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Abstract 23 

The invasive non-typhoidal serovar of Salmonella enterica, namely Salmonella Typhimurium 24 

ST313, causes bloodstream infection in sub-Saharan Africa. Like other bacterial pathogens, 25 

the development of antimicrobial resistance is a severe problem in curing non-typhoidal 26 

Salmonella infection. In this work, we have investigated the role of four prominent outer 27 

membrane porins of S. Typhimurium, namely OmpA, OmpC, OmpD, and OmpF, in resistance 28 

against broad-spectrum β-lactam antibiotics- ceftazidime and meropenem. We found that 29 

deleting OmpA from Salmonella makes the bacteria susceptible to β-lactam drugs. The MIC 30 

for both the antibiotics reduced significantly for STM ΔompA compared to the wild-type and 31 

the ompA complemented strains. Despite the presence of antibiotics, the uninterrupted growth 32 

of STM ΔompC, ΔompD, and ΔompF endorsed the dispensability of these three porins in 33 

antimicrobial resistance. The β-lactam antibiotics caused massive depolarization in the outer 34 

membrane of the bacteria in the absence of OmpA. We have proved that none of the 35 

extracellular loops but the complete structure of perfectly folded OmpA is required by the 36 

bacteria for developing antimicrobial resistance. Our data revealed that STM ΔompA consumed 37 

more antibiotics than the wild-type and the complemented strain, resulting in severe damage 38 

of the bacterial outer membrane and subsequent killing of the pathogen by antibiotic-mediated 39 

oxidative stress. Upon deleting ompA, the steady decrease in the relative proportion of 40 

antibiotic-resistant persisters and the clearance of the STM ΔompA from the liver and spleen 41 

of C57BL/6 mice upon treatment with ceftazidime proved the role of OmpA in rendering 42 

protection against β-lactam antibiotics. 43 

Keywords: Outer membrane protein A, β-lactam antibiotics, ceftazidime, meropenem, 44 

reactive oxygen species (ROS), depolarization, DiBAC4, propidium iodide, persistence.  45 
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Introduction 47 

Salmonella enterica is one of the leading causes of foodborne diseases and associated with 48 

infecting 10% of the population worldwide, with 33 million deaths annually [1]. Salmonella 49 

Typhimurium, the most commonly reported non-typhoidal serovar of this pathogen, causes 50 

self-limiting gastroenteritis in humans and typhoid fever-like symptoms in animals. Every year 51 

1.3 billion cases of Salmonella-related gastroenteritis are reported globally, with approximately 52 

3 million deaths [2]. Salmonella Typhimurium sequence types (ST) 19 and 34 are the primary 53 

reasons for global gastroenteritis [3]. However, bloodstream infection caused by the non-54 

typhoidal Salmonella serovars is also a serious health hazard in sub-Saharan Africa (SSA) [4]. 55 

S. Typhimurium ST313, an invasive non-typhoidal serovar (iNTS) of Salmonella, causes 56 

severe bloodstream infection in malnourished children and HIV-infected adults in SSA and 57 

leads to innumerable deaths annually [5-7]. Over the past thirty years, the rapid emergence and 58 

subsequent global spread of multidrug-resistant Salmonella Typhimurium such as S. 59 

Typhimurium DT104 posed a severe threat to public health [8].   60 

The outer membrane of Gram-negative bacteria is an asymmetrical lipid bilayer that consists 61 

of phospholipids in the inner leaflet and lipopolysaccharides in the outer leaflet. It acts as an 62 

impenetrable barrier and restricts the entry of many antimicrobials [9]. Apart from the 63 

lipopolysaccharides, the outer membrane of Gram-negative bacteria is densely populated with 64 

porins, an outer membrane-bound β barrel protein, which helps in the transportation of salts, 65 

sugars, nutrients, peptides, amino acids, vitamins, etc., across the impermeable outer membrane 66 

of bacteria [10]. Besides having a significant role in transport across the membrane, the porins 67 

maintain the integrity of the bacterial outer membrane. Moreover, Gram-negative bacteria 68 

change their outer membrane permeability using the porins to develop resistance against 69 

antibiotics, antimicrobial peptides, etc., [11, 12]. 70 
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OmpA of Escherichia coli helps the bacteria to build up resistance against β-lactams, 71 

glycopeptides, amphenicol, and licosamides [12]. Conversely, OmpF facilitates the 72 

transportation of β lactam antibiotics across the outer membrane, making the bacteria 73 

susceptible to antibiotic treatment [12]. OmpA is responsible for the multidrug resistance 74 

(MDR) phenotype in Acinetobacter baumannii by providing resistance against nalidixic acid, 75 

chloramphenicol, and aztreonam [13]. The deletion of the OmpA-like domain (amino acids 76 

223-356) from the structure of OmpA increases the susceptibility of Acinetobacter baumannii 77 

towards imipenem, gentamycin, trimethoprim, and aztreonam, suggesting the mechanistic 78 

insight into the drug-resistance of Acinetobacter [14]. On the contrary, it has also been reported 79 

that the OmpA in Acinetobacter baumannii acts as a selective porin, mediating the passage of 80 

ETX2514, a β lactamase inhibitor, and further enhances the antibacterial activity of sulbactam 81 

[15]. The deletion of OmpA from Klebsiella pneumoniae enhances the susceptibility of the 82 

bacteria towards antimicrobial peptides such as polymixin B and protamine [16].  83 

OmpA, OmpC, OmpD, and OmpF are the most abundant porins found on the outer membrane 84 

of Salmonella Typhimurium [17]. Earlier, we reported that OmpA protects the intracellular 85 

Salmonella from nitrosative stress in murine macrophages. The deletion of ompA from 86 

Salmonella resulted in the overexpression of ompC, ompD, and ompF. The same study revealed 87 

that the enhanced expression of OmpF in Salmonella lacking OmpA makes the bacteria 88 

susceptible to in vitro and in vivo nitrosative stress [18]. However, the role of these Salmonella 89 

porins (OmpA, OmpC, OmpD, and OmpF) in antibiotic resistance is yet to be explored. In the 90 

current study, we have investigated the contribution of these porins in promoting bacterial 91 

resistance against two β lactam antibiotics, namely ceftazidime- a third-generation 92 

cephalosporin and meropenem- a carbapenem drug. Both antibiotics can inhibit the growth of 93 

bacteria by interfering with the cell wall biosynthesis after binding to penicillin-binding 94 

proteins [19, 20]. Our data revealed that out of all four porins, only OmpA provides S. 95 
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Typhimurium with a substantial amount of protection against ceftazidime and meropenem. We 96 

found that the externally exposed extracellular loops of OmpA have a very feeble role in 97 

maintaining anti-microbial resistance. Instead, deleting OmpA from Salmonella Typhimurium 98 

facilitated the entry of β-lactam antibiotics into the bacteria and caused a massive disruption in 99 

the outer membrane. To best our knowledge, this is the first study reporting the protective role 100 

of S. Typhimurium OmpA against broad-spectrum β lactam antibiotics. 101 

Results 102 

Deleting OmpA from Salmonella Typhimurium reduces the MIC for β-lactam antibiotics. 103 

Multiple studies have provided substantial evidence on the contributions of porins to maintain 104 

the outer membrane stability of Salmonella Typhimurium during in vitro and in vivo oxidative 105 

and nitrosative stresses [17, 18]. However, the precise role of S. Typhimurium outer membrane 106 

porins, namely OmpA, OmpC, OmpD, and OmpF, in antimicrobial resistance is yet to be 107 

tested. We tested the sensitivity of STM (WT), ΔompA, ΔompC, ΔompD, and ΔompF against 108 

two broad-spectrum β lactam antibiotics, namely ceftazidime and meropenem [19, 20]. Our 109 

data revealed that the deletion of OmpA from Salmonella has a tremendous impact on the 110 

ability of the bacteria to survive during antibiotic stress.  111 

The enhanced sensitivity of the ompA knockout bacteria in the presence of ceftazidime and 112 

meropenem suggested a protective role of OmpA against the cell wall biosynthesis inhibitors 113 

(Figure 1A and 1B). Surprisingly the deletion of other major porins of bacterial outer 114 

membrane- OmpC, OmpD, and OmpF did not show any significant growth inhibition when 115 

incubated with increasing concentrations of ceftazidime (Figure 1A) and meropenem (Figure 116 

1B). Resazurin assay was performed to validate this observation, which helped us estimate the 117 

viability of the bacteria in the presence of ceftazidime (Figure S1A and 1B) and meropenem 118 

(Figure S2A and S2B). The percent viability of the OmpA deficient Salmonella was 119 
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significantly reduced (49.8%) compared to the wild-type Salmonella (80.8%) in the presence 120 

of 0.5 µg/ mL concentration of ceftazidime (Figure S1A and S1B). Likewise, when the 121 

bacteria were treated with 0.125 µg/ mL concentration of meropenem, we observed a severely 122 

compromised viable population of STM ΔompA (37.5%) compared to the STM (WT) (88.4%) 123 

(Figure S2A and S2B). The MIC of ceftazidime and meropenem for wild-type Salmonella 124 

spp. are 1 and 2 µg/ mL, respectively [21]. Altogether, our data suggested that the deletion of 125 

OmpA from Salmonella Typhimurium reduced its MIC for ceftazidime to 0.5 µg/ mL and 126 

meropenem to 0.125 µg/ mL. On the contrary, the ompC, ompD, and ompF knockout strains 127 

exhibited an uninterrupted growth in increasing concentrations of both antibiotics, which 128 

endorsed the dispensability of these porins in developing antimicrobial resistance in 129 

Salmonella Typhimurium. While incubating with the sub-lethal concentrations of ceftazidime 130 

and meropenem, the partial recovery of the bacterial growth in ompA complemented strain of 131 

Salmonella strongly supported our previous observations (Figure 1C and 1D). These results 132 

helped us conclude that, indeed, outer membrane protein A (OmpA) is required by Salmonella 133 

Typhimurium to build up resistance against β-lactam antibiotics. 134 

The β-lactam antibiotics enhanced depolarization of the bacterial outer membrane in the 135 

absence of OmpA. 136 

Antimicrobial peptides kill bacterial pathogens by causing depolarization of the bacterial outer 137 

membrane [22-25]. Antibiotics such as ramoplanin, a peptidoglycan biosynthesis of the Gram-138 

positive bacteria, can cause membrane depolarization in Staphylococcus aureus [26]. We 139 

hypothesized that the enhanced antibiotic-dependent killing of STM ΔompA is because of the 140 

greater depolarization of the bacterial outer membrane. A dye named DiBAC4 was used to 141 

measure the outer membrane depolarization of the bacteria treated with antibiotics. When the 142 

bacterial outer membrane is depolarized, the negative charge density of the bacterial cytoplasm 143 
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reduces, which facilitates the entry and accumulation of DiBAC4 into the cell. To test our 144 

hypothesis, STM (WT), ΔompA, and ΔompA: pQE60- ompA, incubated with the increasing 145 

concentrations of β-lactam drugs, were treated with DiBAC4. The extent of membrane 146 

depolarization was measured by quantifying the DiBAC4 positive population with flow 147 

cytometry (Figure 2). Deleting OmpA from Salmonella did not depolarize the outer membrane 148 

without antibiotics (Figure 2A.II and 2B.II). But when the ompA knockout bacterial cells 149 

were incubated with three different concentrations of ceftazidime (Figure 2A.III, 2A.IV, 150 

2A.V, and 2A.VI), there was massive induction of outer membrane depolarization (Figure 151 

2A.III- 36.33%, 2A.IV- 47.18%, 2A.V- 53.96%, and 2A.VI-cumulative trend) compared to 152 

the wild-type (Figure 2A.III- 20.74%, 2A.IV- 31.19%, 2A.V- 29.31%, and 2A.VI-cumulative 153 

trend) and the complemented strains (Figure 2A.III- 15.4%, 2A.IV- 30.83%, and 2A.V- 154 

35.34%, and 2A.VI-cumulative trend). To see whether a similar kind of effect was exerted by 155 

meropenem, STM (WT), ΔompA, and ΔompA: pQE60-ompA were treated with 0.01, 0.03, and 156 

0.06 µg/ mL concentrations of meropenem (Figure 2B). In line with our expectations, an 157 

elevated depolarization in the outer membrane of STM ΔompA (Figure 2B.III-35.93%, 2B.IV-158 

44.08%, and 2B.V-49.83%, and 2B.VI-cumulative trend) than STM (WT) (Figure 2B.III-159 

30.62%, 2B.IV-37.58% and 2B.V-36.06%, and 2B.VI-cumulative trend) upon meropenem 160 

treatment was observed. The complementation of ompA in knockout bacteria efficiently 161 

reversed the depolarization phenotype (Figure 2B.III-8.26%, 2B.IV- 8.48%, and 2B.V-162 

22.07%, and 2B.VI- cumulative trend). With an increase in the sub-lethal concentrations of β 163 

lactam drugs, the consistent elevation in the DiBAC4 positive population of STM ΔompA 164 

compared to the wild-type and complemented strains suggested that the lack of OmpA 165 

enhances the outer membrane permeability of the bacteria in response to antibiotics. 166 

None of the extracellular loops but the complete structure of OmpA shields the bacteria 167 

from antibiotic-mediated outer membrane depolarization.  168 
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The β sheets of OmpA are connected to each other by four externally exposed extracellular 169 

loops. Earlier, we have reported that introducing mutations in these extracellular loops doesn’t 170 

alter the folding, expression, and outer membrane localization of OmpA in Salmonella 171 

Typhimurium [27]. We hypothesized that these extracellular loops could compensate for the 172 

function of whole OmpA in developing antibiotic resistance in Salmonella. By site-directed 173 

mutagenesis, multiple mutations were introduced to the loops of OmpA, and the loop mutants 174 

(STM ΔompA:pQE60-ompA-L1-1, ΔompA:pQE60-ompA-L1-2, ΔompA:pQE60-ompA-L2-1, 175 

ΔompA:pQE60-ompA-L2-2, ΔompA:pQE60-ompA-L3-1, and ΔompA:pQE60-ompA-L4-1) 176 

were subsequently subjected to antibiotic treatment (Figure 3A and 3B). Surprisingly, it was 177 

observed that tampering with the loops didn’t exhibit any considerable impact on the survival 178 

of the bacteria in the presence of antibiotics (Figure 3A and 3B). As we have observed earlier, 179 

the growth of STM ΔompA was inhibited at lower concentrations (<MIC) of ceftazidime 180 

(Figure 3A) and meropenem (Figure 3B) compared to the wild-type and the complemented 181 

strain. However,  compared to STM ΔompA, the better survival of the OmpA extracellular loop 182 

mutants in the presence of β-lactam drugs proved that none of these extracellular loops could 183 

compensate for the role of perfectly folded whole OmpA in defending the bacteria from 184 

antibiotics. To validate this observation, the outer membrane depolarization of the ompA 185 

deficient Salmonella was measured along with the wild-type, complemented, and loop mutant 186 

strains by DiBAC4 staining (Figure 3C, 3D, and 3E). Compared to the wild-type (ceftazidime-187 

11.66% and meropenem-26.89%) and the complemented (ceftazidime-4.07% and meropenem-188 

30.67%) strains, STM ΔompA showed enhanced outer membrane depolarization (ceftazidime-189 

17.76% and meropenem-38.68%) upon ceftazidime and meropenem treatment, which was 190 

significantly reduced in the OmpA loop mutants (ceftazidime-  STM ΔompA:pQE60-ompA-191 

L1-1- 3.93%, ΔompA:pQE60-ompA-L1-2- 4.31%, ΔompA:pQE60-ompA-L2-1- 6.22%, 192 

ΔompA:pQE60-ompA-L2-2- 6.64%, ΔompA:pQE60-ompA-L3-1- 7.44%, & ΔompA:pQE60-193 
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ompA-L4-1- 11.27% and meropenem- STM ΔompA:pQE60-ompA-L1-1- 25.9%, 194 

ΔompA:pQE60-ompA-L1-2- 27.39%, ΔompA:pQE60-ompA-L2-1- 12.56%, ΔompA:pQE60-195 

ompA-L2-2- 0.26%, ΔompA:pQE60-ompA-L3-1-23.7%, & ΔompA:pQE60-ompA-L4-1- 196 

3.66%) (Figure 3C, 3D and 3E). This result was further corroborated by estimating the percent 197 

viability of the wild-type, knockout, complemented, and OmpA loop mutant strains under 198 

ceftazidime treatment by resazurin assay (Figure 3F). The better survival of the wild-type, 199 

complemented and loop mutant strains compared to STM ΔompA after ceftazidime treatment 200 

strongly suggested that the complete OmpA is required for antimicrobial resistance in 201 

Salmonella Typhimurium.    202 

The enhanced uptake of β-lactam antibiotics by STM ΔompA caused severe damage to 203 

the bacterial outer membrane and made the bacteria susceptible to ROS.  204 

We further hypothesized that the enhanced uptake of β-lactam antibiotics by STM ΔompA 205 

results in the damage of the bacterial outer membrane, which eventually induces the 206 

depolarization of the bacterial outer membrane. To prove the increased consumption of 207 

antibiotics, the log-phase culture of STM (WT), ΔompA, and ΔompA:pQE60-ompA were 208 

treated with a very high concentration of meropenem (100-150 µg/ mL) for an hour and the 209 

remaining concentration of meropenem in the culture was quantified by HPLC to estimate the 210 

antibiotic consumption by bacteria (Figure 5A and 5B). In line with our expectation, we have 211 

found that the remaining concentration of meropenem for STM ΔompA containing media was 212 

significantly lower than the wild-type bacteria, suggesting a higher intake of antibiotics by the 213 

mutant bacteria (Figure 5A and 5B). To show the membrane disruption of Salmonella upon 214 

antibiotic treatment, all three bacterial strains were subjected to the increasing concentration of 215 

meropenem (0, 0.01, 0.03, and 0.06 µg/ mL) (Figure 5C). Our data revealed that in the absence 216 

of antibiotics, the bacterial DNA (green) was tightly enclosed by an intact outer membrane 217 
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(Figure 5C). The increasing concentration of meropenem caused massive damage to the outer 218 

membrane of STM ΔompA compared to the wild-type and the complemented strains (Figure 219 

5C), which ultimately resulted in the release of bacterial DNA, followed by the death of the 220 

bacteria. To validate this observation, we assessed the morphology of the bacteria treated with 221 

0.03 µg/ mL concentration of meropenem by atomic force microscopy (Figure 5D). In 222 

continuation with the previous observation, we have found that the meropenem treatment 223 

severely impaired the morphology of STM ΔompA compared to the wild-type and the 224 

complemented strain (Figure 5D). Altogether, our data suggest that the β-lactam antibiotics 225 

can induce immense disruption of the outer membrane of Salmonella Typhimurium in the 226 

absence of OmpA. Irrespective of their mode of action, most bactericidal antibiotics induce 227 

oxidative stress to kill bacterial pathogens [28]. The produced ROS can oxidize bacterial 228 

genomic DNA, membrane lipids, cellular proteins, etc. [29]. Both ceftazidime and meropenem 229 

can produce ROS while inhibiting bacterial growth. Apart from binding to the penicillin-230 

binding proteins of rapidly dividing bacterial cells, ceftazidime can cause the oxidation of 231 

bacterial membrane lipids and the DNA bases [30]. The ROS-inducing ability of meropenem 232 

has also been tested in the case of another Gram-negative pathogen, Burkholderia cepacia and 233 

Escherichia coli [31, 32]. We have performed DCFDA staining of the bacteria and quantified 234 

the generation of intracellular ROS upon antibiotic treatment by flow cytometry. Treating the 235 

wild-type and ompA knockout bacteria with sub-lethal concentrations of ceftazidime (0.25 µg/ 236 

mL) and meropenem (0.01 µg/ mL) produced a comparable amount of ROS. Upon ceftazidime 237 

treatment for 18 to 24 hours, 64.33% of the STM (WT) and 64.26% of the STM ΔompA 238 

produced ROS (Figure S3A.I, S3A.II, and S3A.III). At the same time, 12.8% of the wild-239 

type and 11.29% of the ompA knockout bacteria had ROS when they were incubated with 240 

meropenem (Figure S3B.I, S3B.II, and S3B.III). We further concluded that irrespective of 241 

the presence or absence of OmpA, the bacteria experience equivalent amount of oxidative 242 
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stress upon antibiotic treatment. However, the higher outer membrane depolarization in the 243 

absence of OmpA makes the bacteria highly susceptible to antibiotic-dependent oxidative 244 

damage.  245 

The absence of OmpA in Salmonella Typhimurium results in the enhanced killing of the 246 

bacteria in the presence of β-lactam antibiotics. 247 

We further wanted to correlate the impact of antibiotic-mediated membrane depolarization and 248 

subsequent oxidative damage with the survival of the bacteria. To investigate bacterial survival, 249 

we have stained the bacteria with propidium iodide (PI), which can cross the dead bacteria's 250 

fragile outer membrane and enter the cell to bind the DNA and RNA [33]. STM (WT), ΔompA, 251 

and ΔompA: pQE60-ompA were incubated with increasing concentrations of ceftazidime (0.25, 252 

0.5, and 1 µg/ mL) (Figure 5A) and meropenem (0.01, 0.03, and 0.06 µg/ mL) (Figure 5B) 253 

and treated with propidium iodide at end of the incubation period to quantify the PI-positive 254 

dead bacterial population by flow cytometry. It was observed that in all three concentrations of 255 

ceftazidime (Figure 5A.III, 5A.IV, 5A.V, and 5A.VI) and meropenem (Figure 5B.III, 5B.IV, 256 

5B.V, and 5B.VI) mentioned above, a significantly greater percentage of STM ΔompA 257 

(ceftazidime- Figure 5A.III- 80.76%, 5A.IV- 83.34%, 5A.V- 82.31%, & 5A.VI- cumulative 258 

trend and meropenem- Figure 5B.III- 28.31%, 5B.IV- 38.55%, and 5B.V- 42.66%, & 5B.VI- 259 

cumulative trend) takes up propidium iodide compared to the STM (WT) (ceftazidime- Figure 260 

5A.III- 66.72%, 5A.IV- 66.99%, 5A.V- 76.16%, & 5A.VI- cumulative trend and meropenem- 261 

Figure 5B.III- 3.86%, 5B.IV- 25.25%, and 5B.V- 20.26%, & 5B.VI- cumulative trend) and 262 

ΔompA: pQE60-ompA (ceftazidime- Figure 5A.III- 45.61%, 5A.IV- 72.8%, 5A.V- 73.91%, 263 

& 5A.VI- cumulative trend and meropenem- Figure 5A.III- 5.22%, 5B.IV- 25.75%, and 264 

5B.V- 32.92%, & 5B.VI- cumulative trend), suggesting an enhanced killing of STM ΔompA 265 

by ceftazidime and meropenem-induced outer membrane depolarization. The significant 266 
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increase in the PI-positive percent population of STM ΔompA affirmed the protective role of 267 

OmpA against the antibiotic-driven membrane disruption in Salmonella Typhimurium. Earlier, 268 

our data revealed that administration of β-lactam antibiotics against the wild type and OmpA 269 

mutant Salmonella Typhimurium produced an equivalent amount of ROS. Compared to STM 270 

ΔompA, the reduced killing of STM (WT) and ΔompA: pQE60-ompA strongly proved that the 271 

presence of OmpA helps the bacteria to fight against oxidative stress by maintaining the 272 

stability of the bacterial outer membrane during antibiotic stress. 273 

The administration of ceftazidime cleared bacterial infection from C57BL/6 mice more 274 

efficiently than meropenem. 275 

Besides antimicrobial resistance, bacterial cells have developed alternative strategies to survive 276 

antibiotic stress. Prolonged treatment of antibiotics to the infected hosts can generate antibiotic 277 

persisters which, constitute the transiently drug-tolerant phenotypic variants within isogenic 278 

populations. However, they do not proliferate in the presence of antibiotics, much in contrary 279 

to antibiotic-resistant bacteria [34, 35]. To date, the persisters are generally perceived as non-280 

growing or slow-growing cells, and the reduced activity of antibiotic targets provides for their 281 

antibiotic tolerance [36, 37]. The bacteria can induce persistence and become resistant to 282 

antibiotic therapy by depolarizing the membrane potential [38]. However, the impact of outer 283 

membrane depolarization in the persistence of Salmonella Typhimurium is yet to be 284 

investigated. Our study demonstrated that the deletion of OmpA resulted in a significant 285 

increase in the outer membrane depolarization of STM ΔompA compared to STM (WT) in the 286 

presence of ceftazidime (0.25 µg/ml, 0.5 µg/ml, 1 µg/ml) and meropenem (0.01 µg/ml, 0.03 287 

µg/ml, 0.06 µg/ml). Hence, we hypothesized that the increased membrane depolarization of 288 

STM ΔompA will help in developing antibiotic persistence. Much in contrary, we found that 289 

deletion of OmpA resulted in lesser percent viability of persisters as compared to wild-type in 290 

both planktonic (Figure 6A) as well as in biofilm (Figure 6C) culture following prolonged 291 
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ceftazidime (50 µg/ml- 50X of MIC) treatment. However, no significant difference was 292 

reflected in the percent viability of STM (WT) and STM ΔompA in both planktonic (Figure 293 

6B) and biofilm (Figure 6D) cultures following exposure to meropenem (50 µg/ml- 25X of 294 

MIC). We hypothesized that during ceftazidime treatment, the greater reduction in the persister 295 

population of OmpA deficient Salmonella might lead to better clearance of the bacteria from 296 

in vivo infection model. To verify this hypothesis, we have subjected 4 to 6 weeks old C57BL/6 297 

mice infected with 106 CFU of wild-type and mutant bacteria to the treatment of β lactam 298 

antibiotics (Figure 6E- 6G). Ceftazidime and meropenem (5 mg/ kg of body weight) were 299 

administered in the infected mice on the 2nd and 4th-day post-infection by intraperitoneal 300 

injection (Figure 6E). On the 5th-day post-infection, the mice were sacrificed, the liver and 301 

spleens were isolated, homogenized, and the organ lysate was plated to enumerate the bacterial 302 

load. In line with our expectation, it was found that, unlike meropenem, the administration of 303 

ceftazidime efficiently reduced the burden of STM ΔompA in the liver and spleen of C57BL/6 304 

mice compared to the antibiotic-untreated mice (Figure 6F and 6G).  305 

5.4 Discussion 306 

The rapid emergence of drug resistance phenotype in non-typhoidal serovars of Salmonella is 307 

a significant obstacle in curing Salmonella-induced foodborne illness with antibiotic therapy. 308 

Invasive non-typhoidal Salmonella serovars, such as S. Typhimurium ST313, are responsible 309 

for bloodstream infection amongst the malnourished children and adults of sub-Saharan Africa 310 

[5]. Recent studies have revealed the appearance of XDR S. Typhimurium ST313 in Africa, 311 

possessing MDR, extended-spectrum β-lactamase, and azithromycin resistance, which has 312 

posed a significant threat to global health [4]. The evolution of the pathogen due to genome 313 

degradation has been assumed to be the primary reason behind the generation of antibiotic-314 

resistant phenotypes [39]. The emergence of the MDR phenotype in another non-typhoidal 315 

Salmonella serovar Salmonella Typhimurium DT104 has also been reported. The infection in 316 
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humans and cattle caused by this pathogen is mediated by Salmonella Genomic Island-1 (SGI-317 

1), which confers protection against a wide range of antibiotics, encompassing ampicillin (pse-318 

1), chloramphenicol/florfenicol (floR), streptomycin/ spectinomycin (aadA2), sulfonamides 319 

(sul1), and tetracycline (tetG) (ACSSuT) [40, 41].  Tigecycline and carbapenem are the latest 320 

anti-Salmonella drugs used to treat MDR and XDR typhoid fever. However, the continuous 321 

adaptation of the pathogen creates a potential risk of developing resistance against 322 

recommended antibiotics in the future, which further provides an opportunity to study new 323 

drugs and their potential target in detail. Gram-negative bacterial pathogens like Escherichia 324 

coli, Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa, etc., use 325 

outer membrane-bound porins for various purposes, starting from maintaining the outer 326 

membrane stability to developing antibiotic resistance by regulating the permeability [9, 12, 327 

13, 15, 16, 42-46].  328 

In the current study, we have tried to delineate the contributions of the most abundant outer 329 

membrane porins of Salmonella Typhimurium such as OmpA, OmpC, OmpD, and OmpF in 330 

developing resistance against two β-lactam antibiotics, namely ceftazidime and meropenem. 331 

Ceftazidime and meropenem inhibit the biosynthesis of bacterial cell walls after binding to the 332 

penicillin-binding proteins [19, 47]. We have exposed the ompA, ompC, ompD, and ompF 333 

knockout strains of Salmonella to increasing concentrations of these drugs. It was found that 334 

the MIC of both the antibiotics reduces for the ompA knockout Salmonella compared to the 335 

wild-type and other porins (ompC, ompD, and ompF) knockout strains, suggesting that 336 

Salmonella Typhimurium OmpA plays an essential role to protect the pathogen from the β-337 

lactam antibiotics. Despite the presence of the antibiotic, the partial reversal of the growth 338 

inhibition phenotype in ompA complemented strain further supported our conclusion. 339 

Salmonella Typhimurium OmpA has a unique structure. It has an outer membrane-bound β 340 

barrel subunit, which has four externally exposed extracellular loops and a periplasmic subunit 341 
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that interacts with the peptidoglycan layer [17]. Compared to other porins, namely OmpC, 342 

OmpD, and OmpF, the smaller pore size of OmpA might be associated with slowing down the 343 

entry of antibiotic molecules across the bacterial outer membrane and protecting the bacteria. 344 

As the β-lactam antibiotics inhibit the biosynthesis of the bacterial cell walls, we hypothesized 345 

that in the absence of OmpA, these antibiotics would cause extensive damage to the bacterial 346 

external envelope. We measured the membrane disruption of the bacteria using a dye named 347 

DiBAC4, which enters the cell only when the cytosol has a higher positive charge due to outer 348 

membrane depolarization. The damaged outer membrane and cell wall facilitate the inflow of 349 

cations and reduce the cytosol's negative charge density, making it accessible towards DiBAC4. 350 

We found a negligible depolarization of the bacterial outer membrane when the β-lactam 351 

antibiotics were absent in the media, suggesting that the deletion of ompA itself is not lethal to 352 

the bacteria. The uninterrupted planktonic growth of STM (WT) and ΔompA in LB (data not 353 

shown) and MH broth (in the MIC determination experiment) proved our conviction to be true. 354 

We have also found a steady rise in membrane depolarization of all three bacterial strains with 355 

increased antibiotic concentrations. However, the membrane depolarization of STM ΔompA 356 

was significantly higher than the wild-type, and OmpA complemented strains in all three 357 

concentrations of antibiotics.  358 

We further wanted to delineate the role of externally exposed extracellular loops of OmpA in 359 

antimicrobial resistance. In our previous study, we have proved that introducing mutations to 360 

the extracellular loops of OmpA can’t reduce the stability of the Salmonella outer membrane 361 

[27].  Our current study revealed that contrary to STM ΔompA, the OmpA loop mutants could 362 

resist antibiotic-mediated membrane depolarization and subsequent growth inhibition of the 363 

bacteria like wild-type and complemented strains. This result led us to assume that the fully 364 

folded, membrane-embedded, and functionally active structure of OmpA is required to 365 

maintain the outer membrane stability of Salmonella during antibiotic stress. We further 366 
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speculated that the higher membrane depolarization of STM ΔompA could give rise to 367 

enhanced uptake of antibiotics, followed by severe damage of the bacterial morphology. Our 368 

experiments revealed that STM ΔompA takes up more antibiotic from the media than the wild-369 

type and the complemented strains. Our confocal microscopy and atomic force microscopy 370 

results strongly supported the severe damage of the bacterial membrane in the absence of 371 

OmpA during antibiotics treatment. Irrespective of the target specificity, the bactericidal 372 

antibiotics produce reactive oxygen species to kill the bacterial pathogens [48]. To test this 373 

hypothesis, we quantified the external ROS generated by treating the wild type and ompA 374 

knockout Salmonella with a sub-lethal concentration of both antibiotics by DCFDA staining. 375 

The incubation of bacterial strains with antibiotics produced a comparable amount of ROS 376 

between the wild-type and the mutant Salmonella. However, we concluded that the STM 377 

ΔompA strain could not tolerate the oxidative stress generated by antibiotic treatment, unlike 378 

the STM (WT), which is the most probable reason behind its remarkable growth inhibition 379 

phenotype in response to the antibiotics. 380 

Hence, we further looked into establishing a correlation between the bacterial outer membrane 381 

damage and viability in the presence and absence of antibiotics. We have stained the antibiotic-382 

treated and untreated bacterial cells with propidium iodide to quantify the percentage of dead 383 

bacteria. Incubating STM ΔompA with increasing concentrations of β-lactam drugs increased 384 

the bacterial killing compared to the wild-type and complemented strains. Since previous 385 

studies in Escherichia coli and Staphylococcus aureus have demonstrated the association of 386 

membrane depolarization with the emergence of antibiotic persister population, we decided to 387 

extend the findings in the Salmonella Typhimurium model. Much in disparity, we found that 388 

the deletion of ompA from Salmonella resulted in decreased persister cell levels till 72h post-389 

exposure to ceftazidime (50 µg/ml) and both in planktonic and biofilm cultures. Since deletion 390 

of ompA is also associated with increased cell death upon exposure to similar concentrations 391 
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of ceftazidime (0.25 µg/mL, 0.5 µg/mL, 1 µg/mL), bacterial cell death might be overriding the 392 

antibiotic persistence. To support our in vitro observation, we further focused on verifying the 393 

ability of β-lactam drugs in clearing the bacterial infection in in vivo infection model. 4-6 weeks 394 

old C56BL/6 mice were infected with wild-type and ompA deficient Salmonella. The antibiotic 395 

treatment was started on the 2nd-day post-infection for the disease manifestation. Our data 396 

depicted that the administration of ceftazidime can reduce the burden of STM ΔompA 397 

compared to antibiotic-untreated mice, suggesting that Salmonella Typhimurium OmpA plays 398 

a crucial role in protecting the bacteria from β-lactam antibiotics.    399 

To the best of our knowledge, we are reporting for the first time that apart from maintaining 400 

the stability of the bacterial outer membrane, OmpA directly takes part in antimicrobial 401 

resistance in Salmonella Typhimurium. The other major outer membrane porins (OmpC, 402 

OmpD, and OmpF) of Salmonella with larger pore sizes, don’t have any significant role in 403 

developing resistance against β-lactam drugs. In the absence of OmpA, bacteria consume more 404 

β-lactam drugs causing extensive damage to the bacterial outer membrane and making the 405 

bacteria highly susceptible to antibiotic-mediated oxidative stress.  406 

Materials and methods 407 

Bacterial strains, media, and culture conditions 408 

The wild-type (WT) bacteria, Salmonella enterica serovar Typhimurium strain 14028S used in 409 

this study was a generous gift from Professor Michael Hensel, Department of Microbiology, 410 

University of Osnabruck, Germany. All the bacterial strains used in this study were revived 411 

from glycerol stock (stored in -800C) and plated either only on LB agar (purchased from 412 

HiMedia) (for the wild-type Salmonella) or LB agar along with appropriate antibiotics like- 413 

kanamycin (50 μg/mL- for the ompA knockout strains), chloramphenicol (25 μg/mL- for the 414 

ompC, ompD, and ompF knockout strains), and ampicillin (50 μg/mL- for the complemented 415 
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and the OmpA loop mutant strain). The complete list of bacterial strains used in this study has 416 

been listed below. (Description in Table 1). For all the experiments, a single bacterial colony 417 

from the LB agar plates (with or without antibiotics) was inoculated into the LB broth, followed 418 

by overnight incubation. The overnight-grown stationary phase culture was further subcultured 419 

at a 1: 100 ratio in a fresh LB tube and allowed to grow for 6 hours so that the bacteria attain 420 

the log phase. The OD of the bacterial cells was normalized to 0.1, which corresponds to 106 421 

CFU of bacteria. This normalized culture was used for all the experiments mentioned below. 422 

Determination of the minimal inhibitory concentration (MIC) of ceftazidime and 423 

meropenem 424 

The log phase cultures of STM (WT), ΔompA, ΔompA:pQE60-ompA, ΔompC, ΔompD, ΔompF, 425 

ΔompA:pQE60-ompA-L1-1, ΔompA:pQE60-ompA-L1-2, ΔompA:pQE60-ompA-L2-1, 426 

ΔompA:pQE60-ompA-L2-2, ΔompA:pQE60-ompA-L3-1, and ΔompA:pQE60-ompA-L4-1 (OD 427 

adjusted to 0.1) were used to determine the MIC of ceftazidime and meropenem. A working 428 

stock of ceftazidime (concentration- 256 µg/ mL) was prepared in cation-adjusted Muller-429 

Hinton broth and serially diluted in the wells of a 96-well plate with freshly prepared 430 

(autoclaved) Muller- Hinton broth to produce 100 µL volume of the following concentrations 431 

256-, 128-, 64-, 32-, 16-, 8-, 4-, 2-, 1-, 0.5-, and 0 µg/ mL, respectively. 100 µL of bacterial 432 

cultures where the OD was normalized to 0.1, were added in each well of the 96-well plate, 433 

which made the final volume of the media 200 µL per well, with ceftazidime concentrations as 434 

follows 128-, 64-, 32-, 16-, 8-, 4-, 2-, 1-, 0.5-, 0.25-, and 0 µg/ mL, respectively. For 435 

meropenem, the final concentrations in each well were kept as follows 8-, 4-, 2-, 1-, 0.5-, 0.25-436 

, 0.125-, 0.06-, 0.03-, 0.01-, and 0 µg/ mL, respectively. Two wells- one with antibiotic and the 437 

other without any antibiotic, were kept in the same plate without any inoculation as blanks. 438 

The plates were incubated for 18 to 24 hours in a shaking incubator at 370C temperature at 170 439 

rpm. At the end of the incubation period, the plates were subjected to OD measurement by a 440 
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TECAN microplate reader to investigate the bacterial growth inhibition and MIC 441 

determination.  442 

Determination of bacterial viability by resazurin assay 443 

The log phase cultures of STM (WT), ΔompA, ΔompC, ΔompD, ΔompF, ΔompA:pQE60-ompA-444 

L1-1, ΔompA:pQE60-ompA-L1-2, ΔompA:pQE60-ompA-L2-1, ΔompA:pQE60-ompA-L2-2, 445 

ΔompA:pQE60-ompA-L3-1, and ΔompA:pQE60-ompA-L4-1 (OD adjusted to 0.1) were used to 446 

determine the viability in the presence or absence of ceftazidime and meropenem. The bacterial 447 

cells were subjected to increasing concentrations of antibiotic treatment (protocol mentioned 448 

above) for 16 to 18 hours. At the end of the incubation period, 20 µL of resazurin solution from 449 

a stock of 0.2 mg/ mL was added to the bacterial suspensions present in the wells of 96-well 450 

plate and further incubated for 2 hours in dark conditions. The fluorescence intensity of 451 

resazurin (excitation- 540 nm and emission- 590 nm) was measured with the help of a TECAN 452 

microplate reader. The fluorescence intensity obtained from the well without any antibiotic was 453 

considered a hundred percent viable, and the percent viability for the antibiotic-treated samples 454 

was calculated. 455 

Determination of the ROS generation upon antibiotic treatment 456 

The log phase cultures of STM (WT) and ΔompA were used to determine ROS generation in 457 

the presence or absence of ceftazidime and meropenem. The bacterial cells (prepared according 458 

to the protocol mentioned above) were incubated with sub-lethal concentrations of ceftazidime 459 

(0.25 µg/ mL) and meropenem (0.01 µg/ mL) for 18 to 24 hours. At the end of the incubation 460 

period, the cells were treated with DCFDA (10 µM) for 15 minutes and washed with sterile 461 

PBS once. The washed cells were immediately subjected to analysis by flow cytometry (BD 462 

FACSVerse by BD Biosciences-US) using 492 excitation and 517 emission channels, 463 

respectively. The results were analyzed by BD FACSuite software. 464 
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Measurement of outer membrane depolarization 465 

The depolarization of bacterial outer membrane upon antibiotic treatment was measured using 466 

a dye called DiBAC4. The log phase cultures of STM (WT), ΔompA, ΔompA:pQE60-ompA, 467 

ΔompA:pQE60-ompA-L1-1, ΔompA:pQE60-ompA-L1-2, ΔompA:pQE60-ompA-L2-1, 468 

ΔompA:pQE60-ompA-L2-2, ΔompA:pQE60-ompA-L3-1, and ΔompA:pQE60-ompA-L4-1 were 469 

prepared according to the aforementioned protocol. The bacterial cells were incubated with 470 

increasing concentrations of ceftazidime and meropenem for 18 to 24 hours. At the end of the 471 

incubation period, the cells were treated with DiBAC4 (1 µg/ mL) for 15 minutes and washed 472 

with sterile PBS once. The washed cells were immediately subjected to analysis by flow 473 

cytometry (BD FACSVerse by BD Biosciences-US), and the results were analyzed by BD 474 

FACSuite software. 475 

Measurement of the dead bacterial population 476 

Propidium iodide (working concentration- 1µg/ mL) was used to estimate the bacterial death 477 

upon antibiotic treatment. Propidium iodide is an intercalating dye that enters the dead bacterial 478 

cells and binds to the bases of DNA. The propidium iodide bound to the DNA starts fluorescing. 479 

The bacterial cells were incubated with increasing concentrations of meropenem for 18 to 24 480 

hours. At the end of the incubation period, the cells were treated with propidium iodide for 15 481 

minutes and washed with sterile PBS once. The washed cells were immediately subjected to 482 

analysis by flow cytometry (BD FACSVerse by BD Biosciences-US), and the results were 483 

analyzed by BD FACSuite software. 484 

Measuring the entry of meropenem by HPLC 485 

HPLC from Agilent Technologies (1120 Compact LC) with a C18 column as a stationary phase 486 

(at 300C) was used to quantify the meropenem uptake by the bacteria. A mixture of 0.1% 487 
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aqueous acetic acid (solution A) and methanol (solution B) was used as a mobile phase with a 488 

gradient program (Description in Table 2). The flow rate of the mobile phase was kept at 1 mL/ 489 

minute for chromatographic separation. The detection wavelength for meropenem was fixed at 490 

300 nm. The elution of meropenem happened in between 13-14 minutes. The standard curve 491 

was formulated with known concentrations of meropenem (5, 25, 50, 75, and 100 µg/ mL). The 492 

Muller-Hinton broth without any antibiotic was used as a blank. The area under the peak was 493 

calculated to estimate the availability of meropenem and plotted against the antibiotic 494 

concentration to form the straight line. The exponentially growing cultures of STM (WT), 495 

ΔompA, and ΔompA:pQE60-ompA (~ 107 CFU of bacteria) were subjected to the treatment with 496 

a very high dose of meropenem (concentration ~ 100-150 µg/ mL). One hour after incubation 497 

at 370C, we have harvested the cells by centrifugation at 5000 rpm for 20 minutes. The culture 498 

supernatant was collected and filter-sterilized. 20 µL of this culture supernatant was used to 499 

quantify the remaining concentration of meropenem. The results obtained from the instrument 500 

were analyzed by EZChrome Elite software, and the area under the curve was measured for 501 

estimating the concentration of available antibiotics in the media.     502 

Assessing the damage of the bacterial envelope (cell wall and cell membrane) by confocal 503 

LASER scanning microscopy (CLSM) 504 

To study the outer membrane damage of the bacteria upon treatment with antibiotics, the wild-505 

type, mutant, and complemented strains of Salmonella were subjected to increasing 506 

concentrations of meropenem. After 16 hours of incubation, the antibiotic-treated or untreated 507 

bacterial cells were fixed with 3.5% PFA. To stain the outer membrane of the bacteria, the 508 

fixed bacterial cells were incubated with FM 4-64 (excitation/ emission- 514/640 nm) (0.01 509 

µg/ mL) for 30 minutes. The DNA of the bacterial cells was visualized by DAPI staining (0.01 510 

µg/ mL). The images were acquired and analyzed by confocal laser scanning microscopy 880 511 

(ZEISS) and ZEN black software. 512 
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Assessing the bacterial morphology by atomic force microscopy (AFM) 513 

The exponential phase cultures of STM (WT), ΔompA, and ΔompA:pQE60-ompA were 514 

subjected to the treatment with a sublethal concentration of meropenem (0.03 µg/ mL). 515 

Antibiotic untreated cells were also allowed to grow under similar growth conditions. 16 to 18 516 

hours post-infection; the cells were fixed with 3.5% PFA and washed with double autoclaved 517 

Milli-Q water. The washed cells were further diluted by four folds with Milli-Q water. A 100 518 

µL of this diluted sample was dropcasted on sterile glass coverslips. The completely airdried 519 

sample on the coverslip was taken to NX10 Atomic Force Microscope (AFM) for image 520 

acquisition.      521 

Animal experiments 522 

4 to 6 weeks old C57BL/6 mice were infected with 106 CFU of wild type and ΔompA. For the 523 

manifestation of the disease, the mice were kept undisturbed for a day. On the 2nd-day post-524 

infection, the infected mice were administered with ceftazidime and meropenem (5 mg/ kg of 525 

body weight) separately. The antibiotic treatment was provided on every alternative day. 526 

Antibiotic untreated mice were kept as controls. On the 5th-day post-infection, the mice were 527 

sacrificed, and the infected organs such as the liver and spleen were collected. The organs were 528 

homogenized with sterile glass beads, and the lysates were plated on Salmonella Shigella agar 529 

plates to enumerate the bacterial load. The CFU obtained after plating was normalized with the 530 

weight of the individual organs, and the log value of the normalized CFU was plotted. 531 

Statistical analysis 532 

Each experiment has been independently repeated (with at least two biological replicates) 533 

multiple times (The n=technical replicates and N= biological replicates have been mentioned 534 

in the figure legends wherever applicable). The graphs and the statistics were formulated by 535 
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GraphPad Prism 8.4.3 software with the help of the numerical data points obtained from 536 

different experiments. For multiple comparisons (data points obtained from the growth 537 

inhibition experiment, percent viability calculation for the porin knockout strains, cumulative 538 

trend of membrane depolarization, and bacterial death), 2wayANOVA was used. To quantify 539 

the HPLC data, the estimation of percent viability for the OmpA loop mutants and the 540 

calculation of the persister population unpaired students t-test were used. In all the cases, the p 541 

values below 0.05 were considered significant. The results are expressed as mean ± SEM. 542 

Differences between experimental groups were deemed to be significant for p< 0.05. 543 

Abbreviations 544 

STM: Salmonella Typhimurium 545 

OmpA: Outer membrane protein A 546 

OmpC: Outer membrane protein C 547 

OmpD: Outer membrane protein D 548 

OmpF: Outer membrane protein F 549 

MHB: Muller-Hinton broth 550 

PFA: Para-formaldehyde 551 

FM4-64: N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) Hexatrienyl) 552 

Pyridinium Dibromide 553 

DAPI: 4′,6-diamidino-2-phenylindole 554 

ROS: Reactive oxygen species 555 

DiBAC4: Bis-(1,3-Dibutylbarbituric Acid)Trimethine Oxonol 556 

HPLC: High performance liquid chromatography 557 
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Table 1. Strains used in this study 558 

Strains/ plasmids Characteristics Source/ references 

Salmonella enterica serovar 

Typhimurium ATCC 

strain14028S 

Wild type (WT) 

 

Gifted by Prof. M. Hensel 

S. Typhimurium ΔompA KanR Laboratory stock 

S. Typhimurium ΔompA: 

pQE60-ompA 

KanR, AmpR Laboratory stock 

S. Typhimurium ΔompA: 

pQE60 

KanR, AmpR Laboratory stock 

S. Typhimurium ΔompC ChlR Laboratory stock 

S. Typhimurium ΔompD KanR Laboratory stock 

S. Typhimurium ΔompF ChlR Laboratory stock 

S. Typhimurium ΔompA: 

pQE60-ompA L1-1 

KanR, AmpR Laboratory stock 

S. Typhimurium ΔompA: 

pQE60-ompA L1-2 

KanR, AmpR Laboratory stock 

S. Typhimurium ΔompA: 

pQE60-ompA L2-1 

KanR, AmpR Laboratory stock 
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S. Typhimurium ΔompA: 

pQE60-ompA L2-2 

KanR, AmpR Laboratory stock 

S. Typhimurium ΔompA: 

pQE60-ompA L3-1 

KanR, AmpR Laboratory stock 

S. Typhimurium ΔompA: 

pQE60-ompA L4-1 

KanR, AmpR Laboratory stock 

 559 

Table 2. The gradient program of the mobile phase used for HPLC 560 

Time in minutes Solution A 

(0.1% aqueous acetic acid) 

Solution B 

(Methanol) 

0 95% 5% 

2 95% 5% 

18 75% 25% 

20 75% 25% 

25 50% 50% 

28 50% 50% 

29 95% 5% 

35 95% 5% 
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Figure Legends 707 

Figure 1.  708 

Deletion of OmpA from Salmonella Typhimurium reduced the minimal inhibitory 709 

concentration (MIC) for β-lactam antibiotics.  710 

Determination of minimal inhibitory concentration (MIC) for β-lactam antibiotics (A) 711 

ceftazidime (N=7) and (B) meropenem (N=4) for STM (WT), ΔompA, ΔompC, ΔompD, and 712 
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ΔompF growing in cation-adjusted Mueller-Hinton broth. Studying the growth inhibition of 713 

STM (WT), ΔompA, and ΔompA:pQE60-ompA, growing in cation-adjusted Mueller-Hinton 714 

broth in the presence of varying concentrations of (C) ceftazidime (N=6) and (D) meropenem 715 

(N=4).  716 

(P) *< 0.05, (P) **< 0.005, (P) ***< 0.0005, (P) ****< 0.0001, ns= non-significant, (2way 717 

ANOVA). 718 

Figure 2.  719 

STM ΔompA showed enhanced outer membrane depolarization compared to the wild-720 

type and complemented strain in the presence of β-lactam antibiotics.  721 

Measuring the outer membrane depolarization of STM (WT), ΔompA, and ΔompA:pQE60-722 

ompA, growing in cation-adjusted Mueller-Hinton broth in the presence of increasing 723 

concentrations of (A) ceftazidime (A.I- autofluorescence, A.II- no-antibiotic control, A.III- 724 

0.25, A.IV- 0.5, A.V- 1 µg/ mL, and A.VI- cumulative trend, n=2, N=5) and (B) meropenem 725 

(B.I- autofluorescence, B.II- no-antibiotic control, B.III- 0.01, B.IV- 0.03, and B.V- 0.06 µg/ 726 

mL, B.VI- cumulative trend, n=2, N=7) by DiBAC4 staining by flow cytometry. The final 727 

concentration of DiBAC4 used to measure the membrane depolarization was 1 µg/ mL. The 728 

representative image corresponds to one single experiment from the independently done 729 

experiments. The dot plot (SSC-A Vs. DCFDA-A) and the histogram (Count Vs. DCFDA-A) 730 

have been obtained from BD FACSuite software. 731 

(P) *< 0.05, (P) **< 0.005, (P) ***< 0.0005, (P) ****< 0.0001, ns= non-significant, (2way 732 

ANOVA). 733 

Figure 3.  734 
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None of the extracellular loops but the complete OmpA protects Salmonella from β-735 

lactam drugs. 736 

Examining the inhibition of the in vitro growth of STM (WT), ΔompA, ΔompA:pQE60-ompA, 737 

ΔompA:pQE60-ompA-L1-1, ΔompA:pQE60-ompA-L1-2, ΔompA:pQE60-ompA-L2-1, 738 

ΔompA:pQE60-ompA-L2-2, ΔompA:pQE60-ompA-L3-1, and ΔompA:pQE60-ompA-L4-1 739 

growing in MH broth in the presence of (A) ceftazidime (N=5) and (B) meropenem (N=5). (C) 740 

The estimation of the outer membrane depolarization of STM (WT), ΔompA, ΔompA:pQE60-741 

ompA, ΔompA:pQE60-ompA-L1-1, ΔompA:pQE60-ompA-L1-2, ΔompA:pQE60-ompA-L2-1, 742 

ΔompA:pQE60-ompA-L2-2, ΔompA:pQE60-ompA-L3-1, and ΔompA:pQE60-ompA-L4-1 in 743 

the presence of ceftazidime (0.25 µg/ mL) and meropenem (0.03 µg/ mL) by flowcytometry 744 

(n=2, N=3). The dot plot (SSC-A Vs. DCFDA-A) and the histogram (Count Vs. DCFDA-A) 745 

have been obtained from BD FACSuite software. The graphical representation of DiBAC4 746 

positive population for (D) ceftazidime and (E) meropenem. The measurement of the percent 747 

viability of STM (WT), ΔompA, ΔompA:pQE60-ompA, ΔompA:pQE60-ompA-L1-1, 748 

ΔompA:pQE60-ompA-L1-2, ΔompA:pQE60-ompA-L2-1, ΔompA:pQE60-ompA-L2-2, 749 

ΔompA:pQE60-ompA-L3-1, and ΔompA:pQE60-ompA-L4-1 upon ceftazidime treatment by 750 

resazurin assay (n=2, N=3).  751 

(P) *< 0.05, (P) **< 0.005, (P) ***< 0.0005, (P) ****< 0.0001, ns= non-significant, 752 

(unpaired student’s t-test). 753 

Figure 4. 754 

β-lactam antibiotics-dependent damage of the bacterial outer membrane. 755 

The (A) graphical representation and (B) the quantification of the amount of antibiotics 756 

entering the log phase cultures of STM (WT), ΔompA, ΔompA:pQE60-ompA growing for an 757 
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hour in Muller-Hinton broth (N=4). (C) Pictorial representation of the outer membrane damage 758 

of STM (WT), ΔompA, and ΔompA:pQE60-ompA, growing in the presence of increasing 759 

concentrations of meropenem (0, 0.01, 0.03 and 0.06 µg/ mL, respectively) (N=3). The outer 760 

membrane and the DNA of the bacteria were stained with FM 4-64 (red) and DAPI (green- 761 

pseudo colour), respectively. The representative image represents one single experiment of 762 

three independently done experiments. (Scale bar= 5 µm). (D) Atomic force micrograph to 763 

study the bacterial morphology in the presence and absence of meropenem. A 20X20 µm2  area 764 

from each coverslip having dried bacterial samples (antibiotic treated or untreated) were used 765 

for image acquisition. 766 

(P) *< 0.05, ns= non-significant, (unpaired student’s t-test). 767 

Figure 5. 768 

After β-lactam antibiotic treatment, the cell death indeced in STM ΔompA was more 769 

compared to the wild-type and the complemented strain. 770 

Estimating the death of STM (WT), ΔompA, and ΔompA:pQE60-ompA, growing in cation-771 

adjusted Mueller-Hinton broth in the presence of increasing concentrations of (A) ceftazidime 772 

(A.I- autofluorescence, A.II- no-antibiotic control, A.III- 0.25, A.IV- 0.5, A.V- 1 µg/ mL, and 773 

A.VI- cumulative trend, n=2, N=3) and (B) meropenem (B.I- autofluorescence, B.II- no-774 

antibiotic control, B.III- 0.01, B.IV- 0.03, and B.V- 0.06 µg/ mL, B.VI- cumulative trend, N=3) 775 

by propidium iodide staining by flow cytometry. The final concentration of propidium iodide 776 

used to measure the membrane percent cell death was 1 µg/ mL. The representative image 777 

corresponds to one single experiment from the independently done experiments. The dot plot 778 

(SSC-A Vs. DCFDA-A) and the histogram (Count Vs. DCFDA-A) have been obtained from 779 

BD FACSuite software. 780 
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(P) *< 0.05, (P) **< 0.005, (P) ***< 0.0005, (P) ****< 0.0001, ns= non-significant, (2way 781 

ANOVA). 782 

Figure 6. 783 

Organ burden of STM (WT) and ΔompA under the treatment of ceftazidime and 784 

meropenem (5 mg/ kg of body weight). 785 

(A-D) Calculating the antibiotic tolerant persister fraction of STM (WT) and ΔompA growing 786 

in planktonic culture (A-B) and bioflim (C-D) in the presence of ceftazidime (A and C) and 787 

meropenem (B and D) for 72 hours (n=2, N=3). (E-G) 4–6-week-old C57BL/6 mice were 788 

infected with 106 CFU of STM (WT) and STM ΔompA (n=5). The mice were treated with 789 

ceftazidime and meropenem (5 mg/ kg of body weight) on the specified days (E). On the 5th 790 

day post infection, the mice were sacrificed. The liver (F) and spleen (G) were collected and 791 

homogenised. The cell lysates were plated to enumerate the load of bacteria in each organ. The 792 

CFU obtained from the liver and spleen were normalised with the weight of the individual 793 

organs. 794 

(P) *< 0.05, (P) **< 0.005, (P) ***< 0.0005, (P) ****< 0.0001, ns= non-significant, (2way 795 

ANOVA). 796 

Supplementary Figures 797 

Figure S1. 798 

Estimating the percent viability of bacteria in the presence of ceftazidime by resazurin 799 

assay.  800 
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(A) Determination of the percent viability of STM (WT), ΔompA, ΔompC, ΔompD, and ΔompF 801 

growing in cation-adjusted Mueller-Hinton broth in the presence of ceftazidime by resazurin 802 

assay (N=3). (B) The pictorial representation of antibiotic treated or untreated STM (WT), 803 

ΔompA, ΔompC, ΔompD, and ΔompF in the rpesensence of resazurin.  804 

(P) *< 0.05, (P) **< 0.005, (P) ***< 0.0005, (P) ****< 0.0001, ns= non-significant, (2way 805 

ANOVA). 806 

Figure S2. 807 

Estimating the percent viability of bacteria in the presence of meropenem by resazurin 808 

assay.  809 

(A) Determination of the percent viability of STM (WT), ΔompA, ΔompC, ΔompD, and ΔompF 810 

growing in cation-adjusted Mueller-Hinton broth in the presence of meropenem by resazurin 811 

assay (N=3). (B) The pictorial representation of antibiotic treated or untreated STM (WT), 812 

ΔompA, ΔompC, ΔompD, and ΔompF in the rpesensence of resazurin.  813 

(P) *< 0.05, (P) **< 0.005, (P) ***< 0.0005, (P) ****< 0.0001, ns= non-significant, (2way 814 

ANOVA). 815 

Figure S3. 816 

Exposure of the wild-type and the ompA knockout strains of Salmonella Typhimurium to 817 

the sublethal concentration of β-lactam antibiotics resulted in the generation of 818 

comparable amount of ROS.  819 

Studying the generation of ROS in STM (WT) and ΔompA, growing in cation-adjusted 820 

Mueller-Hinton broth in the presence of sublethal concentrations of β lactam antibiotics - (A.I-821 

A.III) ceftazidime (0.25 µg/ mL) and (B.I- B.III) meropenem (0.01 µg/ mL) by DCFDA 822 
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staining by flow cytometry (N=2). The final concentration of DCFDA used to measure the 823 

ROS burden of bacteria was 10 µM. The representative image corresponds to one single 824 

experiment of two independently done experiments. 825 

The dot plot (SSC-A Vs. DCFDA-A) and the histogram (Count Vs. DCFDA-A) have been 826 

obtained from BD FACSuite software. 827 

Figure S4. 828 

Generation of the standard curve with the known concentrations of meropenem in 829 

Muller-Hinton broth. 830 

The standard curve was constructed with known concentrations of meropenem (0, 5, 25, 50, 831 

75, and 100 µg/ mL) in the Muller-Hinton broth. (A) The area under the peak was calculated 832 

to estimate the availability of the antibiotic and (B) plotted against the antibiotic concentration 833 

to form the straight line.   834 
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