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Abstract 43 

The Enterobacter cloacae complex (ECC) consists of closely-related, but genetically distinct 44 

bacteria commonly associated with the human microbiota. ECC have been increasingly isolated 45 

from healthcare-associated infections, demonstrating that these Enterobacteriaceae are emerging 46 

nosocomial pathogens. ECC strains can rapidly acquire multidrug resistance to conventional 47 

antibiotics. Cationic antimicrobial peptides (CAMPs) have served as therapeutic alternatives 48 

because they target the highly conserved lipid A component of the Gram-negative outer 49 

membrane to lyse the bacterial cell. Many Gram-negative Enterobacteriaceae fortify their outer 50 

membrane with cationic amine-containing moieties to protect from CAMP-inflicted lysis. The 51 

PmrAB two-component system (TCS) transcriptionally activates 4-amino-4-deoxy-L-arabinose	52 

(L-Ara4N)	biosynthesis to result in amine moiety addition to lipid A in many Enterobacteriaceae 53 

such as E. coli and Salmonella. In contrast, PmrAB in E. cloacae is dispensable for CAMP 54 

resistance. Instead, fitness against CAMPs presents as heteroresistance, or a subpopulation of 55 

cells that exhibit clinically significant increases in resistance levels compared to the majority 56 

population. We demonstrate that E. cloacae lipid A is modified with L-Ara4N to induce CAMP 57 

heteroresistance and that the regulatory mechanism is independent of the PmrABEcl TCS. We 58 

show that the response regulator, PhoPEcl, directly binds to the arnBEcl promoter to induce 59 

expression of L-Ara4N biosynthesis and PmrAB-independent addition to the lipid A 60 

disaccharolipid. Therefore, we have identified a mechanism of ECC colistin heteroresistance that 61 

directly involves the PhoPQ system. 62 

 63 

 64 

 65 
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Importance  66 

Members of the Enterobacter cloacae complex (ECC) are Gram-negative nosocomial pathogens 67 

that have emerged within healthcare facilities around the world. ECC infections are associated 68 

with immunocompromised patients and infections are often life threatening. The cationic 69 

antimicrobial peptide, colistin (polymyxin E), is a last-line treatment option to combat Gram-70 

negative multidrug resistant infections. However, many ECC intrinsically encode a colistin 71 

heteroresistance mechanism. Our analysis to characterize colistin heteroresistance in E. cloacae 72 

revealed that 4-amino-4-deoxy-L-arabinose is conjugated to the lipid A disaccharolipid to protect 73 

from colistin-mediated lysis. Additionally, this mechanism is directly regulated by the PhoPQEcl 74 

two-component system. Elucidation of outer membrane antimicrobial resistance modifications 75 

and their regulatory pathways in E. cloacae isolates will advance our understanding of CAMP 76 

heteroresistance. 77 

 78 

 79 

 80 

 81 

 82 

 83 
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Introduction	89 

Gram-negative bacteria assemble a highly conserved outer membrane (OM) barrier, which 90 

restricts diffusion of toxins such as antibiotics into the cell. Glycerophospholipids comprise the 91 

periplasmic monolayer of the asymmetric lipid bilayer, while the surface-exposed monolayer is 92 

enriched with lipopolysaccharide (LPS). The LPS glycolipid is organized into three domains; the 93 

O-antigen carbohydrate repeat, core oligosaccharide, and the membrane anchor, lipid A (1). The 94 

lipid A domain is the bioactive portion of LPS and robustly activates the human Toll-like 95 

receptor 4 (TLR-4) and myeloid differentiation factor 2 (MD-2) immune complex to induce an 96 

immune response (1–4). Gram-negative pathogens encode highly conserved regulatory 97 

mechanisms to promote survival by responding to immune and environmental signals (5–7). 98 

Specific signaling pathways regulate lipid A modifications to alter TLR-4/MD-2 recognition and 99 

to fortify the OM against immune effectors and antimicrobials, which promotes survival in the 100 

host (8).	101 

Lipid A modification enzymes are transcriptionally regulated by two-component systems 102 

(TCS) (9, 10). A prototypical TCS consists of an inner membrane sensor histidine kinase (HK) 103 

that senses a specific signal and a cognate cytoplasmic response regulator (RR), which alters 104 

expression of target genes. Signal recognition induces phosphotransfer and activation of the 105 

cognate RR, which typically results in DNA binding to alter gene expression (11). Most HKs 106 

encode a phosphatase domain that dephosphorylates the RR when the activating signal is 107 

depleted (6, 12). These highly conserved signaling systems enable bacteria to tightly regulate 108 

expression of target genes. 109 

The PmrAB and PhoPQ TCSs are well-studied phosphorelay signaling systems that 110 

regulate lipid A modifications in response to specific environmental signals (13–15). PmrAB and 111 
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PhoPQ are highly conserved among pathogenic Enterobacteriaceae, including Citrobacter, 112 

Escherichia, Klebsiella, Salmonella, and Shigella (5). PmrAB responds to high Fe3+ 113 

concentrations, cationic antimicrobial peptides (CAMPs), and slightly acidic pH to directly 114 

activate eptA (also known as pmrC) and arn operon expression (16–18), which encode 115 

phosphoethanolamine (pEtN) and 4-amino-4-deoxy-L-arabinose (L-Ara4N) transferases, 116 

respectively (19–22). Both enzymes transfer the respective amine-containing chemical moiety 117 

onto lipid A at the inner membrane, prior to LPS surface transport (19, 22). Cationic amine 118 

addition to the lipid A domain of LPS neutralizes the surface charge to protect the cell from 119 

CAMP-mediated lysis (19, 21). 120 

PhoPQ is activated in response to depletion of divalent cations such as Mg2+ and Ca2+ and 121 

the presence of CAMPs (13, 15, 23). PhoPQ phosphotransfer directly activates transcription of 122 

genes encoding PagL (only in Salmonella (8)) and PagP, which add or remove acyl chains from 123 

lipid A, respectively (13, 24–26). While the PmrAB and PhoPQ TCSs each regulate distinct 124 

subsets of genes, the independent signaling pathways also converge through crosstalk (27, 28); 125 

PmrAB-dependent gene expression is also indirectly regulated by the PhoPQ TCS through the 126 

intermediate protein, PmrD. PmrD binds phospho-PmrA to prevent PmrB-mediated 127 

dephosphorylation (27, 29–31). Constitutive PmrA-dependent gene expression increases pEtN 128 

and L-Ara4N lipid A modifications. 129 

The Enterobacter cloacae complex (ECC) is composed of thirteen closely-related Gram-130 

negative bacterial clusters (designated C-I to C-XIII) (32). ECC are typically associated with the 131 

host microbiota, but many clusters cause hospital-acquired infections, especially in 132 

immunocompromised patients (33). Infections manifest in a wide range of host tissues with 133 

symptoms including skin, respiratory tract, urinary tract, wound and blood infections (34). ECC 134 
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infections have increasingly emerged in nosocomial settings and are problematic because they 135 

encode multidrug resistance (MDR) mechanisms, which limits treatment options (33, 35–37). 136 

Alternative last-line therapeutics used to treat MDR Gram-negative infections include the 137 

CAMP, colistin (polymyxin E), which binds the lipid A portion of LPS to perturb the outer 138 

membrane and lyse the bacterial cell. Despite the success of colistin treatment as a last-line 139 

therapeutic to combat Gram-negative infections (38, 39), many ECC clusters demonstrated 140 

heteroresistance, where a subset of the clonal population is colistin resistant (35, 40–42). We do 141 

not fully understand the underlying molecular mechanism(s) that regulate colistin 142 

heteroresistance in ECC; further characterization will advance our understanding of 143 

antimicrobial resistance and could help improve treatment strategies. 144 

Previous reports showed that colistin heteroresistance naturally occurs within clonal ECC 145 

clusters, including E. cloacae (cluster XI)  (35). Moreover, colistin heteroresistance in E. cloacae 146 

was induced by innate immune defenses within a murine infection model to lead to treatment 147 

failure (40). Transcriptional analysis of susceptible and resistant populations suggested that pEtN 148 

and L-Ara4N lipid A modifications contribute to heteroresistance (40) and PhoPQ contributed to 149 

regulation (35, 40), as described in other Enterobacteriaceae (5). However, it was not established 150 

that the lipid A modifications actually occur, nor has PhoPQ-dependent, PmrAB-independent 151 

regulation of colistin heteroresistance been fully described in E. cloacae or other ECC isolates. 152 

Herein, we demonstrate that E. cloacae colistin heteroresistance is directly regulated by 153 

PhoPQEcl to induce L-Ara4N modification of lipid A. In contrast, many other Enterobacteriaceae 154 

directly regulate L-Ara4N modification of lipid A via the PmrAB TCS. The PhoPEcl response 155 

regulator directly binds to the promoter region of arnBEcl, which is the first gene of a seven-gene 156 

operon (arnBCADTEFEcl). In contrast, PhoPEcl does not bind the arnB promoter region in E. coli. 157 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/516872doi: bioRxiv preprint 

https://doi.org/10.1101/516872


	 7	

Transcriptomics analysis supports a model of PhoPQ-dependent, PmrAB-independent arnEcl 158 

regulation. Furthermore, L-Ara4N modification of lipid A increased in response to growth in 159 

limiting Mg2+, which induced colistin resistance in a PhoPQEcl-dependent manner.  160 

	161 

Results  162 

Colistin heteroresistance in E. cloacae is regulated by PhoPQEcl, but not PmrABEcl. 	163 

To elucidate the underlying mechanisms that regulate colistin heteroresistance in ECC, we 164 

analyzed a collection of E. cloacae subsp. cloacae strain ATCC 13047 genetic mutants by 165 

calculating the colony forming units (CFUs) during exponential growth in the absence and 166 

presence of colistin (Fig 1A). While wild type and all mutant E. cloacae strains grew in standard 167 

growth media, ∆phoPQEcl was not viable when 10 µg/ml of colistin was added to the media. 168 

Clinical resistance to colistin is defined as >4 µg/ml (43). The decrease in ∆phoPQEcl cell 169 

viability suggested that PhoPQEcl signaling is required for colistin heteroresistance. Interestingly, 170 

viability was not altered when the ∆pmrABEcl mutant was grown in colistin, which implied that 171 

PmrABEcl does not regulate colistin heteroresistance. Furthermore, wild type E. cloacae grown in 172 

colistin demonstrated approximately ten-fold less CFUs at hour two (P value <0.05), suggesting 173 

that there was a survival defect in early logarithmic growth phase. However, the fitness defect 174 

was no longer significant at hour three and by hour four, CFUs were equivalent to growth 175 

without colistin (Fig 1A).  176 

Due to reports of colistin heteroresistance in E. cloacae and other ECC strains (35, 40), 177 

we subjected wild type, ∆phoPQEcl, ∆phoPQEcl/pPhoPQEcl, and ∆pmrABEcl E. cloacae to colistin 178 

E-test strip analysis, which provides a convenient method to observe heteroresistance (Fig S1). 179 

Squatter colonies within the zone of inhibition indicated colistin heteroresistance in wild type, 180 
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∆phoPQEcl/pPhoPQEcl, and ∆pmrABEcl strains, but not ∆phoPQEcl. We confirmed colistin 181 

heteroresistance using population analysis profiling (PAP) (Table 1). Minimal inhibitory 182 

concentration (MIC) values were calculated using the broth microdilution (BMD) method (Table 183 

1). Wild type, ∆phoPQEcl/pPhoPQEcl, and ∆pmrABEcl E. cloacae all demonstrated MICs >256 184 

µg/ml, while the ∆phoPQEcl, ∆phoPQEcl/pPhoPQH277A, ∆phoPQEcl/pPhoPD56AQ and ∆arnEcl 185 

(arnBCADTEFEcl) MIC was 0.5 µg/ml. Together, these studies confirm that PhoPQEcl signal 186 

transduction and the arnEcl biosynthetic operon (L-Ara4N) are required for colistin 187 

heteroresistance in E. cloacae. 188 

Since lipid A modifications induce colistin resistance in pathogenic Enterobacteriaceae 189 

(5), we analyzed wild type and mutant E. cloacae lipid A for modifications. 32P-radiolabelled 190 

lipid A was isolated and chromatographically separated based on hydrophobicity. As controls, 191 

we also analyzed lipid A from E. coli strain W3110 (Fig 1B, lane 1), which does not significantly 192 

modify its lipid A, and strain WD101(Fig 1B, lane 9), which constitutively expresses pmrA to 193 

produce modified lipid A (19). Thin layer chromatography (TLC) analysis indicated that wild 194 

type E. cloacae produced a mixture of lipid A consistent with modified and unmodified species 195 

(Fig 1B, lane 2). ∆phoPQEcl and the ∆arnEcl strains did not produce modified lipid A (Fig 1B, 196 

lanes 3 and 8). PhoPQ complementation fully restored production of modified lipid A in the 197 

phoPQ mutant (Fig 1B, lane 4). Furthermore, site-directed mutagenesis to substitute H277 in 198 

PhoQEcl or D57 in PhoPEcl with alanine limited lipid A assembly to only unmodified species (Fig 199 

1B lanes 5 and 6). These results confirm that PhoPQEcl phosphotransfer and L-Ara4N 200 

biosynthesis are essential for lipid A modification in E. cloacae.  201 

Indirect PhoPQ regulation of lipid A modifications have been described and are 202 

conserved among Enterobacteriaceae (5). PhoPQ directly activates PmrD expression, which 203 
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binds PmrA to induce PmrAB-dependent pEtN and L-Ara4N lipid A modifications (27). In 204 

contrast, E. cloacae does not encode a PmrD homolog (44). Furthermore, the pmrABEcl mutant 205 

assembled a modified lipid A, similar to wild type (Fig 1B, lane 7), and exhibited colistin 206 

heteroresistance (Fig 1A, Table 1, Fig S1A), suggesting that PmrABEcl does not regulate colistin 207 

heteroresistance in E. cloacae. Our data contrasts with previous reports describing lipid A 208 

modification regulatory pathways in other Enterobacteriaceae, which cannot modify lipid A with 209 

L-Ara4N or pEtN when PmrAB signaling is disrupted (19–22, 27). 210 

The lipid A anchor of LPS is a pathogen associated molecular pattern (PAMP) that is 211 

bound with high affinity by the mammalian host TLR-4/MD-2 complex (45), which activates a 212 

proinflammatory response to clear the bacterial infection (46). Structural alterations to lipid A 213 

can dramatically alter TLR-4/MD-2-dependent host immune activation (2) and a previous report 214 

nicely demonstrated that E. cloacae colistin heteroresistance was induced by innate immune 215 

effectors (40). Therefore, we examined if E. cloacae containing modified or unmodified lipid A 216 

would differentially activate TLR-4/MD-2 in a human embryonic kidney reporter cell line 217 

(HEK-blue) (2). Wild type and phoPQEcl mutant strains stimulated TLR-4/MD-2-dependent 218 

activation equally (Fig S1B), suggesting that lipid A modifications do not significantly alter host 219 

immune recognition. Reporter activation by E. cloacae lipid A was attenuated compared to E. 220 

coli lipid A at higher cell densities, suggesting differential recognition by the human TLR-4/MD-221 

2 complex. The Gram-positive Staphylococcus aureus did not produce lipid A and did not 222 

stimulate the TLR-4/MD-2 complex (Fig S1B). Thus, while PhoPQEcl-dependent lipid A 223 

modifications contribute to CAMP resistance in E. cloacae, they do not significantly affect 224 

innate immune recognition and reactivity. 225 

 226 
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Determination of E. cloacae lipid A modifications.   227 

In order to define outer membrane modifications in E. cloacae, we isolated lipid A from wild 228 

type and ∆phoPQEcl. Purified lipid A was analyzed by direct infusion nanoESI. The MS1 spectra 229 

with a range of m/z 750-2000 are shown in Figure S2. The expanded MS1 spectrum (m/z 850-230 

1200) of lipid A isolated from wild type E. cloacae demonstrated three distinct modifications: (i) 231 

addition of either one or two L-Ara4N moieties (red), (ii) palmitate (C16:0) addition (green), and 232 

(iii) hydroxylation (Fig 2A) The MS1 spectrum of lipid A isolated from ∆phoPQEcl did not 233 

produce L-Ara4N modified lipid A (Fig 2B). Hydroxyl addition was not labeled for simplicity, 234 

but correlates with a m/z shift of 8 of the doubly-charged molecular ions. Higher-energy 235 

collisional dissociation (HCD) and ultraviolet photodissociation (UVPD) MS/MS spectra were 236 

obtained for the ions of m/z 1042.68 and 1161.79 from wild type and the ions of m/z 911.62 and 237 

1030.73 from ∆phoPQ E. cloacae (Fig S3, S4, S5 and S6). Analysis of the MS/MS spectra from 238 

wild type (m/z 1042.68) indicated PhoPQEcl-dependent addition of L-Ara4N at both the 1- and 4’-239 

phosphates (Fig S3). The MS/MS spectra for the ion of m/z 1161.79 (wild type E. cloacae) 240 

showed addition of L-Ara4N at both the 1- and 4’-phosphates and palmitate addition to the R-2-241 

hydroxymyristate (Fig S4). Analysis of lipid A from the phoPQEcl mutant (m/z 911.62) 242 

completely lacked L-Ara4N modified lipid A (Fig S5) and analysis of the m/z 1030.73 ion from 243 

the phoPQEcl mutant demonstrated that palmitate addition at the R-2-hydroxymyristate position 244 

of lipid A occurred independent of PhoPQEcl (Fig S6).  245 

Based on transcriptomics studies, a previous report suggested that E. cloacae adds pEtN 246 

and L-Ara4N to lipid A to develop colistin heteroresistance (40). However, our genetic and high 247 

resolution mass spectrometry analysis demonstrate that only L-Ara4N modifies the 1- and 4’-248 

phosphates of lipid A in a PhoPQEcl-dependent manner (Fig 2A and B) and this amine-containing 249 
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modification correlates with colistin heteroresistance (Fig 1A and Table 1).  250 

 251 

L-Ara4N lipid A modifications are dependent on PhoPQEcl, but not PmrABEcl. 252 

To further characterize lipid A modifications in the ∆pmrABEcl mutant, we analyzed purified 253 

lipid A using MALDI-TOF mass spectrometry. While wild type E. cloacae produced a lipid A 254 

mixture, which included L-Ara4N modified lipids (Fig S7A and B), analysis of ∆phoPQEcl and 255 

∆arnEcl indicated that L-Ara4N modified lipid A were not present. Expression of PhoPQEcl in 256 

trans restored L-Ara4N modified lipid A in the phoPQEcl mutant. Importantly, ∆pmrABEcl 257 

produced the L-Ara4N modification, similar to wild type (Fig S7A). The m/z of each prominent 258 

peak in our MALDI-MS analysis corresponded with the exact mass of an expected structure with 259 

only the L-Ara4N-containing structures demonstrating colistin resistance (Fig S7B). Here, we 260 

confirmed that L-Ara4N modification of lipid A in E. cloacae is not dependent on PmrABEcl.  261 

 262 

PhoPEcl directly binds to the arnBEcl promoter. 263 

The arn operon is composed of seven genes and expression is driven by a promoter upstream of 264 

arnB (20). This genetic organization is conserved in E. cloacae as illustrated in Fig 3A. phoP 265 

expression is autoregulated in Enterobacteriaceae, where PhoP binds to the PhoP box where it 266 

interacts with RNA polymerase to induce transcription (47). The putative PhoP box in the phoP 267 

promoter region (PphoP) is conserved in E. coli, Salmonella, and E. cloacae (Fig 3B).  Alignment 268 

of the E. cloacae arnB promoter region (ParnB) with E. coli, Salmonella, and E. cloacae PphoP 269 

suggested a putative PhoP box region. Importantly, E. cloacae ParnB, which encodes a putative 270 

PhoP box, is highly conserved among ECC. However, this feature was not encoded within E. 271 

coli ParnB, suggesting that regulatory mechanisms that control promoter activation are different 272 
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(Fig 3B).  273 

We performed electrophoretic mobility shifts (EMSAs) using E. cloacae ParnB to 274 

determine if PhoPEcl directly binds the promoter to activate arnEcl transcription. Increasing 275 

concentrations of purified PhoPEcl (Fig S8) induced a shift of the biotinylated arnBEcl promoter 276 

fragment, which contains the putative PhoP box binding motif (Fig 3C). Importantly, PhoPEcl 277 

does not bind to E. coli ParnB, which does not encode the PhoP box motif (Fig 3C). Furthermore, 278 

the PhoPEcl-arnBEcl promoter interaction was abrogated when unlabeled E. cloacae ParnB was 279 

added in increasing ratios, as a competitive inhibitor. We also show that the interaction is 280 

specific because addition of noncompetitive DNA (poly dI-dC) did not reduce the PhoPEcl and E. 281 

cloacae ParnB interaction (Fig 3D). Lastly, PhoPEcl bound E. cloacae and E. coli PphoP, which both 282 

encode the nucleotide sequence specific to the PhoP box (Fig 3E). Together, these findings 283 

suggest that E. cloacae encodes a mechanism that enables L-Ara4N biosynthesis to respond 284 

directly to PhoPQEcl.  285 

 286 

RNA-sequencing analysis of the phoPQEcl and pmrABEcl mutants. 287 

To better understand the PhoPEcl and PmrABEcl regulatory products, we isolated and sequenced 288 

total RNA from wild type and mutant E. cloacae strains. A heat map illustrates the fold change 289 

of arnEcl, phoPQEcl, and pmrABEcl gene expression in the TCS mutants relative to wild type (Fig 290 

4). Expression of the arnEcl genes were significantly down regulated in ∆phoPQEcl compared to 291 

wild type, suggesting that activation of the pathway is dependent on PhoPQEcl. In contrast, arnEcl 292 

gene expression was not significantly altered in the ∆pmrABEcl mutant relative to wild type. 293 

 294 

Colistin resistance increases within the E. cloacae population in response to limiting Mg2+. 295 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/516872doi: bioRxiv preprint 

https://doi.org/10.1101/516872


	 13	

Together the transcriptomic analysis (Fig 4) and colistin heteroresistance in wild type E. cloacae 296 

(Fig 1A and Table 1) suggest constitutive addition of L-Ara4N to lipid A in a subset of the 297 

population under standard growth conditions. In E. coli and Salmonella, PhoPQ is activated by 298 

various signals, including low Mg2+ and CAMPs (13, 23, 25). PhoP activates PmrAB, which 299 

stimulates pEtN and L-Ara4N addition to lipid A (27). Here we analyzed if PhoPQEcl responds to 300 

similar physiological cues to induce colistin resistance in E. cloacae. Wild type and mutant E. 301 

cloacae were grown in N minimal medium with high (10 mM) or low (10 µM) Mg2+ levels. All 302 

cultures were exposed to colistin at mid-logarithmic growth. Wild type and complemented 303 

phoPQEcl mutant strains grown in high Mg2+ demonstrated some susceptibility to 5 and 10 µg/ml 304 

of colistin (Fig 5A, High Mg2+), suggesting colistin-susceptible and -resistant populations were 305 

present. When grown under limiting Mg2+ conditions, E. cloacae cells were resistant (Fig 5A, 306 

Low Mg2+). The phoPQEcl mutant demonstrated a fitness defect in either Mg2+ concentration 307 

when exposed to colistin (Fig 5A). These data suggest that PhoPQEcl induces colistin resistance 308 

in response to limiting Mg2+ growth conditions. 309 

 310 

PhoPQEcl responds to limiting Mg2+ conditions by inducing L-Ara4N lipid A modification. 311 

To determine if increased colistin resistance was dependent on L-Ara4N modification of lipid A, 312 

we isolated lipid A after growth in either low or high Mg2+. TLC analysis demonstrated that wild 313 

type and the complemented phoPQEcl mutant primarily produced L-Ara4N-modified lipid A 314 

when Mg2+ concentrations were limiting (Fig 5B, Low Mg2+). In contrast, the same strains grown 315 

in excess Mg2+, produced a mixture of modified and unmodified lipid A (Fig 5B, High Mg2+). 316 

Interestingly, growth in excess Mg2+ does not completely shut-off production of PhoPQEcl-317 

dependent lipid A modification in E. cloacae, as was previously shown in E. coli (27). We did 318 
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observe a decrease in the relative amount of the di-L-Ara4N form while increasing the ratio of 319 

unmodified lipid A species (Fig 5B). Together, these studies suggest that a subset of the clonal E. 320 

cloacae population activates PhoPQEcl-dependent L-Ara4N of lipid A under standard growth 321 

conditions. However, depletion of Mg2+ induces PhoPQEcl signaling to enhance L-Ara4N 322 

modification (Fig 5B) and colistin resistance (Fig 5A) throughout the population. 323 

 324 

Discussion  325 

E. cloacae and other ECC members encode PmrABEcl and PhoPQEcl homologs, which we 326 

hypothesized would function in a signaling pathway to regulate L-Ara4N and pEtN modification 327 

of lipid A based on previous transcriptomics analysis of resistant and susceptible populations 328 

(40) and because these lipid A modifications are highly conserved among Enterobacteriaceae (5). 329 

However, our genetic and high-resolution mass spectrometry analysis of E. cloacae lipid A 330 

determined that colistin heteroresistance in E. cloacae was mediated by PhoPQEcl-dependent	 L-331 

Ara4N lipid A modification. Therefore, we have identified a mechanism of ECC colistin 332 

heteroresistance that involves the PhoPQ system. 333 

E. cloacae and other ECC members do not encode a PmrD homolog, which couples 334 

PhoPQ signal transduction to regulation of PmrA-dependent genes in many Enterobacteriaceae 335 

(5) . Moreover, PmrAEcl shares only 52% identity with E. coli PmrA and PmrBEcl shares only 336 

57% identity with E. coli PmrB, suggesting the L-Ara4N lipid A modification pathway in E. 337 

cloacae diverged from other Enterobacteriaceae. We confirmed direct binding of PhoPEcl to the 338 

arnBEcl promoter, which supports a model where L-Ara4N addition to lipid A and colistin 339 

heteroresistance in E. cloacae is dependent on PhoPQEcl, but not PmrABEcl.  340 

Research from other groups has outlined a complex regulatory network in E. coli and 341 
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Salmonella that tightly regulates lipid A L-Ara4N and EptA modifications (19–22, 27). We 342 

hypothesize that uncoupling PmrABEcl signal transduction from L-Ara4N modification bypasses 343 

a key regulatory checkpoint, which likely promotes constitutive arnEcl transcription and L-Ara4N 344 

modification of lipid A in a subset of the clonal E. cloacae population. Since selection has driven 345 

E. cloacae and other ECC to maintain an altered lipid A modification signaling network, we 346 

predict that it is advantageous to maintain a CAMP resistant subpopulation in some 347 

environments. Presumably, the alternative regulatory mechanism promotes bacterial fitness in 348 

environments specific to its commensal and pathogenic niches.  349 

While the dynamics of the regulatory cascades that control lipid A modification in Gram-350 

negative bacteria have been extensively characterized in E. coli and Salmonella and generalized 351 

across Enterobacteriaceae, mechanisms that regulate lipid A modifications in E. cloacae 352 

highlight variations that promote clinically important resistance levels. Furthermore, colistin 353 

heteroresistance has also been associated with Klebsiella pneumoniae (48), another 354 

Enterobacteriaceae family member, which highlights the importance of studying antimicrobial 355 

resistance mechanisms at the species and strain level. 356 

	357 

Materials and Methods 358 

Bacterial Strains and Growth 359 

E. cloacae subsp. cloacae ATCC 13047 and ECC strains were initially grown from freezer 360 

stocks on Luria-Bertani (LB) agar. Isolated colonies were used to inoculate LB broth or N 361 

minimal medium (0.1M Bis-Tris, pH 7.5 or 5.8, 5 mM KCl, 7.5 mM (NH4)2SO4, 0.5 M K2SO4, 1 362 

mM KH2PO4, 0.10% casamino acids 0.2% glucose, 0.0002% thiamine, 15 µM FeSO4, 10 µM or 363 

10 mM MgSO4) at 37° C. Kanamycin was used at 25 µg/ml for selection and colistin was used at 364 
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5 µg/ml or 10 µg/ml where indicated. 365 

All strains and plasmids used in this study are listed in Table S1. Briefly, E. cloacae subsp. 366 

cloacae 13047 mutant strains were constructed as previously described using recombineering 367 

with the plasmid pKOBEG (49).  Linear PCR products were introduced in to the E. cloacae 368 

ATCC 13047/pKOBEG strain by electroporation and plated on selective media.  Selected clones 369 

were transformed with pCP20 to cure the antibiotic resistance cassette. 370 

To complement E. cloacae mutants, the coding sequence from phoPQEcl was cloned into the SalI 371 

and KpnI sites in pMMBKn (3). To generate point mutants in PhoQH277A and PhoQD56A, site 372 

directed mutagenesis was performed using Pfu Turbo using primers that incorporated the 373 

associated alanine-encoded nucleotide replacement. All constructs were validated using Sanger 374 

sequencing. IPTG inducible constructs were transformed into the phoPQ mutant and grown in 375 

2.0 mM IPTG to induce expression. 376 

	377 

Colony Forming Unit Counts 378 

E. cloacae subsp. cloacae 13047 and mutant strains were initially grown from freezer stocks on 379 

Luria-Bertani (LB) agar. Isolated colonies were resuspended and used to inoculate LB broth with 380 

10 µg/ml or without colistin at an OD600 = 0.01. Cells were plated at designated time points on 381 

LB agar.  Plates were grown overnight at 37° C and colony forming units (CFU) were counted 382 

and reported. 383 

	384 

Broth Microdilution assays 385 
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MICs of colistin were determined in triplicate by the broth microdilution (BMD) method. Briefly 386 

strains were inoculated from overnight cultures at an OD600 = 0.1. Various concentrations (0 - 387 

256 µg/ml) of colistin were added to each well and cultures were incubated overnight.  Growth 388 

was indicated by a reading the OD600 and the lowest concentration at which growth was inhibited 389 

was recorded as the MIC. E. coli W3110 and WD101 were used as control strains. In some 390 

cases, ‘skip wells’ were observed suggesting a heteroresistance phenomenon and the MIC was 391 

determined disregarding the clear wells (35). 392 

 393 

Population Analysis 394 

Population analysis profiling was performed by plating a high inoculum (1 X 1010 CFU) onto LB 395 

agar containing 1 to 64 µg/ml colistin (in 2-fold increments). Plates were incubated overnight at 396 

37° C and frequency of the subpopulation was determined by dividing by the total number of 397 

cells (50). 398 

 399 

Isolation of Lipid A 400 

Isolation of lipid A for TLC analysis involved 32P-radiolabeling of whole cells was performed as 401 

previously described with slight modifications (51). In brief, 12.5 ml of E. cloacae was grown at 402 

37° C to OD600 = 1.0. Bacteria were harvested by centrifugation at 10,000 X g for 10 min. Lipid 403 

A extraction was carried out by mild-acid hydrolysis as previously described (52). 404 

 405 

Mass Spectrometry 406 

MS1 spectra of lipid A in Figure 4 were collected on a MALDI-TOF/TOF (Axima Performance, 407 

Shimadzu) mass spectrometer in the negative mode. All other spectra were collected in the 408 
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negative mode on a Thermo Scientific Orbitrap Fusion Lumos mass spectrometer (San Jose, CA, 409 

USA) modified with a Coherent ExciStar XS ArF excimer laser (Santa Clara, CA), as previously 410 

described (53). HCD was performed with the normalized collision energy (NCE) of 25%. UVPD 411 

was performed with the laser emitting 193 nm photons at 5 mJ per laser pulse with 5 pulses per 412 

scan. The laser pulse repetition rate was 500 Hz. The instrument was operated at 120000 413 

resolving power with a precursor isolation window of 3 m/z. All samples were dissolved in 50:50 414 

MeOH:CHCl3 and directly infused into the mass spectrometer via a static nano-electrospray 415 

ionization source. The presented spectra are an average of 50 scans. 416 

 417 

TLR-4 Signaling Assays 418 

HEK-Blue hTLR4, cell line was maintained according to the manufacturer specifications 419 

(Invivogen). Overnight bacterial cultures in stationary phase were serial diluted for assays as 420 

previously described (2, 3). At least two biological replicates were each done in triplicate and 421 

one representative set was shown. 422 

 423 

Colistin Survival Assays 424 

Polymyxin E survival assay analysis were performed as previously described with slight 425 

modifications (27). Wild type and mutant E. cloacae strains were grown overnight on LB agar.  426 

The following day, media N minimal medium with pH = 7.5, 10 µM MgSO4 were inoculated at 427 

OD600 = 0.1 with bacteria from overnight cultures that were washed with N minimal media 428 

without Mg2+ or iron. Cultures were grown until OD600 = 0.6, when they were split and treated 429 

with 0, 5 or 10 µg/ml of colistin (Polymyxin E). Cultures were incubated for 1 h at 37° C and 430 

then colony-forming units were plated and calculated. Percent survival was calculated by 431 
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dividing the number of bacteria after treatment with colistin relative to those incubated in the 432 

absence of colistin and then multiplied by 100. 433 

 434 

Protein Purification 435 

To purify the PhoPEcl protein, the coding sequence was cloned into pT7-7Kn, as previously 436 

described (7).  Briefly the phoPEcl CDS was amplified from E. cloacae cDNA with primers that 437 

added a C-terminal His8X tag. From an overnight starter culture, 1 Liter of LB broth containing 438 

25 µg/ml of kanamycin was inoculated at 1:50 and grown at 37° C until the OD600 = 0.5. IPTG 439 

was added to a final concentration of 1mM, and the culture was incubated at 37° C for an 440 

additional 4 h. Bacteria were recovered by centrifugation at 10,000 x g for 10 min, and the 441 

bacteria were resuspended in lysis buffer. Bacteria were lysed using sonication and the soluble 442 

fraction was recovered by centrifugation at 10,000 x g for 30 min. PhoPEcl-His8X was purified on 443 

a Ni-nitrilotriacetic acid (NTA) beads according to the manufactures instructions (Qiagen).  444 

 445 

Electrophoretic Mobility Shift Assay 446 

PhoPEcl-His8X proteins were purified as described above. EMSAs were performed based on a 447 

modified protocol (6). 250-bp DNA fragments of phoPEcl and arnBEcl spanning −230 to +20 448 

relative to the translational start site were amplified from E. cloacae or E. coli cDNA using 5’-449 

biotinylated primers. PhoPEcl-His8X proteins were incubated with biotinylated DNA at 25° C for 450 

20 min. For competition experiments, unlabeled E. cloacae ParnB and poly (dI-dC) were added at 451 

1:1, 2:1, or 5:1 ratios relative to biotin-labeled ParnB DNA, and 0.1 - 10 µM of PhoPEcl-His8X 452 

proteins were used. After electrophoresis at 4° C, protein/DNA was transferred onto a positively 453 
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charged nylon membrane. Blots were blocked in 5% milk in TBS for 20 min and streptavidin 454 

conjugated HRP was used at a 1:300 dilution. 455 

 456 

Nucleic Acid Extraction 457 

Total RNA was extracted using the Direct-Zol RNA MiniPrep Kit (Zymo Research) from E. 458 

cloacae grown to a final OD600 = 0.6. Isolated RNA was treated with DNA-free DNA removal 459 

kit (Thermo-Fisher Scientific) to eliminate genomic DNA contamination. DNase-depleted RNA 460 

was used for qRT-PCR and RNA-seq. 461 

 462 

RNA-sequencing 463 

RNA-sequencing was performed as previously described (54). Briefly, DNA-depleted RNA was 464 

processed for Illumina sequencing using the NEB Next Ultra Directional RNA Library Prep kit 465 

for Illumina as described by the manufacturer (NEB). Sequencing was performed using Illumina 466 

HiSeq. Sequencing data was aligned to the E. cloacae subs. cloacae ATCC 13047 published 467 

genome annotations (44) using CLC genomic workbench software (Qiagen) and RPKM 468 

expression values were determined. The weighted proportions fold change of expression values 469 

between samples was determined and a Baggerley’s test on proportions was used to generate a 470 

false discovery rate corrected P-value.  We then used a cut-off of 2-fold weighted proportions 471 

absolute change with a false-discovery rate corrected P-value of ≤ 0.05 to identify significantly 472 

differentially regulated genes between samples. The sequencing data for the clinical isolates has 473 

been deposited in the Nation Center for Biotechnology’s Gene Expression Omnibus 474 

(PRJNA461875). 475 

 476 
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 631 

Figure	 1:	 Survival	 of	 colistin	 heteroresistant	 E.	 cloacae	 is	 dependent	 on	 PhoPQ,	 but	 not	632 

PmrAB-regulated	 lipid	A	modifications.	 (A)	E.	cloacae	 logarithmic	phase	growth	over	 time	as	633 

measured	 by	 colony	 forming	 units	 (CFUs).	 At	 two	 hours,	 the	 growth	 rate	 between	wild	 type	634 

grown	in	LB	was	significantly	(*)	different	from	cells	grown	in	LB	+	colistin	(P	value	<0.05).		(B)	635 

32P-radiolabeled	 lipid	 A	 was	 isolated	 from	 wild	 type	 and	 mutant	 E.	 cloacae	 strains	 and	636 

separated	based	on	hydrophobicity	using	thin	layer	chromatography.	Lipid	A	species	are	labeled	637 

as	unmodified	or	modified	as	determined	by	E.	coli	W3110	(lane	1)	and	WD101	(lane	9)	lipid	A,	638 

respectively.		639 

	640 
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	641 

Figure	2:	Expanded	MS1	spectra	of	(A)	Wild	type	E.	cloacae	lipid	A	grown	with	colistin	and	(B)	642 

𝚫phoPQEcl	 lipid	 A	with	 the	 chemical	 structures	 associated	with	 the	 lipid	 A	modifications.	The	643 

presence	of	aminoarabinose	groups	are	denoted	by	L-Ara4N	(red),	while	addition	of	palmitoyl	644 

groups	are	denoted	by	+C16:0	(green).	Hydroxylation	is	not	illustrated,	but	is	indicated	by	an	m/z	645 

shift	of	8	relative	to	doubly-charged	lipid	A	ions	in	the	spectra.	646 

	647 

	648 
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	649 

Figure	 3:	 PhoPEcl	 binds	 to	 the	 arnB	 promoter	 of	 E.	 cloacae	 (Ecl),	 but	 not	 E.	 coli	 (Ec).	 (A)	650 

Illustration	 of	 the	 arn	 operon	 organization.	 (B)	 Sequence	 alignment	 of	 the	 phoP	 promoter	651 

(PphoP)	region	in	Ec,	Salmonella	(St),	and	Ecl,	which	each	contain	a	PhoP	box.	The	arnB	promoter	652 

(ParnB)	of	Ecl	contains	a	putative	PhoP	box	binding	site	 that	 is	not	present	 in	Ec.	 The	putative	653 

PhoP	boxes	have	been	boxed,	while	 the	 -10	region	 is	underlined.	 (C)	Electrophoretic	mobility	654 

shift	 assay	 (EMSA)	 of	 Ecl	ParnB	 with	 increasing	 concentrations	 of	 PhoPEcl.	 PhoPEcl	 was	 used	 at	655 

concentrations	of	0,	0.1,	1.0,	5.0	and	10.0	µM.	EMSA	using	Ec	ParnB	in	the	absence	or	presence	656 

of	 PhoPEcl,	 respectively.	 (D)	 EMSA	 competition	 experiments	 where	 increasing	 concentrations	657 

(1:1,	2:1,	5:1)	of	unlabeled	ParnB	competes	with	biotin-labeled	ParnB,	but	nonspecific	unlabeled	658 

poly	(dI-dC)	(2:1,	5:1)	does	not.	(E)	PhoPEcl	binds	to	both	the	Ecl	and	Ec	phoP	promoters.	659 

	660 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 11, 2019. ; https://doi.org/10.1101/516872doi: bioRxiv preprint 

https://doi.org/10.1101/516872


	 32	

	661 

Figure	 4:	 RNA-sequencing	 analysis	 of	 E.	 cloacae	 genes.	 Heat	 map	 illustrating	 the	 altered	662 

expression	 of	 select	 operons	 in	𝚫phoPQEcl	 and	𝚫pmrABEcl	mutants.	 Expression	 is	 shown	 as	 a	663 

ratio	of	mutant	to	wild	type	expression	(P	<0.05).	664 

	665 
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	666 

Figure	5:	PhoPQEcl-dependent	activation	of	l-Ara4N	addition	induces	colistin	resistance	in	low	667 

Mg2+.	(A)	Wild	type	and	mutant	E.	cloacae	strains	were	grown	in	N	minimal	medium	with	low	668 

(10	μM,	top)	or	high	(10mM,	bottom)	Mg2+.	Strains	were	challenged	with	0,	5,	or	10	μg/ml	of	669 

colistin	for	1	h	and	plated	for	survival.	Two	biological	replicates	were	each	analyzed	in	triplicate	670 

with	data	from	one	representative	set	reported.	P	value	<0.05.	(B)	32P-radiolabeled	lipid	A	was	671 

isolated	from	wild	type	and	mutant	E.	cloacae	strains	and	separated	based	on	hydrophobicity	672 

using	 thin	 layer	 chromatography.	 The	 associated	 lipid	 A	 structures	 are	 illustrated	 with	 red	673 

circles	indicating	L-Ara4N	Addition.	Lipid	A	species	were	labeled	as	determined	by	E.	coli	W3110	674 

(unmodified)	and	WD101	(modified)	lipid	A.		675 

	676 
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Table 1. MICs of colistin and PAP analysis for each E. cloacae  mutant

Isolate

MIC of 
colistin 

(µg/ml) by 
BMDb

MIC of 
colistin 

(µg/ml) by 
Etest

 1 µg/ml 2 µg/ml  4 µg/ml 8 µg/ml 16 µg/ml 32 µg/ml 64 µg/ml

Wild type ≥256* 0.125** 9.5 X 10-3 6.3 X 10-2 5.2 X 10-3 7.5 X 10-3 7.6 X 10-2 6.3 X 10-3 9.3 10-3

!phoPQEcl 0.5 0.125 2.6 X 10-3 0 0 0 0 0 0
!phoPQEcl 
+pPhoPQEcl ≥256* 0.125** 3.6 X 10-2 1.3 X 10-2 4.3 X 10-3 1.6 X 10-2 4.1 X 10-3 1.7 X 10-3 4.5 10-4

!phoPQEcl 
+pPhoPQH277AEcl 0.5 0.125 3.1 X 10-2 0 0 0 0 0 0

!phoPQ 
+pPhoPD56AQEcl 0.5 0.125 7.4 X 10-2 0 0 0 0 0 0

!pmrABEcl ≥256* 0.125** 2.9 X 10-2 1.8 X 10-3 7.7 X 10-2 9.2 X 10-3 5.5 X 10-2 1.3 X 10-3 2.3 X 10-4

!arnTEcl 0.5 0.125 4.0 X 10-2 0 0 0 0 0 0

** Presence of squatter colonies inside the zone of inhibition

Frequency of appearence of subpopulations (PAPsa)
Concentration of colistin

aPAP : Population Analysis Profile using an intial culture of 1010 CFU/mL
bBMD : Broth microdilution method
*Presence of skip wells
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