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Abstract 19 

Acinetobacter baumannii is a Gram-negative healthcare-associated pathogen that poses 20 

a major health concern due to increasing multidrug resistance. The Gram-negative cell 21 

envelope is a key barrier to antimicrobial entry and includes an inner and outer membrane. The 22 

outer membrane has an asymmetric composition that is important for structural integrity and 23 

barrier to the environment. Therefore, Gram-negative bacteria have mechanisms to uphold this 24 

asymmetry such as the maintenance of lipid asymmetry system (Mla), which removes 25 

glycerophospholipids from the outer leaflet of the outer membrane and transports them to the 26 

inner membrane. Loss of this system in A. baumannii results in attenuated virulence and 27 

increased susceptibility to membrane stressors and some antibiotics. We recently reported two 28 

strain variants of the A. baumannii type strain ATCC 17978, 17978VU and 17978UN. We show 29 

here that ∆mlaF mutants in the two strains display different phenotypes for membrane stress 30 

resistance, antibiotic resistance, and pathogenicity in a murine pneumonia model. We used 31 

comparative genetics to identify interactions between ATCC 17978 strain alleles and mlaF to 32 

uncover the cause behind the phenotypic differences. Although allele differences in obgE were 33 

previously reported to synergize with ∆mlaF to affect growth and stringent response, we show 34 

that obgE alleles do not affect membrane stress resistance. Instead, a single nucleotide 35 

polymorphism (SNP) in the essential gene encoding undecaprenyl pyrophosphate (Und-PP) 36 

synthase, uppS, synergizes with ∆mlaF to increase susceptibility to membrane stress and 37 

antibiotics, and reduce persistence in a mouse lung infection. Und-P is a lipid glycan carrier 38 

known to be required for biosynthesis of A. baumannii capsule, cell wall, and glycoproteins. Our 39 

data suggest that in the absence of the Mla system, the cellular level of Und-P is critical for 40 

envelope integrity, antibiotic resistance, and lipooligosaccharide abundance. These findings 41 

uncover synergy between Und-P and the Mla system in maintaining the A. baumannii outer 42 

membrane and stress resistance. 43 

 44 
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Introduction 45 

Acinetobacter baumannii is a Gram-negative bacterial pathogen that is a major cause of 46 

hospital-acquired infection. Many clinical isolates of A. baumannii demonstrate resistance to first 47 

line antibiotics such as meropenem and colistin (1, 2). Both The World Health Organization and 48 

the Centers for Disease Control have thus identified A. baumannii as an urgent threat, calling for 49 

the development of novel antimicrobials (3–5). A. baumannii has multiple intrinsic mechanisms 50 

for resisting antibiotics and host stressors. The first line of defense is the cellular envelope 51 

including capsule, a peptidoglycan cell wall, and a dual-membrane system conserved among 52 

Gram-negative bacteria (6, 7). The inner membrane (IM) and outer membrane (OM) membrane 53 

protect the bacteria from environmental stress (8, 9). The Gram-negative OM is asymmetric with 54 

phospholipids composing the inner leaflet and lipopolysaccharides (LPS) or 55 

lipooligosaccharides (LOS) composing the outer leaflet. A. baumannii does not encode the gene 56 

required for O-antigen elaboration as other Gram-negative bacteria do, resulting in LOS rather 57 

than LPS (10). Additionally, A. baumannii is able to survive without LOS, whereas in most 58 

Gram-negative bacteria, LPS is essential (11, 12). In all Gram-negative bacteria, the 59 

asymmetric bilayer of the OM is critical for resistance to membrane stressors and antimicrobials 60 

(13). 61 

The maintenance of lipid asymmetry (Mla) system is thought to be the primary 62 

homeostatic mechanism to maintain OM lipid asymmetry by removing mislocalized 63 

phospholipids from the outer leaflet of the OM (14, 15). MlaBDEF forms an IM ATP binding 64 

cassette (ABC) transporter with ATPase activity, MlaC is a periplasmic protein, and MlaA is an 65 

OM lipoprotein that forms a complex with OmpC/F (14, 16–18). Disruption of the Mla system 66 

results in increased outer membrane permeability and drug sensitivity (14, 19). Additionally, 67 

dominant negative mutations in mlaA (mlaA*) have been shown to increase outer membrane 68 

permeability and sensitivity to erythromycin and rifampicin in Escherichia coli (19). While the Mla 69 

system is not required for growth in lysogeny broth, bacteria lacking a functional Mla system are 70 
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more sensitive to the membrane stress SDS/EDTA (14, 16, 20–22). Inactivating mlaF or mlaC in 71 

multiple species results in the loss of function of the Mla system and increased sensitivity to 72 

membrane stressors, antibiotics, and the host (20, 23–25). The Mla system is critical for the 73 

virulence of multiple pathogenic species including Shigella flexneri, Burkholderia pseudomallei, 74 

and Pseudomonas aeruginosa (26–30). By contrast, mutations in the Mla system have been 75 

shown to increase virulence in E. coli and Neisseria gonorrhoeae (31, 32). In summary, the Mla 76 

system is critical for maintenance of the gram-negative outer membrane, stress resistance, and 77 

virulence. 78 

While the directionality of lipid transport by the Mla system has been debated, the 79 

preponderance of evidence support a retrograde transport model of phospholipid movement 80 

from the OM to the IM (33–35). Genetic evidence from E. coli, A. baumannii, and chloroplasts 81 

support a retrograde transport model in which phospholipids are removed from the outer leaflet 82 

of the OM and transported to the IM (14, 19, 20, 36–39). Additionally, crystallographic and cryo-83 

EM structural data from Klebsiella pneumonia, Serratia marcescens, and E. coli support a 84 

model in which phospholipids are removed from the OM by the MlaA-OmpF complex and 85 

transported towards MlaBDEF based on the orientation of MlaA-OmpF in the OM (16, 40–42). 86 

Recent studies identifying AsmA-like proteins facilitating anterograde lipid transport machinery 87 

in E. coli further support the retrograde transport model for the Mla system (43, 44). By contrast, 88 

in vitro work in E. coli as well as cryo-EM, molecular dynamics and pulse-chase studies in A. 89 

baumannii described an anterograde transport model where newly synthesized phospholipids 90 

are transported to the inner leaflet of the OM (18, 23, 45, 46). However, Mann et. al., whose 91 

structural work in A. baumannii supports a lipid export model, speculate that nucleotide state or 92 

solubilization approach of the MlaBDEF studies may explain the differences in conclusions (46). 93 

Recently, structures of MlaBDEF from E. coli and A. baumannii, and E. coli MlaC in complex 94 

with MlaA or MlaD were solved and provide mechanistic insight on lipid binding, but do not 95 

provide clear evidence for either direction of lipid transport (21, 47, 48).  96 
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In A. baumannii, the Mla system synergizes with essential pathways to promote growth. 97 

A previous study reported synergy between the Mla system and the essential GTPase ObgE in 98 

promoting DmlaF growth and stringent response (49, 50). We previously reported a suppressor 99 

mutation in the isoprenoid biosynthetic pathway that restored resistance of an A. baumannii 100 

DmlaF mutant to membrane stress, some antibiotics, and host stressors (20). The suppressor is 101 

an ISAba11 transposition in the 5’ untranslated region of ispB that results in ispB 102 

downregulation (20). We hypothesized that the downregulation of ispB increased flux of the 103 

branchpoint substrate farnesyl-pyrophosphate (FPP) to undecaprenyl pyrophosphate (Und-PP) 104 

synthase, UppS. Undecaprenyl pyrophosphate synthase produces Und-PP, which is a 105 

precursor to the essential glycan carrier undecaprenyl phosphate (Und-P) (51). Und-P is 106 

responsible for transferring glycans across the plasma membrane to produce important 107 

envelope components like peptidoglycan, capsular polysaccharides, and the O-antigen in LPS-108 

producing bacteria. This finding suggested a role for Und-P biosynthesis in membrane stress 109 

resistance in the absence of the Mla system. Thus, multiple reports have identified synergy 110 

between the Mla system and other pathways in A. baumannii.  111 

Recently, we identified two variants of the commonly used laboratory strain A. baumannii 112 

17978 distributed by ATCC (52). These variants, A. baumannii ATCC 17978VU and 17978UN, 113 

have distinct genotypes with 6 protein-encoding single nucleotide polymorphisms (SNPs) as 114 

well as a 44 kb accessory locus (AbaAL44) that is present in 17978UN but absent in 17978VU 115 

(52). The protein-coding SNPs encode variants of the predicted essential proteins ObgE, UppS, 116 

and the lipooligosaccharide transporter LptD (53). Our previous work used isogenic ∆mlaF 117 

strains in the 17978UN (AbaAL44+) background (20). Upon reconstructing ∆mlaF strains in the 118 

A. baumannii ATCC 17978VU strain background, we discovered that the ∆mlaF mutant was 119 

more resistant to SDS/EDTA membrane stress in the 17978VU background compared to the 120 

17978UN background. Here we describe genetic synergy between the maintenance of lipid 121 
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asymmetry and Und-P biosynthesis uncovered through genetic dissection and comparison of 122 

ATCC 17978VU and 17978UN ∆mlaF strains. These findings suggest an underlying relationship 123 

between the Mla system and undecaprenyl biosynthesis in A. baumannii that function together 124 

to maintain LOS abundance and promote membrane stress resistance, antimicrobial resistance, 125 

and virulence. 126 

 127 

Results 128 

UppS synergizes with the Mla system under membrane stress 129 

The 17978VU and 17978UN strain variants of ATCC 17978 contain SNPs in multiple 130 

protein coding genes (52). However, it is unknown which variant contains the more 131 

representative alleles for A. baumannii strains in general. To address this, we assessed the 132 

prevalence of the SNP containing genes across A. baumannii published genomes. A set of 133 

5945 genomes were de-duplicated to remove near clonal lineages and the predicted proteomes 134 

of the resulting 233 genomes were further analyzed by OrthoFinder to deduce orthologues 135 

within A. baumannii (54, 55). The 17978UN predicted protein variants were more common for 136 

LptD (99%) and ClsC2 (indicative of the presence of the AbaAL44 cluster; 90%). The 17978VU 137 

predicted protein variants were more common for ObgE (99%), UppS (99%), ActP (99%), the 138 

amino acid symporter (79%), and DUF817 (89%) (Fig. 1). Thus, both 17978VU and 17978UN 139 

contain alleles representing the majority of published A. baumannii genomes. We reconstructed 140 

the ∆mlaF::Kn (∆mlaF) mutation in A. baumannii ATCC 17978VU and compared SDS/EDTA 141 

membrane stress resistance in ∆mlaF in the 17978VU (AbaAL44-) and 17978UN (AbaAL44+) 142 

backgrounds by growth curves in LB with and without SDS/EDTA. Neither the wild-type strains 143 

nor the DmlaF mutants demonstrated a growth defect in LB alone regardless of strain 144 

background (Fig. 2A and 2B). However, in the presence of membrane stress, the 17978UN 145 

DmlaF mutant exhibited a greater growth defect than the 17978VU DmlaF mutant (Fig. 2F and 146 
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2G), suggesting synergy between mlaF and genetic differences between the strains. Therefore, 147 

the closely related strain variants ATCC 17978VU and 17978UN could be used as a tool to 148 

uncover this synergy. 149 

To determine the genetic cause behind the differences in membrane stress resistance 150 

between ATCC 17978VU and 17978UN DmlaF strains, point mutants were constructed for three 151 

candidate genes: obgE, lptD, and uppS. Candidate genes were chosen based on literature 152 

findings and known function. First, Powers et al. previously reported that obgE alleles in 17978 153 

strains maintained at University of Washington (UW) and University of Georgia (UGA) 154 

synergized with mlaF to affect growth and stringent response. Specifically, the ∆mlaF strain with 155 

ObgEI258 (ObgEUN) had defects in LB growth and stringent response compared to the ∆mlaF 156 

strain with ObgEN258 (ObgEVU)(49). The strains were otherwise isogenic, suggesting that one 157 

strain was a derivative of 17978VU or 17978UN. Second, LptD is a b-barrel OM protein 158 

responsible for the translocation of LPS/LOS in Gram-negative bacteria (56). Third, we 159 

previously reported a potential role for undecaprenyl pyrophosphate, synthesized by uppS, in 160 

promoting A. baumannii envelope integrity in 17978UN ∆mlaF (20). The 17978UN allele for 161 

each candidate gene (encoding ObgE I258; LptD V799; UppS T78) was substituted in the 162 

intrinsic locus (encoding ObgE N258; LptD F799; UppS M78) in 17978VU WT and 17978VU 163 

∆mlaF strains. We reasoned that if the candidate gene contributes to the contrasting 164 

phenotypes, then the 17978VU ∆mlaF mutant containing the 17978UN candidate allele would 165 

exhibit the 17978UN ∆mlaF phenotype of increased membrane stress sensitivity. As expected, 166 

none of the strains display a growth defect when grown in LB alone (Fig. 2A-E). However, in the 167 

presence of SDS/EDTA, neither the obgE nor lptD 17978UN alleles increased membrane stress 168 

sensitivity in the 17978VU ∆mlaF strain. Rather, 17978VU ∆mlaF uppSUN was unable to grow in 169 

SDS/EDTA similarly to 17978UN ∆mlaF, suggesting that the uppS allele determines membrane 170 

stress sensitivities of 17978VU and 17978UN ∆mlaF strains (Fig. 2H). Together, these data 171 
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show that the Mla system is synthetic with uppS alleles in A. baumannii for resistance to 172 

SDS/EDTA membrane stress. 173 

 174 

uppS alleles influence membrane permeability  175 

Given the role of both UppS and the Mla system in cell envelope biosynthesis and 176 

integrity, we hypothesized that other OM-associated phenotypes would be impacted by the 177 

uppS alleles in a ∆mlaF mutant. We predicted that the uppSUN allele would be associated with 178 

increased membrane permeability. An ethidium bromide (EtBr) uptake assay was used to test 179 

the effect of the uppS alleles on membrane permeability in wild-type and ∆mlaF strains (23, 57). 180 

In the 17978VU background,  ∆mlaF uppSUN has significantly increased EtBr permeability 181 

compared to wild type, ∆mlaF, and uppSUN (Fig. 3A, C). Likewise, in the 17978UN background, 182 

introducing the uppSVU reduces membrane permeability in an ∆mlaF mutant (Fig. 3B, D). 183 

Together, these data suggest that uppS and the Mla system synergize to promote membrane 184 

integrity.  185 

 186 

Isoprenoid pathway mutations suppress ∆mlaF membrane stress sensitivity only in the 187 

presence of uppSUN 188 

 To determine if the uppSVU allele would result in increased membrane stress resistance 189 

in a 17978UN DmlaF background, the uppSVU allele was introduced into 17978UN WT and 190 

17978UN ∆mlaF strains. Our previously identified 17978UN ∆mlaF suppressor was included to 191 

test the contribution of the isoprenoid biosynthesis pathway to the contrasting phenotypes 192 

(outlined in Fig. 4A). The suppressor mutation, which decreases transcript abundance of ispB, 193 

was identified in a 17978UN ∆mlaF background and restored virulence and membrane stress 194 

and antibiotic resistance to wildtype levels (20). Thus, to determine if the isoprenoid biosynthetic 195 

pathway impacts DmlaF growth, 17978UN ∆mlaF ispB::ISAba11 and 17978VU ∆mlaF 196 
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ispB::ISAba11 strains were constructed with the intrinsic or alternate uppS allele. We performed 197 

a dilution spotting experiment to assess colony formation efficiency. As expected, none of the 198 

strains exhibit defects in colony formation on LB alone (Fig. 4B). In the presence of SDS/EDTA 199 

membrane stress, ∆mlaF strains encoding UppSUN exhibited a clear defect in colony formation 200 

efficiency compared to ∆mlaF strains encoding UppSVU (Fig. 4C). This further supports the 201 

conclusion of uppS being the genetic cause behind the differences in membrane stress 202 

resistance between DmlaF strains in ATCC 17978VU and 17978UN. Similarly, the ispB 203 

suppressor restored colony formation on SDS/EDTA in DmlaF strains encoding the uppSUN 204 

allele, regardless of strain background (Fig. 4C). This suggests that the ispB suppressor 205 

function is associated specifically with uppSUN. 206 

To examine the effect of the different uppS alleles on DmlaF growth over time, we 207 

performed growth curves in liquid media with or without SDS/EDTA. Again, none of the strains 208 

showed overt growth defects when grown in LB alone (Fig. 4D, 4F). However, in the DmlaF 209 

background, the uppSUN allele resulted in complete lack of growth in media containing 210 

SDS/EDTA. Conversely, the uppSVU allele conferred increased resistance to SDS/EDTA in the 211 

DmlaF background (Fig. 4E, 4G). Interestingly, 17978UN ∆mlaF ispB::ISAba11 uppSVU was 212 

unable to grow in the presence of membrane stressors SDS/EDTA (Fig. 4G). This result 213 

suggests that the uppSVU allele in a 17978UN ∆mlaF background may be hindered by the ispB 214 

suppressor, perhaps due to a decreased flux towards ubiquinone production. 215 

 While constructing the 17978VU ∆mlaF uppSUN strain, one isolate displayed a distinct 216 

phenotype resembling that of 17978VU ∆mlaF. Upon whole genome sequencing, a mutation 217 

was discovered in ispA that resulted in a G223E substitution. This mutation was then 218 

reconstructed in the 17978UN ∆mlaF background to assess its function as a suppressor of the 219 

∆mlaF uppSUN phenotype. A dilution spotting assay was used to characterize both ispA and ispB 220 

suppressors in the 17978UN background. All four strains grew well on LB medium (Fig. S1). As 221 
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expected, 17978UN ∆mlaF displayed a strong growth defect that is partially rescued by 222 

suppressor mutations in ispA and ispB (Fig. S1). These data support a model in which the 223 

isoprenoid biosynthetic pathway is synthetic with the Mla system in A. baumannii. We predict 224 

that the mechanism in which both ∆mlaF suppressors function is by increasing the metabolic 225 

flux towards UppS and the production of Und-P, which promotes growth in the presence of the 226 

uppSUN allele. 227 

 228 

UppSUN has decreased enzymatic activity, leading to lower cellular Und-P levels and LOS 229 

abundance 230 

 Thus far, the data suggested that there is a difference in function between UppSVU and 231 

UppSUN. We hypothesized that UppSUN (T78) was defective compared to UppSVU (M78). First, 232 

secondary structure was compared by circular dichroism analysis which showed that there were 233 

no structural differences between the UppS variants (Fig. S2A-B). To compare enzymatic 234 

activity, enzyme assays were performed using purified protein and a fluorescent analog (2-235 

nitrileanilinogeranyl diphosphate; 2CNA-GPP) of the UppS substrate farnesyl pyrophosphate. 236 

UppS from Escherichia coli, Vibrio vulnificus, Staphylococcus aureus, and Bacteroides fragilis 237 

have previously been shown to catalyze the extension of the fluorescent substrate analogue 238 

2CNA-GPP (58, 59). Upon elongation of the analogue, a concomitant increase in fluorescence 239 

can be readily monitored via a microplate assay. By this assay, UppSUN was found to have a 240 

five-fold decrease in the rate of fluorescence signal compared to UppSVU (Fig 5A). To determine 241 

if the decreased enzymatic activity of UppSUN results in decreased levels of the essential glycan 242 

carrier Und-P in A. baumannii, we quantified the cellular pools of Und-P in the 17978VU and 243 

17978UN wild-type strains. The 17978UN strain contained two-fold lower levels of Und-P 244 

compared to the 17978VU wild-type strain (Fig. 5B). These data suggest that the UppSUN 245 

enzyme is aberrant in function and has insufficient activity to maintain cellular levels of Und-P.  246 
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 Und-P has an established role in capsule, peptidoglycan, and glycoprotein biosynthesis; 247 

therefore, we hypothesized that capsule content or the cell wall may be altered by the reduced 248 

activity of UppSUN. However, Maneval staining of capsule and 3-[(7-Nitro-2,1,3-benzoxadiazol-4-249 

yl)amino]-D-alanine hydrochloride (NADA) peptidoglycan stains showed no observable 250 

differences among strains (Fig. S2C-D). In other Gram-negative organisms, Und-P has an 251 

established role in the production of LPS through as the lipid carrier of O-antigen precursors 252 

(11). There is no known role for Und-P in the biosynthesis of LOS that lacks the O-antigen. 253 

Nevertheless, we previously found that the A. baumannii 17978UN DmlaF mutant contained 254 

significantly reduced levels of LOS compared to the wildtype strain (20). We therefore 255 

hypothesized that if Und-P plays a role in LOS biosynthesis, there would be reduced levels of 256 

LOS in the 17978UN DmlaF and 17978VU DmlaF uppSUN strains. Indeed, when LOS was 257 

quantified by silver staining of proteinase K-treated cell lysates, DmlaF strains with uppSUN had 258 

reduced LOS abundance (Fig. 5C-D, Fig. S2E). The WT strains and the DmlaF strains with 259 

uppSVU showed no reduction in LOS (Fig. 5C-D, Fig. S2E). While further experiments would be 260 

required to confirm a role for UppS and Und-PP in LOS production, our data suggests that an 261 

aberrant UppS results in reduced LOS. Together, this data suggests that UppSUN results in 262 

reduced LOS abundance in an DmlaF mutant that confers a defective cellular envelope barrier 263 

function. 264 

 265 

Mla and uppS synergy influence clinically relevant phenotypes 266 

Previous reports showed that A. baumannii mla mutants have increased sensitivity to 267 

antimicrobials such as gentamicin, novobiocin, rifampicin, meropenem, and the superoxide 268 

donor paraquat (20, 23, 49). We hypothesized that in a ∆mlaF mutant background, the uppSUN 269 

allele would result in higher sensitivity to antimicrobials than the uppSVU allele. In a disc diffusion 270 

assay, the presence of uppSUN in a ∆mlaF mutant resulted in increased sensitivity to multiple 271 
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antimicrobials, including first line antibiotics such as meropenem and imipenem, regardless of 272 

the ATCC 17978 background (Fig. 6A-D). These results show that UppS synergizes with the 273 

Mla system to promote A. baumannii antimicrobial resistance. As expected, the ispB suppressor 274 

only restored resistance to strains containing the uppSUN allele. These data are consistent with 275 

the model that the isoprenoid biosynthetic pathway contributes to antimicrobial resistance in the 276 

∆mlaF mutant by altering flux to Und-P via UppS. We further hypothesized that the uppSUN 277 

allele would confer increased sensitivity to lysozyme, a host-produced enzyme that cleaves the 278 

peptidoglycan cell wall, compared to the uppSVU allele in a ∆mlaF mutant (60). During growth in 279 

LB with 1 mg/mL lysozyme, the 17978UN ∆mlaF exhibited severe susceptibility to lysozyme 280 

compared to the UN WT strain (Fig. 6E, Fig. S3E). Resistance was restored to 17978UN ∆mlaF 281 

by the uppSVU allele. Similarly, the uppSUN allele conferred greater susceptibility to 17978VU 282 

∆mlaF (Fig. 6E, Fig. S3E). Together, these data show that the uppSVU allele helps to resist 283 

multiple antimicrobial stresses in a ∆mlaF mutant.  284 

We previously reported that the ∆mlaF mutant in the ATCC 17978UN background had a 285 

virulence defect in a murine model of pneumonia (20). We hypothesized that the ∆mlaF uppSUN 286 

strain would have a greater virulence defect than the ∆mlaF uppSVU strain. Therefore, we 287 

compared bacterial burdens in a competitive infection with WT 17978VU and 17978UN strains 288 

and ∆mlaF mutants where the mutant expressed either the intrinsic or opposite uppS allele. At 289 

40 h post infection, the ∆mlaF mutants containing the uppSUN allele had a significant defect in 290 

virulence compared to WT regardless of strain background (Fig. 6F, Fig. S3A-D). The ∆mlaF 291 

mutant strains with uppSVU showed no virulence defect compared to WT (Fig. 6F, Fig. S3A-D). 292 

This demonstrates that the virulence defect observed in ∆mlaF is due to synergy with the 293 

uppSUN allele. Together, these data suggest that the Mla system and Und-P levels synergize to 294 

promote antimicrobial resistance and virulence in A. baumannii. 295 

 296 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.22.556980doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.22.556980
http://creativecommons.org/licenses/by/4.0/


 13 

Discussion 297 

The A. baumannii cell envelope is the first line of defense against antibiotic stress and 298 

the host. Therefore, it is critical to understand the biological processes that uphold this barrier. 299 

The Mla system is an important factor in maintaining outer membrane lipid asymmetry to 300 

promote envelope function in Gram-negative bacteria. Multiple reports have demonstrated 301 

envelope defects in the absence of the Mla system in A. baumannii (23, 49, 61). Here, we found 302 

that the deletion of mlaF in two closely related A. baumannii type strains results in differential 303 

phenotypes. Genetic dissection uncovered synergy between the Und-P abundance and the Mla 304 

system in A. baumannii.  305 

A. baumannii ATCC 17978 is a commonly used type strain. We recently discovered that 306 

ATCC 17978 was a mixed culture of two closely related strains that differed by the accessory 307 

locus AbaL44 and multiple SNPs (52). Depending on the time of order, the ratio of 17978UN to 308 

17978VU isolates received from ATCC varied. In 2009, 4/6 isolates screened were 17978UN 309 

and 2/6 were 17978VU; by contrast, an ATCC order from 2021 yielded 35/36 as 17978UN and 310 

1/36 as 17978VU (52). Differences in ∆mlaF phenotype of ATCC 17978UN and 17978VU 311 

presented the opportunity to use these variants as a genetic tool to investigate synthetic gene 312 

pairs. Ultimately, uppS was shown to synergize with ∆mlaF in resistance to membrane stresses 313 

and antibiotics, OM permeability, and virulence in a mouse lung infection. This result was 314 

surprising as a previous report identified SNPs in obgE, which encodes an essential GTPase 315 

involved in the stringent response, as the critical determinant of two isogenic ATCC 17978UN 316 

variants’ differences in growth and the stringent response (49). While we did not observe overt 317 

differences in growth based on the obgE allele, we speculate that is likely due to differences in 318 

growth conditions. Additionally, our results show that obgE is not synergistic with the Mla 319 

system for membrane stress resistance. Together, these findings exemplify that closely related 320 

strains can be leveraged to uncover underlying genetic synergy in A. baumannii. 321 
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As an essential glycan carrier, Und-P plays a role in the biosynthesis of multiple bacterial 322 

cell envelope components including peptidoglycan, glycoproteins, LPS O-antigen, lipid A, and 323 

capsular polysaccharides (51, 62, 63). However, A. baumannii does not synthesize the LPS O-324 

antigen and does not encode LpxT that uses Und-PP as a phosphate donor for lipid A. Imaging 325 

of isogenic strains with UppS variants showed no overt difference in capsule or peptidoglycan 326 

(Fig. S2C-D). UppSUN has a decreased enzymatic rate and confers increased membrane 327 

sensitivity in an DmlaF background. However, there were no defects in the wild-type background 328 

strains for membrane stress sensitivity, suggesting that the DmlaF defects synergize with 329 

reduced Und-P to result in a weakened cell envelope. ABUW5075, a clinical multidrug resistant 330 

isolate of A. baumannii, possess UppSVU but demonstrated increased sensitivity to SDS/EDTA 331 

in a DmlaF background (20). This suggests that genetic components other than uppS may be at 332 

play in upholding the cell envelope in the absence of the Mla system. We previously observed 333 

that A. baumannii 17978UN ∆mlaF had decreased LOS abundance (20), suggesting Und-P may 334 

be important for LOS abundance in A. baumannii. Here, we show that the reduction in LOS 335 

within 17978UN ∆mlaF is due to UppSUN as an isogenic mutant with UppSVU displays WT-like 336 

LOS levels. This suggests that Und-P has an uncharacterized role in LOS synthesis in A. 337 

baumannii. For example, a non-homologous enzyme may use Und-PP as a phosphate donor 338 

for lipid A similar to LpxT. Alternatively, Und-P may serve as a glycan carrier for LOS such as 339 

for the sugar molecules in the core oligosaccharides. 340 

Suppressor mutants in genes encoding isoprenoid biosynthetic pathway enzymes 341 

restored membrane stress resistance to DmlaF uppSUN strains. We found that the DmlaF 342 

uppSUN phenotype is suppressed by mutations in isoprenoid biosynthetic genes ispA and ispB. 343 

The ISAba11 transposition to the 5’ untranslated region of ispB was also found in an extensively 344 

drug resistant clinical isolate of A. baumannii, demonstrating potential clinical implications for 345 

the suppressive mechanism (64). Here, we identified another suppressor in an isoprenoid 346 
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biosynthetic gene encoding IspAG223E that arose when constructing the 17978VU DmlaF uppSUN 347 

strain. In E. coli, ispA null mutants had reduced isoprenoid quinone levels that was rescued by 348 

the overexpression of either ispB or ispU (uppS) (65, 66). This suggests that there may be low 349 

level functional redundancy between IspA, IspB, and UppS. We therefore hypothesize that 350 

IspAG223E enhances low-level Und-PP synthesis performed by IspA. We observed both ispA and 351 

ispB suppressors restoring growth to strains containing uppSUN, suggesting that ispA and ispB 352 

may compensate for a reduced activity of UppS in the 17978UN background. Similarly, in E. 353 

coli, an aberrant UppS mutant resulted in growth defects that were rescued by mutants in the 354 

isoprenoid pathway (67). This suggests that there may be a conserved mechanism to promote 355 

the production of undecaprenyl species in the presence of a defective UppS.  356 

The structure of UppS has been solved from multiple organisms, including A. baumannii 357 

(68–70). The substitution in UppS that differs between 17978VU (M78) and 17978UN (T78) is at 358 

the 78th amino acid position, located on the a3 helix. The a3 helix not only borders the active 359 

site but surrounds the open cavity the product chain would occupy. Residues along the a3 helix 360 

are largely conserved (71). The methionine at this position on the a3 helix is conserved in 361 

prenyl-transferases from E. coli, Saccharomyces cerevisiae, Mycobacterium tuberculosis, 362 

Arabidopsis thaliana, and humans (72). This suggests that the methionine is important for the 363 

structure or function of prenyl-transferases. In the 17978UN UppS variant the methionine at 364 

position 78 is replaced with a threonine. While not highlighted as a critical residue, the 365 

surrounding hydrophobic residues near E. coli UppS M86 (M78 in A. baumannii) (residues 85, 366 

88, and 89 in E. coli) are implicated in interactions with the substrate (72). Importantly, there 367 

were no major structural differences in UppS between the M78 and T78 variants by circular 368 

dichroism analysis (Fig. S2A-B). The substitution to a threonine in 17978UN may therefore 369 

perturb internal hydrophobic interactions between the a3 helix and substrate. We found that 370 

17978UN UppS has a reduced enzymatic rate compared to 17978VU UppS. This suggests that 371 
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the T78 encoded by ATCC 17978UN may perturb the crucial interactions with the substrate 372 

hydrophobic tail required for Und-PP production.  373 

Isoprenoid biosynthesis is an essential process in bacteria. Additionally, isoprenoids 374 

have diverse functions in the cell ranging from metabolism to virulence at the host-pathogen 375 

interface. As such, proteins within isoprenoid biosynthesis have been considered as a drug 376 

target for novel therapeutics (73, 74). Furthermore, UppS specifically is a proposed drug target 377 

for A. baumannii (75). The synthetically sick DmlaF mutants in ATCC 17978UN suggest that 378 

targeting UppS in a combination therapy may represent an effective therapeutic strategy. The 379 

genetic synergy between the A. baumannii Mla system and UppS highlights the importance of 380 

cell envelope maintenance during environmental stress and host infection. The cell envelope, 381 

and more specifically the OM, is the largest barrier to effective antibiotic treatment. Our findings 382 

provide a deeper understanding into how A. baumannii maintains cell envelope integrity to 383 

survive in hostile environments.   384 

 385 

Methods 386 

Bacterial strains and growth 387 

All bacterial strains and plasmids used in this study are listed in Tables S1 and S2, respectively. 388 

Strains were grown in LB or on LB plates with 1.5% w/v agar. Antibiotics were used at the 389 

following concentrations: carbenicillin, 75 mg/L; kanamycin, 40 mg/L; chloramphenicol, 15 mg/L. 390 

Overnight cultures were started in 3-5 mL LB, inoculated with a single colony, and incubated at 391 

37°C while shaking at 180 rpm for 8-16 hours. Growth curves were conducted in 100 µL media 392 

in a flat bottom 96-well plate, inoculated with 1 µL overnight culture, and incubated at 37°C with 393 

shaking. Bacterial growth was monitored by optical density at 600 nm (OD600) in an EPOCH2 394 

BioTek (Winooski, VT) plate reader. For assays on membrane stress, SDS/EDTA was included 395 

in the media at varying concentrations and the concentrations used are noted in each figure due 396 
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to variability. For lysozyme susceptibility assays, lysozyme was included in the media at a final 397 

concentration of 1 mg/mL and the OD600 at 12 hours was used to calculate the %OD600 398 

compared to the average of the OD600 at 12-hours in LB for each strain. 399 

 400 

Plasmid construction and allelic exchange mutants 401 

All oligonucleotides used are listed in Table S3. DNA was amplified using 2X Phusion Master 402 

Mix (ThermoFisher, Waltham, MA), Q5 High Fidelity 2X Master Mix (New England Biolabs 403 

(NEB), Ipswich, MA) or GoTaq Green Master Mix (NEB, Ipswich, MA). The pFLP2 vector was 404 

used for all allelic exchange mutants. Using ATCC 17978VU or 17978UN as the template, 1000 405 

bp upstream and downstream of the mutation of interest was amplified. For pFLP2-obgE, HN1 406 

and HN2 were used. For pFLP2-lptD, HN23 and HN24 were used. For pFLP2-uppS, HN25 and 407 

HN26 were used. For ispA* reconstruction, HN85 and HN86 were used with strain LP546 as the 408 

template. The PCR product was incorporated into a digested pFLP2 backbone using KpnI and 409 

BamHI restriction sites and HiFi ligation mix (NEB, Ipswich, MA). All restriction enzymes are 410 

from NEB (Ipswich, MA). A. baumannii was transformed through conjugation by triparental 411 

mating with E. coli strain HB101 containing pRK2013 as the helper strain. Merodiploids 412 

containing the integrated pFLP2 vector were screened on plates containing 10% sucrose and 413 

75 mg/L carbenicillin and SucS and CarbR colonies were selected. Merodiploids with the 414 

appropriate phenotype were screened by PCR to confirm plasmid incorporation at the correct 415 

site. Merodiploids were grown on LB agar, resuspended in LB, and plated to LB agar containing 416 

10% sucrose to select for second crossover events, and the SucR strains were screened for 417 

CarbS. Genotypes were confirmed via Sanger Sequencing (UIC Genomics Research Core) 418 

and/or whole genome sequencing (SeqCoast Genomics, Portsmouth New Hampshire; 419 

SeqCenter, Pittsburg PA).  420 

Strains containing the ispB suppressor mutation and mlaF knockout were generated 421 

using pLDP70 and pLDP8, respectively (20). 422 
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UppS expression plasmids for protein purification were generated using pET-15b 423 

digested with BamHI and NdeI. UppS was amplified from either 17978VU or 17978UN with 424 

HN94 and HN95 and ligated into the pET-15b backbone using a HiFi ligation. All plasmid 425 

sequences were confirmed with Sanger Sequencing by the UIC Genomics Research Core or 426 

whole plasmid sequencing by Primordium (Monrovia, CA). 427 

 428 

Serial Dilution Spotting Assays 429 

Overnight cultures were 10-fold serially diluted in 96-well plates in 1X PBS to 10-7. Dilutions 430 

were spotted in 3 or 5 µL drops on LB agar and LB agar containing SDS/EDTA and incubated at 431 

37°C overnight. Images of plates were taken on a BioTek (Winooski, VT) ChemiDoc MP imager.  432 

 433 

Antibiotic susceptibility assay 434 

9.5 mL aliquots of soft agar containing 0.8% agar were inoculated with 270 µL overnight culture 435 

and plated to a prewarmed 15-cm LB agar plate. Once solidified, pre-loaded antibiotic discs (BD 436 

(Becton Dickinson), Franklin Lakes, NJ) were placed using the BD automatic disc dispenser 437 

onto the agar overlay and the plates were incubated at 37°C overnight. The following day, 438 

diameters of the zones of clearance were measured in mm.  439 

 440 

Ethidium bromide uptake assay 441 

The EtBr uptake assay was adapted from previous studies (23, 57). Bacteria were grown in 3 442 

mL LB to mid-log phase before centrifuging and normalizing to ~1x1010 CFU in PBS. 443 

Normalized cells were plated to confirm equal CFU across strains. In 200 µL final volume, 444 

normalized cells were combined with 200 µM carbonyl cyanide 3-chlorophenylhydrazone 445 

(CCCP) and 1.2 µM EtBr. EtBr uptake was monitored in a black 96-well plate with reads every 446 
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15 s on a BioTek Synergy H1 (Winooski, VT) using excitation and emission wavelengths of 530 447 

nm and 590 nm, respectively.  448 

 449 

Maneval stain for capsule 450 

Strains were streaked to LB and incubated overnight at 37°C. A single colony was resuspended 451 

in 10 µL of 1% Congo Red and spread across a microscope slide. Slides were flooded with 452 

Maneval Stain (acid fuchsin, glacial acetic acid, iron(III) chloride)(76) for 5 minutes before gentle 453 

washing and imaging at 60X on a Keyence BZ-X Inverted Fluorescence microscope (Itasca, IL).  454 

 455 

NADA-green peptidoglycan stain 456 

3-[(7-Nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-alanine hydrochloride (NADA) was used as 457 

previously described (77). Cultures were grown overnight at 37°C. The following morning, cells 458 

were subcultured into fresh media and grown to mid-log phase with an OD600 of 0.5. 1 mL of 459 

OD600 0.5 cells were pelleted, washed in LB, and resuspended in 1 mL fresh LB. NADA-green 460 

(ThermoFisher, Waltham, MA) was added to the resuspended cells to a final concentration of 30 461 

µM and incubated for 30 minutes at 37°C. Cells were then fixed in 1.6% paraformaldehyde and 462 

plated on an agar pad. Imaging was performed at 60X using a Keyence BZ-X Inverted 463 

Fluorescence microscope (Itasca, IL). 464 

 465 

UppS purification 466 

UppSVU and UppSUN were purified from BL21 ArcticExpress DE3 RIL cells (VWR, Radnor, PA). 467 

Cells expressing pET-15b-UppSVU or pET-15b-UppSUN were grown in 10 mL LB containing 468 

carbenicillin overnight at 37°C. The following day, cells were subcultured into 1 L LB containing 469 

carbenicillin in a 2.8 L Fernbach flask and grown to mid-log phase at 37°C. At OD600 of 0.6, 470 

IPTG was added to a final concentration of 0.5 mM to induce protein expression. Cells were 471 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 22, 2023. ; https://doi.org/10.1101/2023.09.22.556980doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.22.556980
http://creativecommons.org/licenses/by/4.0/


 20 

incubated overnight while shaking (180 rpm) at 25°C. The following day cells were centrifuged 472 

at 2,000 x g for 10 minutes and the cell pellet was lysed using 8 mL of B-PER Bacterial Protein 473 

Extraction Reagent (Thermo Scientific, Waltham, MA) per gram of pellet with gentle shaking for 474 

1 hour. The lysate was pelleted by centrifugation at 4,300 x g for 5 minutes. The soluble fraction 475 

in the supernatant was mixed with an equal part lysis buffer (50 mM NaH2PO4, pH 8.0, 300 mM 476 

NaCl, 10 mM imidazole) and was added to 8 mL Ni-NTA resin (Qiagen, Hilden, Germany) 477 

preequilibrated with lysis buffer and rocked for 1 hour at 4°C. Protein-bound resin was then 478 

applied to a 10-mL chromatography column (BioRad, Hercules, CA) and washed twice with 10 479 

mL wash buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl, 20 mM imidazole). Protein was eluted 480 

using elution buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl, 250 mM imidazole) in serial 2 mL 481 

elution volumes. Samples were separated by SDS-PAGE and stained with SimplyBlue Safe 482 

Stain (Invitrogen, Waltham, MA) to verify protein purification. Protein was desalted using PD-10 483 

desalting columns (Cytiva, Marlborough, MA) into circular dichroism and UppS assay buffers 484 

(see below).   485 

 486 

Circular dichroism 487 

UppSVU and UppSUN were prepared to 0.1 mg/mL in circular dichroism (CD) buffer (10 mM 488 

sodium phosphate buffer, pH 8.0, with 10% glycerol). CD spectra were collected by the UIC 489 

BioPhysics Core from a 0.1 mg/mL sample in a 1 mm cuvette from 190 nm to 240 nm on a 490 

Jasco 815. Protein secondary structure was determined by the software CDSSTR (78, 79). 491 

 492 

Undecaprenyl-phosphate quantification 493 

5 mL cultures of 17978UN and 17978VU were grown in LB to mid-log phase with a final OD600 494 

of 0.5. Cultures were pelleted and frozen at -80 for further processing. Pellets were then 495 

subjected to Bligh and Dyer extraction and dried overnight. The crude cell lysate was then 496 
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resuspended in 200 mL of n-propanol and 0.1 % ammonium hydroxide (1:3)(80). After 497 

sonicating the cell suspension using water bath, 5 mL of sample was injected into C18 column 498 

and analyzed for C55 bactoprenol phosphate (BP) m/z ratio of 845.7 using LC-MS.  Area under 499 

the curve of each BP peak of all samples were recorded and used to calculate BP (pmol) using 500 

a standard curve generated from known BP concentrations.  501 

 502 

UppS microplate enzyme assays 503 

2CNA-GPP was prepared as described previously (58, 67). In each well of a black-walled 96 504 

well plate, reactions were prepared with 2.5 mM 2CNA-GPP, 0.5 mM MgCl2, 5 mM KCl, 0.1 % 505 

Triton-X-100, and 100 nM recombinant UppS from 17978UN or 17978VU. The plate was 506 

incubated in the plate reader at 30° C for five minutes then the reaction was initiated with the 507 

addition of 1 mM IPP (final concentration). Fluorescence was monitored at 30°C over one hour 508 

at an excitation wavelength of 340 nm and emission wavelength of 390 nm. The reaction rate 509 

was determined based on the linear fluorescence increase over the first 8 minutes for both 510 

strains. 511 

 512 

LOS silver stain and densitometry 513 

Samples were prepared similarly to previous descriptions (81, 82). Three-mL overnight cultures 514 

were diluted 1:100 in 5 mL fresh LB and grown to mid-log with an OD600 of 0.5. Two 1-mL 515 

aliquots were harvested. One aliquot was boiled at 85°C for 15 min and subjected to a Pierce 516 

660 (Thermo Fisher, Waltham, MA) total protein quantification following manufacturer 517 

instructions. The second aliquot was pelleted and resuspended in 1X Novex SDS sample buffer 518 

(Invitrogen, Waltham, MA) so that the final total protein concentration was 6 mg/ml, which was 519 

determined to be in the linear range of the LOS densitometry analysis by a dilution series 520 

experiment. Samples were lysed via boiling for 15 min at 85°C and treated with proteinase K to 521 

a final concentration of 0.16 µg/µl. Gels were loaded with samples containing 10 µg total protein 522 
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before electrophoresis on a 16.5% Tris Tricine gel (Bio-Rad, Hercules, CA). Gels were stained 523 

with the Pierce Silver Stain kit (Thermo Fisher, Waltham, MA) following manufacturer 524 

instructions. Images were captured on a BioTek (Winooski, VT) ChemiDoc MP imager.  525 

 Densitometry analysis was performed using ImageJ. Images were converted to an 8-bit 526 

image and the background was subtracted using a 50-pixel rolling ball radius. Using the gel 527 

analysis tool, LOS bands were selected and peaks were quantified. Data are presented as a 528 

ratio of the value of 17978UN WT for each independent gel.  529 

 530 

Murine model of A. baumannii lung infection 531 

Six-week-old female C57BL/6 mice were purchased from Jackson Laboratory. Mice were 532 

housed in a temperature-controlled environment with 12-h light/dark cycles and food and water 533 

were provided as needed and were acclimated to the facility to 1 week prior to infection. Mice 534 

were anesthetized with ketamine/xylazine and inoculated intranasally with 35 µL bacterial 535 

suspension 1:1 mixture A. baumannii ATCC 17978 WT and DmlaF mutant derivatives, 536 

containing approximately 3 × 108 CFU as described previously (20). The inoculum dose was 537 

confirmed by serial dilution and plating on selective agar media. Mice were euthanized at 48 h 538 

post infection by CO2 asphyxiation and the lungs were excised aseptically. Tissues were 539 

homogenized and all samples were serially diluted and plated on LB and kanamycin selective 540 

agar plates for bacterial enumeration. The competitive index of mutant/WT strains were 541 

calculated by dividing the mutant CFU ratio (CFUoutput/CFUinput) by the WT CFU ratio. All animal 542 

care protocols were approved by the University of Illinois Chicago Institutional Animal Care and 543 

Use Committee (IACUC; protocol number 20-165) in accordance with the Animal Care Policies 544 

of UIC, the Animal Welfare Act, the National Institutes of Health, and the American Veterinary 545 

Medical Association (AVMA).  Animals were humanely euthanized consistent with the AVMA 546 

guidelines.  547 
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 548 

Variant protein tree construction – genome filtering and de-duplication 549 

To acquire genomes for analysis, 7431 summaries of Acinetobacter baumannii reference 550 

assemblies (assembly accessions starting with "GCF_”) were downloaded from NCBI datasets 551 

using the datasets command line interface tool. Genomes with contig N50 scores in the bottom 552 

20% were removed from the assemblies, resulting in a total of 5945 genomes. Since there were 553 

many closely related genomes, a deduplication process was carried out based on Average 554 

Nucleotide Identity (ANI) values estimated using Mash distances generated by Mash version 555 

2.34 (83). Each genome was represented by a compressed min-Hash sketch, and pairwise 556 

distances between sketches were used to construct a standard distance matrix. To perform the 557 

deduplication, a custom Python script iterated through each genome in the distance matrix, 558 

comparing its distances to other genomes. A chosen threshold Mash distance (tdist) of 0.006 was 559 

used. If the pairwise distance between two genomes was less than tdist, the genome with the 560 

lower N50 score was discarded. This step was performed recursively until all pairwise distances 561 

were greater than tdist, ensuring that only unique genomes remained in the dataset. Ten 562 

assemblies were identified as outliers due to their high average Mash distance to all other 563 

genomes and were excluded. Scripts for downloading genomes, creating Mash sketches and 564 

distance matrices, and dereplicating genomes and removing outliers are available at 565 

https://github.com/JonWinkelman/genome_deduplication. 566 

 567 

Variant protein tree construction – identification of orthologs in A. baumannii 568 

We utilized OrthoFinder (54, 55) version 2.5.4 with default settings to determine orthologous 569 

relationships between genes in A. baumannii proteomes. A total of 233 proteomes from filtered 570 

and de-duplicated Acinetobacter genomes were included in the analysis. These genomes 571 

include three outgroups, A. baylyi, A. gyllenbergii and A. colistiniresistens that were used to root 572 

the species tree. OrthoFinder computed hierarchical orthologous groups (HOGs) for each 573 
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internal node in the species tree. These HOGs consist of proteins descended from a single 574 

gene in the ancestral species corresponding to the respective internal node. For this study, we 575 

focused on analyzing HOGs associated with the species tree node representing the last 576 

common ancestor of all A. baumannii. OrthoFinder computes HOGs for each internal node of 577 

the species tree. Each HOG contains all genes that descended from a single gene in ancestral 578 

species represented by the internal node. In this analysis we analyzed HOGs for the species 579 

tree node representing the last common ancestor of all A. baumannii. A custom python dash 580 

application was used to explore results from OrthoFinder, and iTOL  was used to annotate trees 581 

for figures (84). The proteomes and alleles depicted are listed in Table S4.  582 

 583 

Variant protein tree construction – Manual identification of orthologs in A. baumannii 584 

When working with three specific genes, OrthoFinder search for orthologs didn't yield results 585 

across all species. In cases where OrthoFinder didn't locate an ortholog, we adopted an 586 

alternative approach. Specifically, we investigated the presence or absence of neighboring 587 

genes. For instance, if an ortholog for the Acinetobacter baumannii 17978-mff gene 588 

ACX60_11495 was detected in a strain, orthologs to all other genes in its operon were found. 589 

Conversely, when this ortholog was absent, none of the operon's other genes were found, 590 

suggesting that this gene and its operon were indeed absent from the genome. 591 

In another instance involving the Acinetobacter baumannii 17978-mff gene ACX60_05080, 592 

OrthoFinder failed to identify orthologs in two strains. In this case, we observed adjacent 593 

orthologs and identified a potential ortholog with an unassigned HOG and more than 95% 594 

sequence identity to ACX60_05080. These findings strongly suggested that this identified 595 

potential ortholog was indeed an orthologous gene. Jupyter notebooks for downloading 596 

genomes, creating Mash sketches and distance matrices, dereplicating genomes, removing 597 

outliers, processing OrthoFinder results and creating figures are available at 598 

https://github.com/JonWinkelman/Palmer_baumannii_UNvVUprevalence.git. 599 
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 600 

Data availability 601 

Whole genome sequencing data is available in the National Center for Biotechnology 602 

Information (NCBI) sequence read archive (SRA) under BioProject: PRJNA1020123 and 603 

PRJNA656143 (20).  604 
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FIGURES 883 
Figure 1. Phylogenetic tree of Acinetobacter baumannii strains depicting prevalence of 884 
variants encoded by 17978VU and 17978UN.  885 
Filled, non-black boxes indicate the presence of a protein variant identical to A. baumannii 886 
17978VU, while unfilled boxes denote the presence of the A. baumannii 17978UN variant. The 887 
absence of a box indicates that an ortholog was not found in the genome. Black boxes indicate 888 
the presence of a variant different from both the VU and UN strains. The presence of ClsC2, 889 
indicated by an unfilled box of the 17978UN strain, is representative of the presence of the 44-890 
kb accessory locus AbaAL44. 891 
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 894 
Figure 2. UppSUN protein variant results in increased membrane stress sensitivity in A. 895 
baumannii ATCC 17978 ∆mlaF mutants. 896 
(A to E) ATCC 17978 UN and VU WT, DmlaF, and isogenic mutant strains were grown in LB. (F 897 
to J) ATCC 17978 UN and VU WT, DmlaF, and isogenic mutant strains were grown in LB with 898 
0.01% SDS and 0.175 mM EDTA. Data are means ± SEM, n=3.  899 
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 902 
Figure 3. UppSUN increases membrane permeability in 17978 DmlaF strain. 903 
(A and B) ATCC 17978VU (A) and 17978UN (B) WT and DmlaF strains with the intrinsic or 904 
opposite uppS allele were incubated with efflux pump inhibitor CCCP and ethidium bromide and 905 
fluorescence was measured. Data are representative of two experiments. n=3, data are means 906 
± SEM. (C and D) Quantified area under the curve for A and B, respectively. Significance is by 907 
one-way ANOVA with Tukey’s multiple comparisons test. Comparisons were made each strain 908 
and the PBS-only negative control and between DmlaF strains with their respective wildtype 909 
strain. significant differences are indicated by * p < 0.05, ** p <0.01, *** p < 0.001, **** p < 910 
0.0001. 911 
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Figure 4. Isoprenoid biosynthesis suppressor mutations require UppSUN to confers 913 
increased resistance to SDS/EDTA in 17978 DmlaF strains. 914 
(A) Schematic of the isoprenoid biosynthetic pathway with key genes highlighted in red. (B and 915 
C) WT and mutant strains were serially diluted before spotting on LB plates without (B) and with 916 
(C) 0.01% SDS and 0.15 mM EDTA. Data are representative of 4 experiments with a total of 8 917 
biological replicates.  (D to G) VU (D and E) and UN (F and G) WT and mutant strains were 918 
grown in LB without (D and F) or with (E and G) 0.01% SDS and 0.175 mM EDTA. n=3, data 919 
are means ± SEM. 920 
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 39 

Figure 5. UppSUN demonstrates decreased enzymatic rate and results in decreased 923 
cellular Und-P than UppSVU. 924 
(A) UppS activity with 2CNA-GPP, a fluorescent analogue of the intrinsic substrate FPP. 925 
A. baumanni UppS from strains 17978VU (green) and 17978UN (blue) and were tested with the 926 
2CNA-GPP substrate analogue and fluorescence increase upon elongation was monitored at an 927 
excitation wavelength of 340 nm and emission of 390 nm. Data are representative of 3 928 
experiments. (B) Mass spectrometry quantitation of undecaprenyl-phosphate in ATCC 17978VU 929 
and 17978UN WT strains. Significance is by an unpaired t-test; **** p < 0.0001.  (C) Silver stain 930 
of proteinase K-treated cell lysates to stain for LOS levels. Image is representative of 7 931 
biological replicates. (D) Densitometric quantification of LOS bands as a ratio over 17978UN 932 
WT. n=6-7, data are means ± SEM, significance is by one-sample t-test compared to 1; * p < 933 
0.05.  934 
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Figure 6. UppSUN confers greater susceptibility to antimicrobials and decreased virulence 937 
in a murine model of pneumonia in an DmlaF background.  938 
(A to D) Antimicrobial susceptibility of VU and UN WT and mutant strains was determined by a 939 
disk-diffusion assay measuring the zone of clearance. Data are representative of 3 experiments. 940 
n=3, data are mean ± SEM. Significance is by one-way ANOVA with Tukey’s multiple 941 
comparisons. Limit of detection (LOD) = 6 mm. (E) Lysozyme susceptibility of VU and UN WT 942 
and mutant strains at 12 h during growth with a final concentration of 1 mg/mL lysozyme. n=3, 943 
data are means ± SEM. Significance is by one-way ANOVA with Tukey’s multiple comparisons. 944 
(F) VU and UN WT and DmlaF strains with the intrinsic or opposite uppS allele were used to 945 
intranasally infect C57BL/6 mice in a 1:1 WT:mutant ratio. After 48 h post infection, the lungs 946 
were harvested and bacterial burdens were enumerated. n=5, normality of log10-transformed 947 
competitive index data was determined by the Kolmogorov-Smirnov test and significance 948 
competitive index was determined by a one sample t test compared to 0. * p < 0.05, ** p <0.01, 949 
*** p < 0.001, **** p < 0.0001. 950 
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