnight at 37°C with shaking. Cultures were then
diluted 1:50 in fresh LB or MH media and 200 I were inoc-
ulated in 96-well plates. Plates were incubated for 20 h and
ODg( was measured in 20 min-intervals using an incubated
Synergy HTX plate reader. Plates were shaken at 280 cycles
per minute before acquisition.

RESULTS
Cassettes in Class 1 integrons encode unrelated functions

Cassette mobility is a strong argument against the biolog-
ical meaning of an Ag-sensing riboswitch. This mobility
goes way beyond the reshuffling of positions within the
same platform and deserves a deeper look into it. A wealth
of data in the field put forward that mobile integrons re-
cruit their cassettes from sedentary chromosomal integrons
in environmental bacteria. It is remarkable that cassettes
can be exchanged between different integrons. While inte-
grases have co-evolved with their cognate att/ sites and rec-
ognize specifically their sequence (and not that of other azt/
sites), recognition patterns of azzC sites remain universal
to all integrons (36,37). This is possible because artC sites
in cassettes are not recognized for their sequence, but for
their conserved hairpin-like structure (38—40). Cassettes are
therefore streamlined to be exaptable and exchanged be-
tween evolutionarily distant integron platforms (30,41,42).
It is of note that AR genes represent only a very small frac-
tion of the myriad cassettes available in SCIs and whose
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functions remain mostly cryptic (37,43,44). The enrichment
of AR cassettes in mobile integrons is likely related to the
selective pressure with antibiotics exerted in the clinics.

Given cassette mobility, the variety of functions found in
cassettes also argues against the biological rationale behind
an Ag-sensing riboswitch that is composed mostly (47/75
bp) of the artll site of a class 1 integron, since the expres-
sion of unrelated genes would be contingent on the pres-
ence of aminoglycosides. To give an idea of this variety and
unveil a potential bias in cassette order, we have analysed
the functions encoded in the cassettes of MIs from the In-
tegrAll database (45) (www.integrall.bio.ua.pt). In line with
previous reports (46), we have found 177 different resistance
cassettes against most antibiotic families -not only amino-
glycosides (Figure 2A). AgR genes are in first position of the
array (next to the artl) in only 35% of class 1 integrons of
the database, which correlates well with their relative abun-
dance (36%: 64/177) and suggests there is no particular bias
on the function encoded in first position. Indeed, genes con-
ferring resistance against other antibiotics are also found
frequently in first position (B-lactams: 25%; trimethoprim:
20%; other families: 8.7%) together with cassettes not re-
lated to resistance or even cassettes of unknown function
(10%) (Figure 2B). Hence, we could not find a bias towards
the first position for cassettes that could potentially use the
attl] site to form a riboswitch.

Expression of aacAS5 is not Induced by aminoglycosides in its
native genetic context

The genetic context of any cassette is inherently variable,
depending on the composition of the array and its posi-
tion within it. The only sequence that all cassettes within
a given integron platform share is the atz/ site where they
are first inserted. This region is key to address the expres-
sion of cassettes because it contains the P¢c promoter that
can vary in strength (47), and small ORFs that can enhance
translation, like ORF-11 in the attll site. Hence, to pro-
vide the ideal genetic background to test the riboswitch hy-

pothesis, we have designed pMBA, a p15A-based replicon
bearing a class 1 integron platform and a gfp gene mimick-
ing a cassette in first position, located immediately down-
stream the azt1 site (Figure 2C). pMBA contains a truncated
version of the intll gene to avoid the well-known deleteri-
ous effect of integrase activity, but conserves the PcS (the
strong version of the P¢) and Pj,; promoters and the artl]
site. This is the native genetic context of cassettes in class
I integrons and is a more biologically relevant genetic en-
vironment than the cloning vector used in Jia et al.’s work
in which expression is controlled by an inducible Py, pre-
ceded by the lacl repressor gene. The 5 UTR of the gfp in
PMBA (the nucleotides between the artl site and the start
codon of the gfp gene) is not related to any integron cassette
and contains a strong ribosome binding site (RBS). To test
the behavior of aacAS5 in the presence of aminoglycosides,
we exchanged this region by the 5 UTR of aac A5, obtaining
PMBA5_,.c45. We subjected this construction to induction
with kanamycin and sisomicin in diffusion antibiograms, in
an effort to recreate Jia et al.’s experiments in which they
used a beta-galactosidase reporter instead (Figure 3A). As
controls, we exposed a strain containing pMBA to both
antibiotics, and a strain containing the pBGT plasmid—in
which the gfp gene is under the control of a Pgap promoter
(48)—to an arabinose-containing disc to induce its expres-
sion. Results with pBGT validated the assay and provided
a plot with a clear inducibility profile. pMBAjs_44c45 did
not show increased levels of fluorescence at the border of
the inhibition halos, as would have been expected from a
riboswitch-mediated induction of expression, and instead
had a profile similar to that of the pMBA control.

We have also recreated Jia er al’s induction experi-
ments in broth, by growing strains carrying pMBA and
PMBA5 .45 in doubling concentrations of kanamycin
ranging from subinhibitory to inhibitory and measuring flu-
orescence after 1 h through flow cytometry (Figure 3B).
We did not observe an increase in fluorescence at any con-
centration. Instead, fluorescence started decreasing as an-
tibiotic concentrations approached the minimum inhibitory
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observed along the whole growth curve.

concentration (MIC) of our strain (I wg/ml). It is of note
that the bacterial inoculum used in these experiments was
higher than the one used to determine the MIC (see Ma-
terials and Methods), which explains the visible growth at
concentrations above the MIC (a well-known phenomenon
named inoculum effect (49)). To test whether a longer time-
period was necessary to observe an induction, we anal-
ysed growth and expression levels in all concentrations of
kanamycin for 24 h (Figure 3C). Our data revealed an in-
hibitory effect in growth at all concentrations that was over-
looked in Jia et al.’s experiments and could be relevant since
it seems to affect bacterial physiology. We took it into ac-
count by normalizing fluorescence to optical density. Data
showed that the expression of gfp was not induced in the
presence of kanamycin at any concentration tested. Instead,
fluorescence (both raw, and normalized by the OD) was
lower in the presence of the antibiotic than in its absence
in agreement with previous results. We observed a similar
behavior for the empty pMBA control, suggesting that the
decrease in fluorescence/ODy is a consequence of the gen-
eral inhibition of protein synthesis caused by kanamycin
rather than a specific effect on the 5 UTR of aacA5. Al-
together, our data do not support a riboswitch-controlled
model of expression for the cassette aacAS.

Building an exhaustive collection of AgR cassettes

The expression of aacAS is, in our hands, not induced by
kanamycin or sisomycin. Yet it is possible that other AgR
genes in integrons possess such control mechanisms, as
suggested in other works from the same group. We hence

sought to analyze the inducibility of all known AgR cas-
settes. To do this, we explored the Integrall database and
retrieved AgR cassettes in mobile integrons using a 95%
identity cutoff in nucleotide sequence. We found 64 cas-
settes encoding aminoglycoside inactivating enzymes, in-
cluding members of the acetyltransferase (46), adenylyl-
transferase (16) and phosphotransferase (2) protein families
(Figure 4A). We synthesized all cassettes and, as we did for
PMBA5 445, we inserted their 5 UTRs between the azt]
site and the gfp start codon in pMBA (sequences are avail-
able in Supplementary Table S1). These UTRs were defined
as the sequence starting at the TT of the 5'-GTT-3’ triplet
(where the recombination crossover takes place in integrons
(Figure 1A)) to the start codon of the gene. We used gene
and artC site annotations from IntegrAll, but in the case
of cassettes with potentially dubious annotations, alterna-
tive (alt) UTRs were also tested (see below). Among our
UTRs we could find most of the sequences from Murchie’s
works, such as the one of aacA5 from (14), which is identi-
cal to aac-1 in (15); and those of aac-2, 3 and 4 from (15)
-here aacA27, aacA3 and aac A4 alt, respectively. Finally, the
UTR of aadB is identical to the UTRs of 5 out of 6 aad se-
quences in (16), but in that work the authors included, as
part of the putative riboswitch, bases from the coding re-
gions of the resistance genes. The 5UTRs selected here var-
ied considerably in size from 3 to 86 bp (Figure 4B). Eleven
out of 13 aadA cassettes in our collection had the same 5’
UTR, but were cloned and treated independently as bio-
logical replicates (mauve dots in Figure 4A and onwards).
This was also the case for the UTRSs of aacC2 and aacC6
(brown dots in Figure 4A). This provides a control of tech-
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nical and biological variability in our assays. Once this li-
brary of 5 UTRs from AgR cassettes was established and
verified, we included as additional controls: (i) the pMBA
vector, (i) a plasmid-less MG1655 strain that does not con-
tain a gfp gene (MG); (iii) three constructions with the 5
UTRs of integron cassettes that confer resistance to unre-
lated antibiotics -such as trimethoprim (dfr45), fosfomycin
(fosG), and beta-lactams (blagxa.9); and (iv) a thermome-
ter riboswitch that responds to temperature, not antibiotics
(50).

Aminoglycoside resistance cassettes are not repressed in the
absence of antibiotics

To characterize the expression of AgR cassettes in rest-
ing conditions, we measured the fluorescence of all ¥
UTR-gfp fusions in the absence of antibiotics (Fig-

ure 4C). Fluorescence levels varied 170-fold between the
least (pMBAy _,.c438) and the most expressed cassette
(PMBA 5 _4uc442), and the rest of cassettes were evenly dis-
tributed throughout this scale. To put these levels of ex-
pression in context, we have included as a landmark of ex-
pression a Pgap promoter in repressed, unrepressed and in-
duced conditions. This promoter is known to have a broad
dynamic range with good levels of induction and repres-
sion. Cassettes with the highest expression levels were sim-
ilar to the induced Pgap. Instead, the least expressed cas-
sette was 10-fold higher than the repressed Pgap or the no-
GFP control (MG1655 strain). Cassettes conferring resis-
tance against other antibiotics did not group together in
a qualitatively distinct expression range, but instead were
found among the least and the most expressed cassettes.
Hence, the differences in expression levels among cassettes
do not support a common repressing mechanism. Instead,



expression levels correlated well (R*> = 0.69) with the pres-
ence of a Shine-Dalgarno sequence in the vicinity of the
start codon (Supplementary Figure S1). The net expression
levels of most—if not all—cassettes are incompatible with
a biologically relevant repressed status, as one would expect
for an uninduced riboswitch.

Aminoglycosides do not induce the expression of aminoglyco-
side resistance cassettes

Aminoglycosides are a large family of antibiotics that can
be classified in three sub-classes attending to their chemi-
cal structure: 4,5- and 4,6-disubstituted deoxystreptamines
(-DD), and the non-deoxystreptamines. Most clinically rel-
evant molecules like kanamycin, sisomicin, gentamicin or
amikacin are 4,6-DDs, while neomycins and paramomycin
are 4,5-DDs, and streptomycin is a non-DD. Induction of
aacAS5 was shown to occur in the presence of 4,6- but not
4,5-DDs. Hence, despite questioning the inducing effect
of these molecules in this work, for the sake of simplicity
we will use ‘inducing’ Ags to refer to 4,6-DDs and ‘non-
inducing’ for 4,5-DDs.

We sought to better verify the inducibility of all AgR
cassettes by aminoglycosides by broadening the molecules
tested to include the inducers gentamicin and amikacin. All
antibiotics were used at % of the MIC to provide conditions
in which concentrations are maximal before strongly in-
hibiting bacterial growth. As a control, we included the non-
inducing aminoglycoside neomycin. Correct growth was
verified for all conditions (Supplementary Figure S2).

We calculated the induction ratio (IR) of all cassettes
as the ratio between the fluorescence in the presence over
the absence of the antibiotic, so that non-inducible genes
should have an IR around 1, while inducible genes should
have an IR > 1. Asan example, the IR of the Pgap promoter
in Figure 4C is 170. IRs of all cassettes showed distribu-
tions with a median close to 1 in the presence of inducer
aminoglycosides (0.99 for kanamycin, 1.05 for sisomicin,
1 for amikacin and 1.07 for gentamicin) (Figure 5A). The
non-inducer neomycin showed the highest median of induc-
tion (1.077), although very similar to that of gentamicin.
Maximal and minimal IR values observed were around 1.3
and 0.8 respectively for all Ags except for gentamicin that
showed a higher dispersion (1.56-0.63). We also tested al-
ternative UTRs for cassettes with potentially dubious an-
notations, and showed a similar non-inducible profile (Sup-
plementary Figure S3). The small increase observed even
for maximal IR values argues against a biologically rele-
vant induction for any gene. Instead, the distribution of
IR values suggests that variations are likely due to noise,
whether biological or technical. To address this, we exam-
ined more closely the 11 constructions with identical UTRs
(from aad alleles) that were treated as independent biologi-
cal replicates. Their IR values showed differences that com-
prised a large part of the variation in the whole dataset
(Figure 5A, mauve dots). Taking kanamycin as an exam-
ple, the IR values of 76% (49/64) AgR cassettes fell be-
tween the highest and lowest IR of these identical UTRs.
If we include the controls that are not related to AgR, this
figure reached 81% for kanamycin and sisomycin, 72% for
gentamicin, 87% for amikacin and 84% for neomycin. This
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strongly suggests that the variability found among genes is
non-specific, and that it most likely reflects biological or
technical noise, and/or the pleiotropic effect of the antibi-
otic. We performed a statistical analysis of our data compar-
ing fluorescence levels through linear regression. We did not
find significant differences in the presence of an aminoglyco-
side compared with the baseline readings in the absence of
antibiotic (P > 0.3). We then applied a linear mixed model
accounting for genes and experimental batches as random
effects, and observed significant changes in the fluorescence
readings in the presence of gentamicin and amikacin, but
not kanamycin, sisomycin nor neomycin (Supplementary
Figure S4, Supplementary Table S1). These effects were ex-
tremely mild, with a mean increase in expression of 5% for
gentamicin, and a mean decrease of 7.5% for amikacin.
Altogether, the lack of coherent effects among inducer
molecules and of biological significance of the induction ra-
tios, rules out the presence of a common regulatory mecha-
nism capable of sensing aminoglycosides and inducing gene
expression.

Despite the lack of a clear induction across the whole set
of AgR genes, one could still argue that not all cassettes have
riboswitches but that those with the highest IR values are
precisely the subset of them that do. To address this, we have
quantitated GFP protein in the presence and the absence of
kanamycin using Western blot (WB) (Figure 5B and Sup-
plementary Figure S4). This experiment uses the quantita-
tion of another protein (DnaK) as an internal control for
normalization, which is key to establish if the variation in
GFP levels is specific to its 5 UTR, or if it is consequence of
a general trend in the cell’s proteome. To determine this, we
have analyzed ten cassettes showing the highest IR values
with kanamycin, and have compared them to the ten cas-
settes with the lowest IRs (orange and violet boxes in the
kanamycin violin plot in Figure 5A). Cytometry and WB
data clearly show a lack of correlation (R? = 0.02) (inset in
Figure 5B) suggesting that genes with high IRs in cytometry
do not represent a distinct subset of cassettes with a specific
induction mechanism.

Higher concentrations of aminoglycosides neither induce re-
sistance genes

The concentrations of antibiotics used for in vivo exper-
iments in the first report of the putative riboswitch are
close or above the minimal inhibitory concentration of a
susceptible E. coli K-12 derivative such as their (and our)
strain. Indeed, the highest induction level they observe for
kanamycin is at 2.4 pg/ml (5 wM), in a strain with a MIC
around 1 wg/ml. A similar situation is found in follow
up works where, concentrations are also above the MIC
(15,16). Accordingly, it is mentioned that all these exper-
iments are delivered titrating the antibiotics, a rather un-
common practice in the field of resistance. We hence decided
to address whether riboswitches could be acting at concen-
trations above the MIC, despite not conforming to a bio-
logically sound rationale. To do so, we introduced the AgR
gene armA in a subset of our strains. ArmA is a 16S rRNA
methylase that provides high levels of resistance against 4—
6-DDs, but does not modify the antibiotic. Crucially, armA
is not encoded in an integron cassette (51). We repeated in-



8574 Nucleic Acids Research, 2022, Vol. 50, No. 15

A
Aminoglycosides
2.0 4-6 disubstituted 4-5 disubstituted
| f |
1.5+
9
B=] o
o
c
Ke]
© A
S g
-c .. * . ..
£ 3
HO Y ST T I CE. =~ <oomooiiesSaeeees
1.0+ - - - -G —2edie - - - - - sifase T Ao f S e - - -
0.5 Kanamycin Sisomicin Gentamicin Amikacin Neomycin
Correlation
Cytometry - WB
B 1.5
. 2=
aacA40 aadA9 ~ —_ Re=002
Kana LB Kana LB Kana LB Kana LB Kana LB Kana LB Kana LB 15 =10
DnaK
KD - - - - - - - - - - 054 . .
0.5 1.0 1.5
Cytometry
zgf(%a B e e G S GRS S

Induction ratio
P

aadA6  aadA7  aadB aacA31 aacA29
Kana LB Kana LB Kana LB Kana LB Kana LB Kana LB Kana LB 0.5
DnaK
70KDa TR e e - - -
1.5
GFP
97 KDa - D . & 4 9
o
c
oS 1.0
aacA52 aacA28 aacC13  pMBA ‘g’
Kana LB Kana LB Kana LB Kana LB Kana LB Kana LB Kana LB '{CJ

DnaK
TOKDn - —— - -
0.5
D 0 X A o) N D W& X O A DA D OO QDN
OFP ek oo SRS ST Rl S SR e U e
27 KDa HNSENI N 0. S0 20 00 ““‘“ LEEPFCLEFTTTFLFE I L T

Figure 5. Aminoglycosides do not induce the expression of aminoglycoside resistance cassettes. (A) Violin plots showing the induction ratios of all cassettes
in the presence of four inducing aminoglycosides, and the non-inducing neomycin. Color code of the dots as in Figure 4. Median and quartiles are
represented by dashed lines. Linear regression analysis did not find significant differences (P > 0.3) in fluorescence readings in the absence versus the
presence of Ags. A linear mixed model revealed statistically significant differences for gentamicin and amikacin, but they were mild, and in opposite
direction (see text and Supplementary Figure S4). This suggests that aminoglycosides do not induce the expression of AgR cassettes. Each data point
represents the mean of at least three measurements. (B) Induction ratio measured through Western blot of the 10 cassettes with highest and lowest IRs in
kanamycin measured by flow cytometry (orange and violet boxes in panel A). GFP abundance was normalized to DnaK. Cytometry and Western blot
results do not correlate (inset: linear regression R% = 0.02), suggesting that the distribution of IRs in cytometry does not reflect a biologically relevant
induction (i.e. these values are not the consequence of a specific interaction between the antibiotic and the 5 UTRs of this subset of genes). See also
Supplementary Figures S2-S4.



>

Kanamycin
@ 128 ug/ml © 0.5 pg/ml

Induction Ratio
Fluorescence Ab/noAB
§ i
D
]
o

T T T T T T T T T T T T T
ook ® 1 0 A O D 9 b

AN LN SN SO Ui L RS
FEEFTFTSTF &O\L §F A

oo}

Induction Ratio
(GFP/OD600) Ab/noAb
5
)
/
Y
I

time (h)

Figure 6. High concentrations of aminoglycosides do not induce AgR cas-
settes. (A) Induction ratio of a subset of AgR cassettes in the presence
of 128 pg/ml of kanamycin (blue dots). As a reference, the IR values at
0.5 pg/ml of kanamycin from Figure 5 are also represented (green dots).
(B) Induction ratio (calculated as the ratio of fluorescence/ODgpp with
kanamycin over fluorescence/ODgyo without kanamycin) of these strains
along their growth curve (18 h). Color code is as in (A). Green: pMBA;
red: pMBAy_44c45; blue: control strains; mauve: strains with identical 5'-
UTRs; gray: rest of strains.

duction experiments of cassettes in the presence of 256-fold
higher concentrations of kanamycin and confirmed that
they remain uninduced (Figure 6).

Induction is higher in the presence of unrelated antibiotics

Our experiments at % the MIC show that aminoglycosides
can have a very mild and non-specific influence in the mea-
sures of IRs. To provide a broader context to our data
we have tested the effect of unrelated antibiotics in the in-
duction of all 5 UTRs (Figure 7A). We chose molecules
with different modes of action, such as tetracycline -a pro-
tein synthesis inhibitor, like aminoglycosides, but with a
distinct mode of action; ciprofloxacin -a topoisomerase
inhibitor- and trimethoprim -that inhibits the biosynthesis
of folate. With these antibiotics, the medians of IR were
all higher than with aminoglycosides (tetracycline: 1.08;
ciprofloxacin: 1.26; trimethoprim: 1.19), and estimated dif-
ferences in our linear mixed model due to the antibiotic were
larger than those associated with the addition of amino-
glycosides (Supplementary Figure S4). No construction
showed an IR > 2 in any antibiotic, and >93% of the IR
values of AgR cassettes fell within those of control strains,
pointing to a non-specific effect of these molecules on the
expression of AgR cassettes.

To address if there is any cassette with a mild but consis-
tent inducible behaviour across our experiments, we anal-
ysed independently the IRs of each UTR in the presence of
inducing aminoglycosides (4,6-DDs) and non-inducing an-
tibiotics (4,5-DDs and unrelated antibiotics) (Figure 7B).
Our data clearly shows that 4-6-DDs do not induce the
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expression of AgR cassettes to biologically relevant levels
in any case. The stronger effects of other antibiotics are
also evident in this analysis since 83% (53/64) of the genes
had higher median IRs in the presence of non-inducing
molecules compared to 4-6-DDs, and statistically signifi-
cant differences were observed in 10 of them.

Increased expression is due to pleiotropic effects of antibiotics

As mentioned above, Roth and Breaker suggested the mild
induction observed by Murchie and collaborators could
be due to pleiotropic effects of antibiotics (33). Our data
strongly support this claim. Conveniently, we can test this
experimentally because the presence of trimethoprim can
be decoupled from its antibiotic effect, by measuring IRs
in Lysogeny Broth (LB), instead of Miieller Hinton (MH).
In contrast to MH, LB contains traces of thymine that ren-
der the folate route redundant so that trimethoprim is not
lethal in LB. We analyzed the induction of all cassettes in
the presence of trimethoprim in LB and compared them to
our previous results in MH (Figure 8). The observed mean
of IR values decreased from 1.17 to 0.98 in the absence of
antibiotic and this effect was statistically significant using
both linear regression and a random linear mixed model
(P < 0.0001). This confirms that pleiotropic effects of an-
tibiotics can alter the expression of genes 1.5-fold range in
a non-specific manner. This is approximately the range ob-
served by Jia et al.

DISCUSSION

A deep understanding on antibiotic resistance mechanisms
is necessary to predict the emergence and spread of resis-
tant bacteria. This is especially the case for critically im-
portant antibiotics—Ilike aminoglycosides—and for regula-
tory processes that can help alleviate the cost of resistance
in the absence of selection. In this context, the presence of
Ag-sensing riboswitches is a relevant finding that needed
yet to be confirmed experimentally by independent research
groups.

Apart from the counterintuitive involvement of the att/1
site in the putative riboswitch structure, and other incisive
arguments provided by Roth and Breaker on the narrow
induction range, there are other aspects of Jia et al’s ini-
tial report that justified to our eyes the need for an inde-
pendent assessment. First, the aacA5 cassette provides a
key part of the riboswitch (the SD/anti-SD switch) in its
25 bp-long 5 UTR. Our analysis reveals that 37 of the 64
AgR genes in integrons contain UTR’s shorter than 25 bp
(Figure 4B). This makes the sequestering of the SD in rest-
ing conditions impossible for many UTRs, and underscores
that the possibility of a conserved mechanism among AgR
cassettes is intrinsically flawed. Second, the concentrations
of antibiotics used for in vivo experiments are close or above
the minimal inhibitory concentration of the strain. As men-
tioned previously, these experiments are delivered titrating
the antibiotics, a rather uncommon practice in the field of
resistance. Also, these concentrations are in sharp contrasts
with reports of aminoglycosides possibly acting as signal-
ing molecules and having an impact in many aspects of cell
physiology at concentrations as low as 1-2% of the MIC,



8576 Nucleic Acids Research, 2022, Vol. 50, No. 15

A
Affected DNATOPOLOGY PROTEIN SYNTHESIS FOLATE SYNTHESIS
Process
2.0
*%
1.5
Re)
S
@©
—
c 3
Re) d
B 5
S o
°
£
104------------= s, - — — - - — - -~~~ — R — — - - - — - ————-
Ciprofloxacin Tetracycline Trimethoprim MH
0.5-
B
2.0
1.5

| | I e

Induction ratio
—
o
— 1
o
.
e
L = o= B
——

0.5+
== 4-6 disusbstituted
== Rest of AB
0 b’\ 0 ‘Lb:‘)’\%%%‘b’bkb"o’\‘b%% ‘Lb:bQ’\b‘ VeDe X0, ’\‘5 IIIIIIII Q;II‘OIIQI‘III
O
&%@%«%@%&%ﬁv\&“v X v V“’&“’ %’v R @0V%V%V%V%V“a%%%&ﬁﬁﬁﬁﬁﬁﬁv% %%o%o%o%% O %NW%WMW m vw m&o SEHNCS
TRV % % 0’b®’b®'b’b'b%'b%’b’b’b@db'b%'b%’b’b’b’b’b'b '60000@0%0%0 “\ N

Figure 7. Induction is higher in the presence of unrelated antibiotics. (A) Violin plots showing the induction ratio of all genes in the presence of non-
aminoglycoside antibiotics. Color code as in Figure 4. Median and quartiles are represented by dashed lines. Although low, median IR values are consis-
tently higher for these unrelated antibiotics than for aminoglycosides. Ciprofloxacin increases the expression of constructions in a statistically significant
manner (P = 0.006). Each data point represents the mean of at least three measurements. (B) Representation, for each AgR gene, of the IR in the presence of
inducing aminoglycosides (green) and non-inducing antibiotics—neomycin and non-aminoglycosides (red). Inducer aminoglycosides do not have a consis-
tent nor biologically relevant effect in the expression of any cassette. Non-inducer antibiotics show a stronger induction effect than inducer aminoglycosides
in 53 out of 64 genes and these differences are significative for 10 of them. See also Supplementary Figure S2 and S4.



Trimethoprim

2.0
*kkk
o
1.5
i)
®
c
k<]
E I Iy«
9 '
© .
£
104-------- e i 0 _‘;_____ ————————
0.5—- Mueller Hinton Lysogeny Broth

(antibiotic effect) (no antibiotic effect)

Figure 8. Increased expression is due to pleiotropic effects of antibiotics.
Induction ratio of all cassettes in the presence of trimethoprim in LB com-
pared to MH (data from Figure 7). In LB, where trimethoprim does not
have antibiotic effect, median IRs are lower than in MH (0.96 instead of
1.16) and this difference is statistically significant (P > 0.0001). This con-
firms that small increases in IRs can be the consequence of pleiotropic ef-
fects of unrelated antibiotics. See also Supplementary Figure S2 and S4.

and where titration of the antibiotic is unnecessary (52—
54). Using a subset of resistant strains exposed to extremely
high concentrations of antibiotics, we could not observe
changes in GFP expression. Hence, the lack of induction
observed in our experiments is not due to low antibiotic
concentrations. Third, as a negative control of induction
by aminoglycosides, the authors use the leader sequence of
the chloramphenicol resistance gene car86. This sequence is
known to be regulated by a ribosome stalling mechanism (5)
and adds an additional level of repression to the system. It
therefore seems inadequate to be used as a single control of
non-inducibility by aminoglycosides. Fourth, in-line prob-
ing and Surface Plasmon Resonance (SPR) results need
to be interpreted considering the antibiotic concentrations
used. For instance, in crosslinking experiments, concentra-
tions of sisomycin (100 M = 44.7 pwg/ml) are ~350-fold
higher than the MIC of a susceptible E. coli as the one used
in our experiments (MIC = 0.125 pg/ml). Similarly, prob-
ing experiments in the presence of 100 uM kanamycin are
~50-fold above the MIC. It is of note that binding to RNA
(to the ribosomal 16S RNA) is the mode of action of amino-
glycosides, and that spurious interactions can occur and are
probably favored at the extreme concentrations used by Jia
et al. Indeed, it has been shown that these molecules can
bind negatively charged pockets in RNA structures involved
in processes where this binding is biologically irrelevant
(55,56). As pointed by Roth and Breaker in their letter, the
fact that the most prominent site of structure modulation
by aminoglycosides is the SD2, which is outside the attl]
and shows little conservation, is consistent with spurious
Ag-RNA interactions, rather than the specific binding to
a conserved, putative riboswitch. It is also noteworthy that,
based on SPR results, Jia ez al. argue that inducer molecules
show higher affinity for the putative riboswitch than non-
inducer molecules, but this claim is not supported by their
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results. They use as examples the dissociation constants
(Kp) of the inducers tobramycin, kanamycin and sisomycin
(2.19, 2.78 and 6.8 nM, respectively) and compare them
to those of non-inducers ribostamycin, neamine and paro-
momycin (Kp of 589, 47 and 12 wM respectively). Yet in
their Figure 4, amikacin, netilmicin and gentamicin—which
are all inducers—have a Kp of 35.2, 32.6 and 12.7 uM, re-
spectively. These values are in a range similar to those of
neamine and paromomycin, and leads to the rather coun-
terintuitive conclusion that inducers and non-inducers can
have similar affinities for the putative riboswitch. In any
case, it seems altogether clear that both in vivo and in vitro
results lack physiological relevance since the riboswitch
should sense and react to the antibiotic at concentrations
well below the MIC in order to induce the expression of the
resistance gene in a timely manner. Fifth and last, we have
shown here that genes conferring resistance against other
antibiotics—and even unknown functions—are found fre-
quently in first position of class | integrons (Figure 2B).
This contrasts with the almost universal presence of amino-
glycoside resistance genes in first position reported by the
authors in several works (14—16). The difference stems from
the fact that they report the results of BLAST searches us-
ing as query the sequence of an aminoglycoside resistance
gene fused to the att11, hence biasing the list of hits towards
such genes.

Altogether, these concerns led us to investigate the pres-
ence of riboswitches in AgR cassettes. Here we provide
data on the inducibility of all AgR genes encoded in in-
tegron cassettes in the presence of a variety of antibiotics.
A relevant aspect of our work is that we study cassette ex-
pression in its genetic environment, conserving the 331 bp
found upstream any newly acquired cassettes in a class 1
integron. This sequence contains all structures potentially
able to influence cassette expression, such as the Pc and
Py promoters and the whole attl1 site including the small
ORF-11 that enhances the expression of genes with poor
translation initiation regions (57). We argue that this is the
appropriate setting to measure cassette expression and a
more biologically relevant one than the general-purpose
cloning vector used in the reports on Ag-riboswitches, in
which expression is repressed by Lacl. In this genetic con-
text, we were unable to replicate the induction results for
aacAS5 using the methodologies in (14). We then broad-
ened our approach to all 5 UTRs of AgR cassettes -
including several genes used in the follow up articles- and
used single-cell resolution (cytometry) to measure inducibil-
ity. We combined this with relative quantification through
Western blots, showing that variation in GFP intensity is
not specific of the UTR in question. WB can lack sensitiv-
ity to quantitate protein abundance in single samples, yet
the clear lack of correlation with cytometry results across
groups of isolates strongly supports the lack of specific in-
duction by aminoglycosides. This, together with the fact
that induction ratios were higher using non-aminoglycoside
antibiotics, pointed, as suggested by Roth and Breaker, to
pleiotropic effects of antibiotics as responsible for variation
in expression. We finally proved this by measuring the in-
duction ratios of our constructs with trimethoprim in con-
ditions were its presence and its antibiotic effect could be
uncoupled. Altogether, our results rule out the existence -
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in integron AgR cassettes- of a regulatory mechanism that
induces gene expression in the presence of aminoglyco-
sides. It therefore challenges the validity of the Ag-sensing
riboswitch.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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