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Abstract

The ribosome is the central hub for protein synthesis and the target of many antibiotics. Whereas
the majority of ribosome-targeting antibiotics inhibit protein synthesis and are bacteriostatic,
aminoglycosides promote protein mistranslation and are bactericidal. Understanding the
resistance mechanisms of bacteria against aminoglycosides is not only vital for improving the
efficacy of this critically important group of antibiotics but also crucial for studying the molecular
basis of translational fidelity. In this work, we analyzed Salmonella mutants evolved in the
presence of the aminoglycoside streptomycin (Str) and identified a novel gene rimP to be involved
in Str resistance. RimP is a ribosome assembly factor critical for the maturation of the 30S small
subunit that binds Str. Deficiency in RimP increases resistance against Str and facilitates the
development of even higher resistance. Deleting rimP decreases mistranslation and cellular
uptake of Str, and further impairs flagellar motility. Our work thus highlights a previously unknown
mechanism of aminoglycoside resistance via defective ribosome assembly.
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Introduction

Antibiotic resistance has become an urgent threat to the global healthcare system. A recent study
shows that bacterial antimicrobial resistance is associated with 4.95 million human deaths in 2019
(1). Aminoglycoside antibiotics have been historically used to treat infections caused by many
pathogens, such as Mycobacterium tuberculosis, Salmonella enterica, and Yersinia pestis, and
are currently listed as critically important antimicrobials for human therapy by the World Health
Organization (2, 3). Aminoglycosides target the bacterial ribosomes and cause protein
mistranslation (4, 5). It is proposed that mistranslated proteins primes aminoglycoside uptake in
an energy-dependent process, leading to irreversible inhibition of the ribosome and cell death (6,
7).

Streptomycin (Str) is one of the first discovered and most extensively studied
aminoglycosides (8-13). Structural analyses reveal that Str binds to the decoding center of the
ribosomal small subunit comprising the 16S rRNA and ribosomal protein uS12 (RpsL) and
stabilizes a closed conformation to promote codon-anticodon mismatch (13, 14). Mutations
leading to Str resistance have been mapped to rpsL, rrs, and rsmG (gidB) genes (15-20). The rrs
operon encodes rRNAs, whereas RsmG methylates G527 (E. coli numbering) of 16S rRNA near
the decoding center (21, 22). These known mutations thus appear to directly affect the binding
site of Str on the ribosome. In this study, we have identified rimP as a novel gene involved in Str
resistance. RimP is a conserved bacterial protein contributing to the assembly of the 30S small
ribosomal subunit (23, 24). We show that deleting rimP increases Str resistance 8-fold in both
Salmonella enterica and Escherichia coli, and promotes evolution of higher resistance. The ArimP
mutant also exhibits a lower rate of mistranslation in the presence of Str and a decreased level of
Str uptake. Our work reveals that ribosome assembly impacts aminoglycoside action.

Results

Spontaneous Str-resistant mutants evolve rapidly in Salmonella culture

Bacteria acquire antibiotic resistance through horizontal gene transfer or spontaneous mutations
(25). In animal hosts, Str-resistant Salmonella strains often arise through the acquisition of strA
and strB genes (encoding Str-inactivating enzymes) from other bacterial species (26). In our study,
we aim to explore the intrinsic mechanisms leading to Str resistance using Salmonella enterica
Serovar Typhimurium as a model pathogen. We first performed evolution experiments with an
increasing concentration of Str in Luria-Bertani (LB) broth. Wild-type (WT) Salmonella (ATCC
14028s) cells were inoculated in parallel experiments in LB with 0-128 ug/ml Str and grown to
saturation. The cultures grown in the highest Str concentration were further inoculated in fresh
media with Str. The WT Salmonella strain has a minimal inhibitory concentration of 16 ug/ml for
Str (Fig. 1 and Table 1). After three rounds of evolution, all nine parallel lineages were able to
grow in the presence of 128 ug/ml Str, indicating that Str-resistant strains evolve rapidly without
horizontal transfer of foreign genes.
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Mutations in rimP and rsmG promote Str resistance

We next performed whole-genome sequencing in an effort to identify the mutations responsible
for Str-resistance in the evolved strains. Mutations in Str-resistant strains most frequently occur
in rsmG, and are also found in aadA, sbmA, ubiD, the phn operon (including thil), rimP, and cyoB
(Table 1). To validate the mutations contributing to Str resistance, we constructed knock-out
strains of the above genes. Deleting rimP or rsmG increased the minimal inhibitory concentration
(MIC) for Str 8-fold from 16 to 128 pg/ml (Fig. 1 and Table 1). Single deletion mutants of aadA,
sbmA, ubiD, and thil did not affect the MIC of Str, whereas deleting cyoB increased the MIC 2-
fold. The higher Str resistance in the evolved strains might have resulted from polar effects, a
combination of mutations, or unidentified mutations. To test whether mutations in rimP and rsmG
promote evolution of high Str resistance, we plated WT, ArimP, and ArsmG cells on LB agar with
or without 512 pug/ml Str. Compared with the WT, both the ArimP and ArsmG strains exhibited
significantly more spontaneous mutants that were resistant to 512 pg/ml Str (Fig. 2). Mutations in
rsmG have been frequently identified in Str-resistant Mycobacteria and Salmonella strains (15,
18, 27), yet to our knowledge, rimP has not been previously shown to affect aminoglycoside
resistance. This prompts us to further investigate the role of rimP and ribosome biogenesis in Str
action in cells.

RimP is critical for Str uptake

Previous studies suggest that mistranslated membrane proteins in the presence of
aminoglycosides lead to membrane disruption and a faster phase of uptake (6, 7, 28). We used
the fluorescent dye DIBAC4(3) (28, 29) to probe membrane potential and integrity of WT, ArimP,
and ArsmG cells in the presence and absence of Str. As a control, we also included the rpsL*
strain (carrying a K42N mutation in uS12) with high Str resistance (Fig. 1 and Table 1). The
fluorescence signal of DIBAC4(3) is induced upon entry to the cytoplasm. Our flow cytometry
analyses revealed that Str treatment substantially increased DiBAC4(3) fluorescence in WT cells,
similar to treatment with the ionophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (Fig.
3A). The fraction of DiBAC4(3)-positive cells in the ArimP, ArsmG, and rpsL* mutants upon Str
treatment was much lower compared with the WT (Fig. 3A), suggesting that the membrane
integrity was less disrupted by Str in these mutants. Further fluorescence microscopy and
platereader analyses yielded results similar to flow cytometry (Figs. 3B and 3C). Next, we tested
the relative concentrations of Strin WT and ArimP using a zone-inhibition assay as described in
(30). The extracts of Str-treated Salmonella cells were spotted on LB agar plates with a lawn of
Str-sensitive E. coli. We found that the ArimP extract displayed a smaller inhibition zone compared
with the WT, indicating that deleting rimP lowered the intracellular concentration of Str.

The intracellular concentrations of antibiotics are affected by uptake and efflux. A key
component of efflux pumps in Salmonella and E. coli critical for multi-drug resistance is TolC (31).
We found that deleting to/C in the WT Salmonella increased the sensitivity to Str (Fig. S1A),
suggesting that TolC played a role in Str efflux. Compared with the Ato/C mutant, the ArimP/AtolC
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97  double mutant was still more resistant to Str (Fig. S1A). We further used Nile Red to test the efflux
98 activity. Whereas deleting to/C substantially increased intracellular accumulation of Nile Red due
99 to an efflux defect, deleting rimP did not affect Nile Red efflux (Fig. S1B). In addition, deleting
100 rimP did not increase resistance against tetracycline (Tet), ciprofloxacin (Cip), or ampicillin (Amp)
101 (Fig. S2). Collectively, our data suggest that deleting rimP does not affect TolC-dependent efflux,
102  but mainly decreases the uptake of Str.
103
104 RimP enhances mistranslation in the presence of Str
105 Mutations in uS12 that lead to Str resistance often improve ribosomal fidelity, which counters the
106  effect of Str to induce mistranslation (32, 33). Deleting rsmG also increases ribosomal fidelity in
107  E. coli and M. tuberculosis (27, 34). Using a dual-fluorescence reporter that our lab previously
108 developed (35, 36), we found that the Salmonella ArsmG strain exhibited decreased readthrough
109 of UGA stop codons (Fig. 4), suggesting an improved ribosomal fidelity as in E. coli and M.
110  tuberculosis. Deleting rimP slightly increased UGA readthrough in the absence of Str. However,
111 in the presence of Str, the UGA readthrough level was significantly lower in the ArimP strain
112  compared with the WT. Such lower mistranslation could explain the improved membrane integrity
113  in the ArimP mutant upon exposure to Str (Fig. 3).
114
115 RimP is critical for Salmonella motility
116  Antibiotic resistance is frequently accompanied by a cost of fitness (37). Our previous work shows
117  that some mutations affecting ribosomal fidelity impair flagellar motility (38, 39), prompting us to
118 investigate the motility of Str-resistant Salmonella mutants. A soft-agar swimming motility assay
119  shows that eight out of nine evolved Str-resistant strains and the ArimP mutant are defective in
120 flagellar motility (Fig. 5 and Table 1). To probe the expression of flagellar genes, we used a pZS
121 Ptet-mCherry PfliA-YFP reporter plasmid in platereader and fluorescence microscopy assays.
122  FliA is a sigma factor that controls the expression of class 3 flagellar genes, and the promotor of
123  fliA is directly regulated by the master flagellar regulator FIhDC (40). Consistent with the motility
124  defect, the PfliA activity was substantially decreased upon deletion of rimP, suggesting that proper
125 ribosome biogenesis is required for optimal expression of flagellar genes and the motility.
126
127 Ribosome biogenesis affects Str resistance in E. coli
128 RimP is a conserved bacterial protein involved in the early-stage assembly of the 30S subunit (23,
129  41). As in Salmonella, deleting rimP also increased Str resistance in E. coli (Fig. 6). To assess
130 how other ribosome biogenesis factors affect Str resistance, we tested E. coli mutants that lack
131 rbfA (30S assembly), rimM (30S assembly), rhiE (50S assembly), ksgA (methylation of 16S rRNA),
132  rsgA (30S-dependent GTPase), or srmB (50S assembly) genes. In addition to rimP, deleting rhiE,
133  ksgA, rsgA, or srmB also increased resistance to Str, whereas deleting rbfA or rimM had no effect
134  on Str resistance. These results suggest that multiple, but not all, ribosome biogenesis defects
135 impact resistance to Str.
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136  Discussion

137  Bacteria develop antibiotic resistance through either the acquisition of foreign resistance genes
138 or mutations of endogenous genes (42). The common resistance mechanisms include (a)
139  prevention of access to target, including decreased uptake and increased efflux, (b) mutation or
140  modification of the antibiotic target, and (c) modification and inactivation of the antibiotic (42, 43).
141  All of the above mechanisms have been shown to result in resistance to aminoglycosides, which
142 bind to the ribosome and cause protein mistranslation (42, 44). Unlike other ribosome-targeting
143  antibiotics that are bacteriostatic, aminoglycosides are bactericidal due to their mistranslation-
144  promoting property (4, 9). A recent study shows that aminoglycosides induce clusters of
145 translational errors following the first mistranslation event (9), which promotes protein misfolding
146  and aggregation (11). Aminoglycoside uptake occurs through two energy-dependent phases
147  (EDP) EDPI and EDPII (7). The slow uptake during EDPI requires the proton motive force (PMF)
148  driven by the membrane potential (Ay) and the proton gradient (ApH). The fast uptake during
149 EPDII follows EPDI and depends on the action of aminoglycosides on the ribosome. The
150 commonly accepted model is that aminoglycosides first enter the cytoplasm in EDPI and cause
151 mistranslation of membrane proteins, resulting in membrane leakage and faster uptake in EPDII
152 (6, 7). In the absence of Str, the ArimP, ArsmG, and rpsL* mutants exhibit similar Ay as the WT,
153  as shown by the fluorescence signals of DIBAC4(3) (Fig. 3C), implying that EDPI is not affected
154 by these mutations. However, in the presence of Str, all three mutants display lower entry of
155  DIBAC4(3) into the cells, suggesting less membrane leakage. We also show that deleting rimP or
156  rsmG decreased stop-codon readthrough errors in the presence of Str (Fig. 4). Collectively, our
157 data suggest that RimP and RsmG are critical for sensitizing ribosomes to Str binding and
158  promoting protein mistranslation.

159 RsmG (previously known as GidB) is responsible for the m’G527 modification in the 530
160 loop of 16S rRNA where Str binds (21, 22). Mutations in rsmG have been shown to increase
161  translational fidelity in M. tuberculosis and E. coli (27, 34, 45) and cause Str resistance in M.
162  tuberculosis, E. coli, and S. enterica (18, 20, 21, 27). ltis likely that ribosomes lacking the m’G527
163  modification bind Str with a lower affinity. How ribosome assembly factors (e.g., RimP) affect
164  aminoglycoside binding remains unclear. Cryo-electron microscopy structures of the 30S
165  ribosomal subunit show that RimP interacts with KsgA and delays h44 to recruit uS12 in the
166  decoding center, allowing the 30S to properly mature before assembly into the 70S ribosome (24).
167  Interestingly, deleting ksgA also increases Str resistance in E. coli (Fig. 6). During the assembly
168  of the ribosome, kinetic traps can lead to alternative rRNA conformations (46). It is possible that
169  the 70S ribosomes assembled in the absence of RimP or KsgA may adopt a conformation in the
170  decoding center that decreases the affinity for Str. It would be intriguing to test this model using
171  structural and biophysical analyses in future studies.

172

173

174  Materials and Methods
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175 Bacterial strains, plasmids, growth conditions, and reagents. All Salmonella strains used in
176  this study are derived from S. Typhimurium ATCC 14028s. Bacterial strains and plasmids are
177 listed in Table S1. Gene deletion mutants were constructed by lambda red-mediated
178 recombination as previously described (47), and the oligonucleotides used are listed in Table S2.
179  Unless otherwise noted, all bacteria used in this study were grown in Luria-Bertani (LB) Lennox
180 media containing 10 g/l tryptone, 5 g/l yeast extract, and 5 g/l NaCl. Antibiotics were added when
181 needed (100 pg/ml ampicillin and 25 pug/ml chloramphenicol).

182

183 Laboratory evolution of Str-resistant strains. Briefly, 9 independent populations of S.
184  Typhimurium ATCC 14028s were propagated in 96-well microtiter plates containing 100 ul LB
185 media with Str concentrations ranging from 0.5 to 128 pg/ml. 2 ul of bacterial culture were
186 transferred every 24 h to fresh LB with increasing concentrations of Str. The experiment halted
187  when the evolving populations reached an up to 16-fold increase in resistance relative to the WT
188  ancestor. The isolated clones (M1-M9) were frozen in glycerol stocks at -80°C for further whole-
189 genome sequencing.

190

191  Whole-genome sequencing and identification of mutations. PE150 libraries of the Salmonella
192  strains were prepared and sequenced by Novogene. Reads are deposited in Sequence Read
193  Archive (SRA) under accession number SUB14099288. Reads were trimmed using TrimGalore!
194  and mapped to the genome of S. typhimurium ATCC 14028 (assembly ASM325338v1) using
195 Bowtie2. To identify mutations, we used FreeBayes (https://arxiv.org/abs/1207.3907) for the
196  detection of candidate variants. The Integrated Genome Viewer (https://software.broadinstitute.
197  org/software/igv/download) was used to inspect candidate variants. True mutations were
198 differentiated from sequencing errors and preexisting SNPs by being supported by the consensus
199  of the reads in the evolved isolate(s), but not by the reads from the starting WT strain.

200

201 Growth rate measurement. Overnight cultures were diluted 1:100 in fresh LB in quadruplicates.
202  The cultures were incubated at 37°C for 16 h with shaking, and Asoo measurements were taken
203  every 20 min using a platereader (Synergy HTX, BioTek). The growth rates of the exponential
204  phase were calculated.

205

206  MIC assay. The Salmonella strains were grown overnight in LB medium at 37 °C with shaking.
207  The next day, all cultures were normalized to Asoo ~2.0, and diluted 1:100 in fresh LB. The MICs
208 for different antibiotics were determined by spotting 5 pL of diluted cultures onto LB agar plates
209 with 2-fold increasing concentrations of Str, tetracycline, ciprofloxacin, or ampicillin. The plates
210  were incubated at 37 °C for 1.5 days, and the MICs were set to the lowest concentration of
211 antibiotic with no visible bacterial lawn formation.

212
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213 Spontaneous mutation rates. The rates of mutations leading to high-Str resistance were
214  estimated using fluctuation tests as described (48). Briefly, the Salmonella strains were grown at
215  37°C with continuous shaking. The next day, the normalized cultures were diluted 1:100 in fresh
216 LB and grown aerobically for 2~3 h at 37°C until Asoo reached 0.2—0.4. The resulting cultures were
217  then diluted in LB to approximately 5,000 cells per ml, transferred into 96-well microtiter plates,
218 and incubated for 24 h at 37°C. The cultures of each well were individually plated on LB agar
219  supplemented with 512 ug/ml Str to determine the number of spontaneous mutants that arose
220  during growth. In parallel, the diluted cultures were plated on LB agar to determine the total viable
221 cells. The mutation rate of each tested strain was estimated using the number of Str-resistant
222  mutants divided by the total number of cells.

223

224  Efflux activity assay. Overnight cultures were diluted 1:100 into fresh LB and incubated for 2~3 h
225 at 37°C. All cultures were normalized to Asopo ~0.5, and 100 pl aliquots were transferred to black
226  polystyrene 96-well plates. The cells were incubated with 50 ug/ml Nile red with agitation for 2~3 h
227 at 37°C. The fluorescence intensity was measured in a platereader (Synergy H1, BioTek) using
228  an excitation wavelength of 549 nm and an emission wavelength of 628 nm.

229

230 Membrane potential measurement. Overnight cultures were diluted 1:100 into fresh LB and
231  incubated for 2~3 h at 37°C. All cultures were normalized to Asopo ~0.5 and treated with or without
232 128 or 1024 ug/ml Str. DIBAC4(3) dissolved in dimethyl sulfoxide (DMSQO) was then added to a
233 final concentration of 5 uM, and the fluorescence intensity was monitored every 20 min in a
234  platereader (Synergy H1, BioTek) for 18 h using an excitation wavelength of 493 nm and an
235 emission wavelength of 516 nm. Single-cell fluorescence was measured using the FACSCanto

236 Il flow cytometer at a low flow rate. 30,000 events were collected for each sample, and the FlowJo
237  software was used for further data analysis.
238

239  Streptomycin uptake assay. Overnight cultures were diluted 1:100 into fresh LB and incubated
240 for 2~3 h at 37°C. All cultures were normalized to Aeco ~0.5 and supplemented with 1024 ug/ml
241  Str. Following 3 h of incubation at 37°C with agitation, 1 ml of each culture was harvested by
242  centrifugation, washed three times with phosphate-buffered saline (PBS), and finally resuspended
243  into 300 ul PBS. For estimation of Str uptake, bacterial cells were lysed by sonication and 5 ul of
244  the culture supernatants were spotted on agar plates with an E. coli (MG1655) lawn. Plates were
245  incubated at 37 °C for 1.5 days, and the zones of growth inhibition were compared between WT
246  and the ArimP mutant.

247

248  Fluorescence-based stop-codon readthrough assay. Stop-codon readthrough rates with or
249  without Str were determined using plasmids pZS-Ptet-m-TGA-y, pZS-Ptet-m-y, and pZS-Ptet-lacZ
250 as described (36).

251
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252  Soft-agar motility assay. Overnight cultures were diluted 1:100 into fresh LB and incubated for
253 2~3h at 37°C. All cultures were normalized to Asoo ~0.5. 3 pl of each culture was spotted on LB
254  plates with 0.25% agar, and incubated for 6 h at 37 °C. The diameters of the bacterial rings were
255 measured, and the images were taken in the ChemiDoc Imaging System (Bio-Rad).

256

257 Measurement of promoter activity with a platereader. Overnight cultures were diluted 1:100
258 and grown in LB Miller containing 10 g/l tryptone, 5 g/l yeast extract, and 10 g/l NaCl at 37°C with
259  vigorous shaking. The fluorescence was measured every 20 min using a platereader (Synergy
260 HTX, BioTek) for 24 h under the optimal excitation and emission wavelengths for each
261  fluorescence protein (Ex = 575 nm and Em = 620 nm for mCherry; Ex = 508 nm and Em = 560
262 nm for YFP). The gain was set to 40. The PfilA promoter activity was calculated as the ratio of
263  YFP over mCherry.

264

265 Fluorescence microscopy. Overnight cultures carrying the pZS Ptet-mCherry PfliA-YFP PfliC-
266  eCFP plasmid were diluted 1:50 in LB, and Cells were grown aerobically in LB Miller at 37°C for
267 5h to the early stationary phase prior to imaging. 1 pl of each culture was placed on a 1.5%
268 agarose LB pad on a 12-well slide. Fluorescence images were obtained with a 100 X oil lens
269 using BZ-X800 fluorescence microscope (Keyence). Image analysis was performed using
270  ImagedJd/Fiji (NIH).

271

272  Statistical analysis. The data presented corresponds to the mean with standard deviation (SD)
273  values of at least three biological replicates. The statistical differences were analyzed using One-
274  way ANOVA with Dunnett correction, where P < 0.05 was considered significant (*) and P < 0.001
275  as highly significant (***).

276

277

278  Data Availability

279  Genome sequencing reads are deposited in Sequence Read Archive (SRA) under accession
280 number SUB14099288.

281
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284  Tables S1-S2 and Figure S1-S2.
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427  TABLE 1 Streptomycin, motility, and growth rates of Salmonella variants

Strain Genotype Str MIC Motility Growt_r1| rate
(ug/ml) (mm) (h)

WT S. Typhimurium ATCC 14028s 16 30.0+2.4 2.56 + 0.05
M1 rsmG (G159fs) 2048 32327 2.46 £ 0.01
M2 rsmG (L168stop), fre (P55L) 256 6.5+2.6 2.22+0.14
M3 R (AP;I:,?S\‘;S,)’AQ’;S;Q (A":;;G‘T',) ﬁ;‘;ﬁg' ALl 4096 33+05 256 +0.05
M4 rsmG (G156stop), ubiD (Q78stop) 4096 32+0.2 0.48 £ 0.05
M5 ubiD (Q78stop), sbmA (R165fs) 512 35+04 0.67 + 0.07
M6 ubiD (Q78stop), rimP (G31fs) 4096 3.3+0.2 0.56 + 0.007
M7 rsmG (R101W), ubiD (Q78stop) 4096 3.2+0.2 0.65 + 0.07
M8 rsmG (R101L), cyoB (W203stop) 512 12.8+1.9 2.25 +0.09
M9 rsmG (T22fs), aadA promoter (G to A) 512 30.8+0.9 2.46 +0.14

ArimP rimP::Chl 128 37104 1.78 £ 0.06

ArsmG rsmG::Chl 128 265+1.2 2.44 £ 0.03

428
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431

432  Figure 1. Streptomycin resistance in Salmonella Typhimurium variants. Overnight cultures
433  of Salmonella variants grown in LB without Str were spotted on LB agar plates with various
434  concentrations of Str. All the evolved strains (M1-M9) and rpsL* (carrying a K42N mutation in
435 uS12) grew at 128 ug/ml Str. Deleting flhDC, the master regulator of flagellar genes, did not
436 increase Str resistance. Deleting rsmG or rimP increased the MIC 8-fold. These images are
437  representatives of at least three biological replicates.
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Figure 2. Fluctuation tests of Str resistance. (A) Representative images of colony formation
on LB agar with or without Str. WT, ArimP, and ArsmG Salmonella were grown in LB at 37°C to
the stationary phase and plated. (B) High Str resistance rates were calculated using the ratio of
colony number on LB + Str over that on LB. Each dot represents one biological replicate. Error
bars represent one SD from the mean. The statistical differences between the mutants and the
WT were analyzed using One-way ANOVA with Dunnett correction. *** P < 0.001.
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Figure 3. Membrane depolarization and Str uptake in Salmonella variants. Log-phase
Salmonella cells were treated with or without Str at indicated concentrations and DiBAC4(3). The
fluorescence was determined using (A) flow cytometry, (B) fluorescence microscopy, and (C)
platereader. (D) Zone inhibition of the E. coli lawn by the lysates of WT and ArimP Salmonella
treated with 1024 pg/ml Str. (A), (B), and (D) show representative images of at least three
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453  biological replicates. Error bars in (C) represent one SD from the mean. The statistical differences
454  between the mutants and the WT at the same Str concentration were analyzed using One-way
455  ANOVA with Dunnett correction. *** P < 0.001.
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457

458  Figure 4. UGA readthrough of Salmonella strains. The UGA readthrough of stationary phase
459  Salmonella carrying fluorescence reporters grown in LB with or without Str was calculated as
460 described (36). Error bars represent one SD from the mean. The statistical differences were
461  analyzed using One-way ANOVA with Dunnett correction. *** P < 0.001 comparing the same
462  strain in the presence and absence of Str.
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Figure 5. Motility of WT Salmonella and rimP mutants. (A) Soft-agar motility assay. The
evolved M6 strain carrying a rimP frameshift mutation and the ArimP strain are both defective in
flagellar motility. (B, C) Expression of PfliA in WT and ArimP determined using the platereader or
fluorescence microscopy, respectively. Ptet-mCherry is constitutively expressed and used for
normalization. (A) and (C) show representative images of at least three biological replicates. Error
bars in (B) represent one SD from the mean.
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Figure 6. Growth of WT E. coli (BW25113) and mutants defective in ribosome biogenesis

in the presence and absence of Str. The images are representatives of at least three biological
replicates.
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