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ABSTRACT
Acinetobacter baumannii is a clinically important bacterial pathogen known for developing
antibiotic resistance, driven in part by its unique biology and physiology. Despite its medical
relevance, the essential genes of A. baumannii have been largely unexplored. Systems biology,
which provides a global and integrated view of biology, offers a comprehensive approach to
characterizing the function of these genes. Prior to this thesis work, systems biology studies in A.
baumannii focused mainly on non-essential genes due to limitations in genetic tools. In this work, |
employed an essential gene knockdown library and developed other genetic tools to investigate
essential gene vulnerabilities, drug-gene interactions, and gene functions in A. baumannii. |
supported the construction and validation of an A. baumannii essential gene CRISPRi knockdown
library, which identified genes sensitive to knockdown (e.g., NADH dehydrogenase | and a phage
repressor), modeled fitness by gene knockdown, and uncovered specific drug-gene interactions. |
then screened this library with a large chemical set to create a comprehensive database of
chemical-gene interactions, showing that most essential genes show additional phenotypes under
chemical stress. | identified lipooligosaccharide transport as crucial for generalized antibiotic
resistance as its inhibition increased membrane permeability and drug sensitivity. My phenotype-
driven essential gene network linked poorly characterized genes to well-conserved pathways such
as cell division. Moreover, | developed a method to combine cheminformatics with gene-chemical
effects, revealing distinct mechanisms of action for chemical classes. Finally, | describe expression
vectors developed for more in-depth study of these genes, then present findings to a general
audience as part of a science communication initiative. In summary, this thesis advances our
understanding of A. baumannii essential genetics, offering biological and computational tools for
future studies. The comprehensive datasets generated provide invaluable resources for essential

gene characterization and developing effective therapeutic strategies against this pathogen.



ACKNOWLEDGMENTS

I would like to thank my advisor, Jason Peters, for providing a place for me to learn and grow over the
past six years and for the folder full of your funny jokes. My thanks also go to Amy Banta for being an
endless source of technical guidance and skill, and to all the past and present members of the lab

for always being willing to brainstorm, commiserate, or just chat about life.

| am forever grateful to my friends and family who have cheered me on from the beginning. Your
support has kept me going. To my parents and sister especially—thank you for the long-distance
calls and occasional visits, where you showed me parts of Madison and Wisconsin | didn’t know

existed, even though I live here.

To the new friends I’'ve made in graduate school and in Madison, thank you for keeping me
grounded, giving me excuses to go out and be social, helping me realize | am quite bad at trivia, and

for all the laughter.

Thanks to Eddie and Rika for the moral support, for keeping the house crumbless, for protecting me

from the garbage truck every week, and for adding fur to everything | own.

And my deepest gratitude to Mason, who followed me to the ends of the earth just to support me

every day and in every way.

This PhD would not have happened without you all.



TABLE OF CONTENTS

ABSTRACT ...cciiiiiiiiiininiininntenieneeeesmmeesseseessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss i
ACKNOWLEDGMENTS .....ccoetiiiiiiiniinninnimmnnmennmenienmmeessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss i
TABLE OF CONTENTS ......coiiiiiiiiiiiininininiinennnnnnennenessesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss iii
LIST OF FIGURES ......cccouuueeeeeeeeenennneeeenneenneeeeessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses Xi
LIST OF TABLES......oouuueeeeeeeieeeeneeeeneeenenneeeneeeessssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss Xv
CHAPTER 1 INtrodUCTION......ccuuuiiiiiiririiccncccicsssssssssssssssnneeesessesessssssssssssssssssssssssssssssssssssssssssses 1
Acinetobacter baumannii: a clinically relevant pathogen 2
Mechanisms of A. baumannii drug resistance and persistence 2

L L5 g 010 0] o S 3
Outer membrane permeability and pOLymyXin rESISTANCE .........cccuveereevueereeieeererreeeererreeeeeeseeeeeesseeessenes 3

Cell wall and Cell diVISION AIUZG TAIZELS .....eeeeueeeeeecieeeeeceeeeeecteeeeecteesessaeesesssaeesessaessessassssssssesssssesesssses 7
Adaptive stress response and metabolic reMOELNG .........coccuveiveeiieiieiiieeiciireeesireeeesieeesssreeeesssssnesenas 9
Mobile genetic elements and antibiOtiC rESISTANCE ........cccueeeeeeeeereerrieeieerreeresrreeeesssreessssseessssssneessssenes 10
Genetic tools in A. baumannii 13
Functional genomics and systems biology 17
KNOCKOUT LIDIAIIES .....uvooueeneenniinniinienienieiienttiitiitesit ettt st saesaessaesaessaessaesnessnssssessnssnesssessnaesnns 17
CRISPR-DASEU LIDrari€s ........cocuevvueivuervuiriuiiiniiniiiniiiiinieniennesie st csstesssesssessesssesssesssesssesssesssessssssnes 19
Large-Scale CREMICAL GENOIMUCS .......uuuiieeiieeeiiieeeeeeeseeerirereeeeeesssssrsateeesesssssassaaeessessssssssasesesesssssseseaess 21
Summary and thesis outline 22




References

CHAPTER 2 Essential Gene Knockdowns Reveal Genetic Vulnerabilities and Antibiotic

Sensitivities in AcCinetobacter DAUM@N i ......e.eeeeeeeeeeeeeeeeeeeereererrersereeessecsecseosessessessssssessessessees

Abstract

Importance

Introduction

Results

Construction and validation of an A. baumannii essential gene CRISPRI library ..............cccveeeecvveneene

Identification of A. baumannii essential genes and pathways that are sensitive to knockdown ..........

Essential gene knockdowns that potentiate or mitigate carbapenem sensitivity in A. baumannii.......

The synergistic antibiotic pair, colistin and rifampicin, show anticorrelated phenotypes.....................

Discussion

Materials and Methods

Strains and GroWth CONTITIONS .........eeveuireriiiiiiieteeeteete ettt sttt se et s e et e st e s see s seeesneesene

General molecular biology techniques and plasmid CONSTIUCTION .........cceevueeeeevieeeieeiieeeeccieeeeeceeeeeenne

A. baumannii Mobile-CRISPRI SYyStEM CONSTIUCTION ........uueieevvveereerieeereeireeessireeesssrsnesessssesssssssessssanessns

A. baumannii Mobile-CRISPRI individual gene and gene library CONStruction ............ccceeeeeevvveereerneennn.

Transfer of the Mobile-CRISPRI system to the A. baumannii CRrOmMOSOME........cccceeeeeecuveeeeeeeeeeercrneeen

Library SroWth @XPEIIMENT .......coceeceeeeeeeeieieeeiiirtteeeeesssessssaseeessesssssssasseesessssssssaaesssesssssssssasesssessssssssaness

SEQUENCING LIBrary SAMPLES.........ueeeeeuriieeitieiecireeeeiieeeeesiaeeeessaeessssseesssssasesessssessssssssssssssesssssssessssseees

23

39

40

41

43

43

46

54

61

70

74



LiBrary dat@ @NAlYSIS ........uuueeeeeiiieeeeieeeeeeeeeecicrrteeeeeesesssssaeseeessessssssstaeeesesssssssssaaeessessssssataaesesesssnssrreaeses 78
CoUNtING SGRINA SEQUENCES ....ccoceeereieeceieieeieteeeeiaeesesitessessseessssseessssssessssssessssssasssssssaesssssssessssssasssnnes 78
Condition Comparisons — Quantification and CONFIAENCE ........ccueeeeevveeeieeiieeeiecireeereerreesssrseesssssssesssnn 78
(O70] A7 [ 2T I It T= o ISR 79
KNOCKAOWN-RESPONSE CUIVES ....cooeeeeeeereetieeeeteeeeeeteeeeseteseesseeesesssteesessseaesessstaesessstessessseessesseessesneees 79
Acknowledgements 122

CHAPTER 3 Large-scale chemical-gene interaction profiling informs antibiotic and essential

gene function in Acinetobacter BAUmannii..........eeeeeceereecocoreecscssssesssesssssssesssssssasssssssssssssasss 129
Abstract 130
Introduction 131
Results 132

The vast majority of A. baumannii essential genes show significant chemical-gene interactions. .... 132

Lipooligosaccharide transport inhibition enhances drug susceptibility through increased membrane

PEIMEADILILY ...eeveeeeeveeieeeieieeeeteeeeseeeeeesteeesesteeeessseeessssaeessssstessssssaesssssseesssssaessssssaesssssssesssssseessssseeeenss 136
Taxon-specific determinants of chemical susceptibility and resSiStance.............ccceeeeeeeeeeeevveeerenueeenne. 139
An essential gene network in A. baumannii identifies novel gene CONNECLIONS........cccvvvuveeeeeeeeeeivvnnnns 143
Structure-informed clustering of chemical perturbations reveals insights into inhibitor function..... 149
Discussion 153
Materials and methods 158
Bacterial Strains @Nd GrOWEH ........uuiicceiiieciieececeeeeesseeesesraeesesstaeesssssaeessssnessssssaessssssaesssssasesssssssesssnens 158

General molecular biology techniques and plasmid CONSTIUCTION ........ccoeevuveireviveereiieieeeerreeeessreeeens 158



Vi

Library SroWth @XPEIIMENT ......ccoceeeeeeeeieeeccieeeeeeeseeessraaeeeeeesssesssssasessesssssssssasessssssssssssssesssssssnssssenes 159
Sample preparation @GN SEQUENCING ........c..uueeeeeceeeeeiieeieeiieeeessrseesessaeessssssessssssnesssssssesssssssesssssssessssns 159
Sequencing read quality coOntrol aNd PrOCESSING........uuiieevvueeieerireereriieeiesireesesiseeessssssessssrssesssssssesssnes 159
Creation Of KNOCKAOWN STIAINS ......cc.covuirvuiiiuiiniiniiniiniiiicniciit sttt essesssesssesssesssesssessssssssesssenns 160
MIC TEST STIID ASSAYS .uuveereeueeereeiteeeeeieteeeesete e e e sttt eee st e eeesseeeseessteesessstaesessstessessetassenntesseneaessenseeessennes 160
SPDOT ASSAYS «.vveeeertieieeiieeieeetteeeessteesesirteeessstesessateaasssatesesssaesasssaeesasssaeesensstessenssaeeeestaeesssaaeeensreeesannees 161
Membrane PErmMeEabIlity SSAY .........ccuueiieevieiieiirteieeireeeeesiseesssseeessssaeessssssesssssssessssssesssssssesssssssesssnes 161
OFtROIOZ BNALYSES ...ttt sttt sttt s et e st s e e s et e s st e s naesesee e s st e seneesnes 161
INEEWOIK GENEIATION. .......eeeeeeeeeiiiieeceeteeeteeeeccrreeeeeeesssssssaeeeeeessssssssaaeessssssssssssaeeesessssssssssaasssssssssrnneens 162
Chemical COMPAriSON GNALYSES ......ueieeeueeeieeieeeieeiietiesrreeeesisteesssstesssssaeeessssaesssssseesssssstesssssssesssssneessns 162
Protein StruCtUIAL PrEQICEION ..........eeeeeeeeeeeeeeeeeceeeeeeeeeeecerreeeeeeeeeeeessareseeeeeseeesnssseseeeesssesssssaesessenennnnsenes 163
Cell division protein localization and MICIOSCOPY ...ceccuueeereereeerreieeereeieeereesetereessreesseseeessesneeessssseessnns 163
Acknowledgments 199
References 199

CHAPTER 4 Modular, inducible, and titratable expression systems for Escherichia coli and

Acinetobacter DAUMANNII .........eeeeeeeeeeeeeiissnnnnneeeeeecciissssnnneeeeeccsssssssssssseesecsssssssssssssessssssssssses 206
Abstract 207
Importance 208
Introduction 209

Results and Discussion 211




Vii

Modular replicative and integrating vectors for E. coli and A. bBaUmManNii............ceeeeeeeeevneeeeeeieeeeesinnnns 211

A tightly regulated, IPTG-inducible promoter for E. coli and A. baumannii ..........ccueeeeevvueeeeeirveeeenneens 215
P.usisr €Xpression is titratable at the population and single celllevel..............uuveeveevueeiievveeieciineereennns 218
Modular vectors and Passisr €nable gene regulation studies in E. coliand A. baumannii .................... 223
Conclusion 226
Materials and Methods 226
Strains and roWth CONMITIONS .......ccccvuveiieiiieiieiireteesietesesseeesssseeesssssseessssssesssssssessssssesssssasesssssssesssnes 226
General molecular biolOgY tECANIGUES ..........cocueeeeuireiiieiiitercte ettt sttt s et e st e seseeeenee 227
Construction of replicative EXPreSSiON VECTOIS .......uiiccvveeeeiieeeeeiiieeeeeiaeeseeieessessseesssssssssssssssssssssesesnns 227
CONSTIUCTION OF PapstBR-wveruverversuerseeintisstinntinstestestesstesssesssesssessstssstesstesssesssesssesssessaesssesssesssssssassssessasns 228
Conjugative-based transfer Of EXPreSSION VECTOIS ........uueieerrueereerveernerreeersereeeesssseessessseesssssssessssssesssns 228
PromMOtEr QCHIVILY GSSAYS ...uuuveereereiereeieteeeeseteeeeseteraesteeseessteessssstassassssaessssstessessssessesseessessesesssnseassssnnes 229
FLOW CYEOIMIBLIY ettt ettt et s e s seraee e e e e s s s s saaa e e e e e ss s ssaaaaeesesssssssssaaaaesssssssnsessaaessesssnnnnanes 229
DAta QVAILADIIITY ....veeeeeereeieeireeiecieeeeeciteeeesittesessratesessaeesesssaaesssssseesesssseessssaesssssesesssssssesssssanesssssasesssnnn 229
Acknowledgements 243
References 243

CHAPTER 5 Chapter for the Public: A Journey through the Genetics of a Drug-Resistant

L= 7= T =T T T 1 PPN 248
Introduction 249
Discovering the World of Superbugs 250




The Good, The Bad, and The Neutral Bacteria: Where does A. baumannii fit in?

viii

251

The Challenge of Antibiotic Resistance

253

The Scientist’s Toolkit: how (and why) do we study A. baumannii genetics?

254

257

Finding the best targets: the most vulnerable essential genes

Genes in antibiotic resistance

258

Connecting the dots with gene functions

New weapons in the arsenal: from genetics to therapeutics

260

262

Reflections on the PhD journey

263

CHAPTER 6 Conclusions and fUutUre dir€CtIONS......ceeeeeeeererrerrerreseeceeceecsesseosesseessessecsessens

Conclusions

267

Future directions

270

Mobile genetic elements and their regulation of host lysis in A. baumannii ATCC19606...................

LexA-like proteins as newly discovered regulation of phage lYSOZENY........c.ccceeeeevcvereveencrerenennnenn

LptCas and its role in Lpt-targeting @NtIDIOTICS ......cecccueeeeeeeeeieeieeeeeeieeeeeeireeesessseeeeesseessessssesssssssesssnes

HolDay, subunit interactions and role in DNA POlymerase @CtiVity .........cccueeieeveeeiesvneesesinesessineesssnnns

Further characterization of cell wall synthesis and cell division genes in A. baumannii ....................

Tetracycline-class antibiotic efficacy and the electron transport Chain .............eeeeieeeevvveeeeeeieeeeevinnnns

Broadening applications: full genome libraries and small molecule SCreens...........eeeevvuveeeevvveereennns

References




APPENDIX A Heterogeneity in A. baumannii lab strains and implications for molecular

STUAIES nnnnnnneeeiiireeiiiiinnnttttteeeiciisnnntetteteeessssssssssaneeseessssssssssssseessssssssssssssssssssssssssssssssssassssssss 286
Introduction 287
Results 289

Random transposon mutagenesis is less efficient in 19606 than in 17978 ........cccovvveeievvveeeevrveereennns 289
19606, but not 17978, shows growth phase-dependent variation in cell morphology...................... 289
Discussion 296
Materials and Methods 298
TraNSPOSON MUEGZENESIS ....euueeeeeereeeeeereeeeeeseeeeeesteeeessstesaesstesesssseesssssssessssssaessssssesssssssssssssssesssssssesssss 298
MicroScopy at STAtIONAIY PRASE..........uuieeeeeiiieetieeeeteee ettt sttt seeseteesesreteesesetesseseeesseneaessenseeesssnnes 298
Acknowledgements 300
References 300

APPENDIX B Effects of media and chemical concentrations on A. baumannii growth ....... 303
Introduction 304
Results 305

Effects of different media on A. baumannii growth in rich defined media............cccoeeeevvveeeeeeieeeeivcnnnns 305
Quantification of subinhibitory chemical CONCENTIAtioNS ..........cccuveieevvveeieeriveeieiieeessiirreeeessseesssseeesnns 308
Discussion 322
Materials and Methods 324

MEAia GrOWEN GSSAYS......uueeeeriiiiiieeceitteteteeeeccrrteeeeeeesssssseeeeeeesssssssssateeeessssssssssteessessssssssssaasesesssssrnnanes 324



ANLIDIOTIC GrOWTR GSSAY .....uuueeeeeiieeeeeiieeieeeeeeeeeicrteeeeeeseesssssraeeessssssssssssseessssssessssssssessssssssssseassesssssssssnnnes 324
QUANTITICATION OF INAIDITION ... s s s s s s s s s s s ssssssssssssssssssssssssnnsnnns 325
References 325
APPENDIX C Effects of aerobic respiration complex knockdowns in A. baumannii............ 327
Introduction 328
Results 328
Knockdowns of respiratory complexes reduce cellular [eVelS OF ATP.........uovecvveeiecveeeieireneeesieeesesnnns 328
Varying effects on membrane POLENTIAL............cccveeeeeeveeirerrreeeerriteeeerteeeeeseeeseeseeeesesseeessssseessssseeesnns 331
Discussion 338
Materials and Methods 339
KNOCKAOWN CONSTIUCTION ......uveneinviiiiiiiiiiitiitiitiitctctcstcstc s saesaessesss st ssessntssstsssaesnsesssessnens 339
ATP GSSAY «.uvveeeeiereieeiireeiaeieeeesssteessssseesssssstessssssessssssssssssssesssssssesssssssesssssssesssssseesssssssessssssessssssesssssnsens 339
INADAH/NADH GSSAY ....uuveereeeieeieeiteeeeeitteeesieteeeeseteseeseteseessteesssssseesassssassessstessessssessessssesssssesesssnseesssenses 339
EtNiditum DrOMUGE @SSAY ......uuueeeiieeeeieeiieiiiieeiiieeeeeeesessissssseeeseessssssssseeessssssssssssasesssssssssssssasessssssssnsanes 339

References 342




Xi

LIST OF FIGURES
CHAPTER 1 Introduction S|
FIGURE 1.1. THE A. BAUMANNII CELL ENVELOPE ...vvtevteeetereteeereessesssesssesssesssesssessssesssesssesssesssesssesssesssesssesssesssssssssns 5
FIGURE 1.2. MOBILE GENETIC ELEMENTS CONTRIBUTE TO ANTIBIOTIC RESISTANGCE «....vveeeueeeeeeeereneeeeeeeseseeseseeeeseesens 11
FIGURE 1.3. GENETIC TOOLS IN A. BAUMANNII «.vvveeteeeeeeteeteeseeeseesssesssesssesssessssssssssssssssssssssssesssesssesssesssesssesssesssens 14

CHAPTER 2 Essential Gene Knockdowns Reveal Genetic Vulnerabilities and Antibiotic

Sensitivities in Acinetobacter baumannii ceeeeessnssssssssssssessssnaserssssssssssssnass 3O
FIGURE 2.1. CRISPRISCREENING OVERVIEW......ccvecteeteeteesessessessessesssessessesssessessessssssessasssessessessssssessasssessassansenns 44
FIGURE 2.2. A. BAUMANNII GENES AND PATHWAYS THAT ARE VULNERABLE TO KNOCKDOWN .....veeveeresreseseesaessenenns 48
FIGURE 2.3. KNOCKDOWN-RESPONSE CURVES DESCRIBE GENE AND PATHWAY VULNERABILITY ....ceveererervesneresenns 52
FIGURE 2.4. ESSENTIAL GENE INTERACTIONS WITH CARBAPENEM ANTIBIOTICS IN A. BAUMANNII ..vceveereeeeereseeereenans 55
FIGURE 2.5. KNOCKDOWN EXTENT AFFECTS THE SIGN OF ANTIBIOTIC-GENE INTERACTIONS ....cveeveerrenresesrnessesseseens 59
FIGURE 2.6. ESSENTIAL GENE KNOCKDOWN PHENOTYPES IN COLISTIN OR RIFAMPICIN ....coverutevenrerreenresesseesnesesseens 62
FIGURE 2.7. COL/RIF INTERACTION WITH AND PHYSIOLOGICAL CHARACTERIZATION OF NDH-1 KNOCKDOWN......... 64
FIGURE 2.8. ANTICORRELATED GENE-ANTIBIOTIC INTERACTIONS FOR COLISTIN AND RIFAMPICIN ......ceeererresuerrenenns 68
FIGURE 2.51. OPTIMIZATION AND CHARACTERIZATION OF AN A. BAUMANNII MOBILE-CRISPRISYSTEM.....ccccoeveernnne 90
FIGURE 2.S2. QUALITY CONTROL FOR THE A. BAUMANNII ESSENTIAL GENE CRISPRILIBRARY ....ccvveteeveererreseesrennens 92
FIGURE 2.S3. GENE LEVEL DEPLETION FROM THE CRISPRI LIBRARY UNDER DIFFERENT GROWTH CONDITIONS ......... 94
FIGURE 2.S4. THE GO593_00515 GENE IS CONDITIONALLY ESSENTIAL 1..veevteurerverreseessessesseessessesesssessasesssessaseens 96
FIGURE 2.S5. EXAMPLES OF 4-PARAMETER KNOCKDOWN-RESPONSE CURVES AT TT AND T2....ccovieueecienreneeneesreeneens 98
FIGURE 2.S6. ESSENTIAL GENE KNOCKDOWN PHENOTYPES IN IMIPENEM AND MEROPENEM.......cccceeveerenrerresnensenes 100
FIGURE 2.S7. CARBAPENEMS ARE SYNERGISTIC WITH FOSFOMYCIN IN A. BAUMANNII .....veevevecveereesecsessessessessennes 102
FIGURE 2.S8. ESSENTIAL GENE KNOCKDOWN INTERACTIONS WITH CARBAPENEMS .....cccveeveeueeeerreereesensessesssessennes 104
FIGURE 2.59. GLNS KNOCKDOWN CAUSES A SUBTLE CHANGE IN IMIPENEM MIC ....ccooovitiiriieerennreeesneeeessnneenenns 106
FIGURE 2.510. DOSE-RESPONSE CURVES MODELING THE FITS FOR GLNS IN IMIPENEM ....c.veeueeverreeneeiensesseeeessennas 108
FIGURE 2.511. COL AND RIF ARE SYNERGISTIC UNDER OUR SCREENING CONDITIONS IN A. BAUMANNII........ccceven.. 110

FIGURE 2.512 ESSENTIAL GENE KNOCKDOWN PHENOTYPES IN VERSUS COLISTIN ...ceeueereueereeeensueeneeeesneessneeseneees 112



Xii

FIGURE 2.S513 NUOB KNOCKDOWN CAUSES A SUBTLE CHANGE IN COLISTIN MIC ....c.utiiiiiiniiereeneeeeeeeseeeseeees 114
FIGURE 2.514. MEMBRANE POTENTIAL IN NON-TARGETING AND NUOB KNOCKDOWN STRAINS .....ccceveerrueercreerannees 116
FIGURE 2.515. NUOB KNOCKDOWN CAUSES A SUBTLE CHANGE IN RIFAMPICIN MIC ......ccoireviiireeeeeeeeeeeeeneeenens 118
FIGURE 2.516. COL/RIF INTERACTION AND PHYSIOLOGICAL CHARACTERIZATION OF NDH-1 KNOCKDOWN........... 120

CHAPTER 3 Large-scale chemical-gene interaction profiling informs antibiotic and essential

gene function in Acinetobacter baumannii ceessssessessssesssessssssssssssesssssnsens 129
FIGURE 3.1. CHEMICAL GENOMICS SCREEN IN A. BAUMANNI ESSENTIAL GENE LIBRARY .....veveueereereseesesessessensens 134
FIGURE 3.2. LPTKNOCKDOWNS ARE SENSITIZED TO ANTIBIOTICS ....veeveeeeeresreseessessessessessessesssessesssessessessessssssanses 137
FIGURE 3.3. CHEMICAL INTERACTIONS AND CONSERVATION OF ESSENTIAL GENES .....ccveeveveeereereesereeeeeseesanseneens 141
FIGURE 3.4. ESSENTIAL GENE NETWORK REVEALS FUNCTIONAL CONNECTIONS .....veeueerereeeneeseesessesseessesassassassens 145
FIGURE 3.5. CHEMICAL GROUPING BY PATHWAY EFFECTS AND STRUCTURE .......cectesteeeeressesseesessesssessessessessssssanses 150
FIGURE 3.S1. REPLICATE AGREEMENT AND SAMPLE DIVERSITY AS QUALITY METRICS .....veeveveeereeresseseeessnesessensens 173
FIGURE 3.52. GROWTH AND PERMEABILITY ASSAYS FOR LPT AND LPX KNOCKDOWNS ......ceveueeueeeensenseessesnssansansens 175
FIGURE 3.S3. CHEMICAL-GENE SCORES AND CONSERVATION IN MORAXELLALES ...eeeveeveereevecvessessessessessesssssenses 177
FIGURE 3.S4. ESSENTIAL GENE SUBNETWORKS .....vecteteeeressessesseseessessessessessessesessessassessessessssessessassessssassassassans 179
FIGURE 3.S5. CHARACTERIZATION OF UNANNOTATED, POORLY CONSERVED GENES .....veeveeeeeereeressessesessesassassansens 181
FIGURE 3.S6. FUNCTIONAL PHENOTYPES FOR NETWORK GENES OF UNKNOWN FUNCTION ....cccveueeveveeeneeerenseneens 183
FIGURE 3.S7. MICROSCOPY OF FLUORESCENTLY TAGGED CELL DIVISION PROTEINS.......ccvecteeereeresserseresesessessensens 185
FIGURE 3.S8. CHEMICAL PAIRS SIMILAR IN PATHWAY EFFECT AND STRUCTURE .....cevteetertenreseesessenseessessesasssessenses 187
FIGURE 3.S9. PATHWAYS IMPACTED BY CARVACROL AND THYMOL ....uveueeteeteeteeeneeseesessessesesessssessessessessssessessensens 189
FIGURE 3.510. CHEMICAL PAIRS OPPOSED IN PATHWAY EFFECT AND STRUCTURE.......ceveveeeeereesessessessesesassassansens 191
FIGURE 3.511. TARGET PATHWAY EFFECTS FOR TETRACYCLINE-CLASS ANTIBIOTICS ...vvevveeterreeeesreeeesessesseessensenses 193
FIGURE 3.512. LPT AND ATP SYNTHESIS PATHWAY EFFECTS IN TETRACYCLINE-CLASS ANTIBIOTICS......ccveevereereerennans 195
FIGURE 3.513. INEFFECTIVE CHEMICAL CONCENTRATIONS LACK SIGNIFICANT PATHWAY EFFECTS ....cevverreeeervensennes 197

CHAPTER 4 Modular, inducible, and titratable expression systems for Escherichia coli and

Acinetobacter baumannii SR ¢ | 2

FIGURE 4.1. MODULAR REPLICATIVE AND INTEGRATIVE EXPRESSION VECTORS .....euvtereeureeresrneeesasneeesssneessssnnnensns 212



FIGURE 4.2. P 55151 PROMOTER CONSTRUCTION AND EXPRESSION ....veeuverevereversreesreessesseesseessessesssesssesssssssessssenns 216
FIGURE 4.3. TITRATION OF P 455:38 EXPRESSION AT THE POPULATION LEVEL ...evevtevesveseensessesesssessesesssessessessasssenses 219
FIGURE 4.4. TITRATION OF Pssrar EXPRESSION AT THE SINGLE-=CELL LEVEL....uveeeveeeteeeeeeeesseeseessessesssesssesssessseenns 221
FIGURE 4.5. MODULAR INTEGRATIVE AND REPLICATIVE VECTORS FACILITATE A FUNCTIONAL REPORTER ASSAY ......... 224
FIGURE 4.S1. CONJUGATION AND TRANSPOSITION EFFICIENCIES....veetteersresrerreessessessesssessessesssessassesssassessessasssasses 239
FIGURE 4.S2. TITRATION OF P s8R EXPRESSION .....uuvterrutereueereereesueereseessseesaneeseseessseesseessseessneessssessseessneessenes 241

CHAPTER 5 Chapter for the Public: A Journey through the Genetics of a Drug-Resistant

Bacterium . X -
FIGURE 5.1 A BACTERIUM AND VIRUSES TO SCALE COMPARED TO A RED BLOOD CELL. ..vevevereeeresrereeeeesessenseneens 250
FIGURE 5.2 A CARTOON OF ASUPERBUG. .....veeveeteetentenesseesessessassessesssssssessessessessesessessessessessessesessessessessessssassansens 251
FIGURE 5.3 GOOD, BAD, AND NEUTRAL BACTERIA ....c.veeteereeresseseessessessessessessssssessessssssessessesssessessssssensessessssnsanses 252
FIGURE 5.4 ANTIBIOTIC RESISTANCE MECHANISMS OF A. BAUMANNIL «..vcvveueereevereeeseesessessessesesessessessesssassassensens 253
FIGURE 5.5 THE CENTRAL DOGMA OF BIOLOGY .....veuveutruereereesteteteersessessessesessesessessassessessessesessessessesssssssassassens 254
FIGURE 5.6 CRISPR TOOLS ....cteeteeieitesteeeestestestestestesssessessesssesssssessssssessessssssessessssssessessssssessessssssensessesssensanses 255
FIGURE 5.7 EXPERIMENTAL SETUP ....vcuvitetereetessessesesssessessessessessesessessessessessessesessessessessessessssessessessessssassansansans 256
FIGURE 5.9 GENES IN ANTIBIOTICS....veveteutereesessessesseseesessessassessessessssessessassessessesessessessessessessesessessessessesassassassans 258
FIGURE 5.8 THE TWO MAIN LIFESTYLES OF BACTERIOPHAGES ....cuveveeerestestesteseeseesessessessessesssssesessessessessssassassassans 258
FIGURE 5.10 A. BAUMANNIP'S CELL ENVELOPE ....veveteuteeeeressesseseseesessessessessessessesessessessessessessssessessessessssassansassans 259
FIGURE 5.11 MAPPING GENE CONNECTIONS .....veetecteeteereessessesssessessessessessessasssessessasssessessasssessassssssessessassssssanses 260
FIGURE 5.12 AN A. BAUMANNII ESSENTIAL GENE NETWORK ....uveuveteeeressessesseeeseeseesessessessssssssssessessessessssassessassans 261
FIGURE 5.13 THE CELL DIVISION GENES FROM THE LARGER ESSENTIAL GENE NETWORK .....cecveeevesuersereeesessensensens 261
FIGURE 5.14 MICROSCOPY OF THE KNOCKDOWNS OF UNIQUE DIVISION GENES IN A. BAUMANNII.....cccveervecvesrennes 262
FIGURE 5.15 THE PHD JOURNEY ...vecteiteterereeteetestetesesessessessesessessssassessessessessessssessassessessessesessessensessssassansansans 264

APPENDIX A Heterogeneity in A. baumannii lab strains and implications for molecular

studies S ” 1 - 1

FIGURE A.1. EFFICIENCY OF MARINER OR TN5 IN A. BAUMANNII AND E. COLI LAB STRAINS. .....eeeerreerereerssneenereesaeees 290



Xiv

FIGURE A.2. EFFICIENCY OF MARINER TRANSPOSITION UNDER VARYING CONJUGATION CONDITIONS IN 17978 AND

FIGURE B.1. 19606 GROWTH CURVES IN VARIOUS MEDIA .....cceeeeuteeraeueeeaaneeeeeenneeesaasnreesasneeesassseessssssessssnsesans 306
FIGURE B.2. GROWTH IN EZ RDM WITH SODIUM SUCCINATE .....eeeeueereeerenueessneessseeessseesssesssseessneessssesssseessseessees 309
FIGURE B.3. EFFECT OF SUBINHIBITORY CHEMICALS ON GROWTH ....cereuteeueereneereeeeeneeseneeseneeesaneesseessseessneesenenes 311

APPENDIX C Effects of aerobic respiration complex knockdowns in A. baumannii............ 327

FIGURE C.1. PREDICTED AEROBIC RESPIRATION COMPLEXES IN A. BAUMANNII...cccuvveeeeeraeeeeseeeeeeesaseeesneeseneessnens 329
FIGURE C.2. RELATIVE ATP LEVELS IN AEROBIC RESPIRATION COMPLEX KNOCKDOWNS....ccccovrererureerasrneersssnnenanns 332
FIGURE C.3. MEMBRANE PERMEABILITY IN KNOCKDOWNS OF AEROBIC RESPIRATION COMPLEXES.....cccccceeeeeneeennnns 334

FIGURE C.4. NAD+/NADH RATIOS IN AEROBIC RESPIRATION COMPLEX KNOCKDOWNS .....ccccuteerueerereeensneeneneesannees 336



XV

LIST OF TABLES

CHAPTER 2 Essential Gene Knockdowns Reveal Genetic Vulnerabilities and Antibiotic

Sensitivities in ACiNetobacter DAUM@NNIi...e.eeeeeeeeereeeeeereeeeeerereeeseeseeseessessessessessssssessessessessens 38
TABLE 2.71. STRAINS USED IN THIS STUDY.. tuvttteveeerueereseeeesseessseessssessssessssesssssessssessssessssesssssssssssssssesssssssssssssssesssses 80
TABLE 2.2. PLASMIDS USED IN THIS STUDY..eetteieueteeeeeeeeeeesseeeeeesseesssssseesssssssesssssssesssssssesssssssessssssssssssssesssssssessssses 83
TABLE 2.3. OLIGOS USED IN THIS STUDY. c.evteteuveeereeereteresseseseesessesessesssssssossesessessssessssesessessssssssssessssessssssssssessnses 86
TABLE 2.4. DIGITAL RESOURGCES. .cuvttitetieteeisreessstesssteessseessseessssessssessssesssssessssessssessssssssssssssesssssessssessssesssssessnses 89

CHAPTER 3 Large-scale chemical-gene interaction profiling informs antibiotic and essential

gene function in Acinetobacter BAUMANNi........ceeeeeeeiiiiiiiiiiiiieiineeceeeennneenesseesessssesesssssssssssnes 129
TABLE 3. 1. STRAINS USED IN THIS STUDY. w...uvttteerueueseseessesssstssesesesesssesesssssssesesesesssssesesesssesssesssssssesssssssesssssasasns 164
TABLE 3.2. PLASMIDS USED IN THIS STUDY.....cuvvveteueuteeeesseessstssesssesesssssssssssssesssssssssssesssssssesssssssssssssssssssesssssssesns 166
TABLE 3.3. OLIGOS USED IN THIS STUDY.. c...vueutteteueueentesesenetssesesesestesesesentsssesenentsssesenentssesesentsssssenensssssssenenens 168
TABLE 3.4. FINAL CONCENTRATIONS AND ABBREVIATIONS FOR CHEMICALS USED IN THIS SCREEN. .....vevevrueerererenene 171

CHAPTER 4 Modular, inducible, and titratable expression systems for Escherichia coli and

ACINETODACTET DAUMIQANNII «.ueeeeeeeeeeeeeeeeeeereeeresereesreeseseessessssssssssssssssssssssssssssssssssssssssssssssssssns 206
TABLE 4.7. STRAINS USED IN THIS STUDY. .eeeuveereerueerueerueesseesseesssesssesssesssesssesssesssesssesssssssessnsosssssnsssssesssesssesssessses 230
TABLE 4.2. PLASMIDS USED IN THIS STUDY ..t teueteeeueeeeseeeeseesessesenseeesssesessesesssesassesessesesssessssesessssssssesessesessesssssesn 233
TABLE 4.3. OLIGOS USED IN THIS STUDY.. «.veeuveeveeeeesreesreesseessesseesssessaesssesssesssessssssssssssssssssssesssssssesssesssesssesssessses 236

APPENDIX A Heterogeneity in A. baumannii lab strains and implications for molecular

STUIES ceuereuereeereeereecreereecreecreecressrsssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssnsssee 286

TABLE A.1. STRAINS USED IN THIS STUDY. ...eetteeruueeerernreeraesnreerassnreesasssseessssnseessssssassssssssssssssessssssesssssssssssssessssns 299

TABLE A.2. PLASMIDS USED IN THIS STUDY. .ceeeeuuteeeeaueeeraaneeeraaneeesaessteesasssseesesssseesessssessesssessessssesssssssesssssseesasns 299



XVi

APPENDIX B Effects of media and chemical concentrations on A. baumannii growth ....... 303
TABLE B.1. ANTIBIOTIC CONCENTRATIONS AND GROWTH INHIBITION OF A. BAUMANNII ATCC196086........covevennnnee 314
APPENDIX C Effects of aerobic respiration complex knockdowns in A. baumannii............ 327
TABLE C. 7. STRAINS USED IN THIS STUDY.....ceueuerteuentrrentereeeseesseneesenessesessesesesesesensesensesentesesesseneesenessesessesessesens 340
TABLE C.2. PLASMIDS USED IN THIS STUDY. ..uveueteueterereeseesseessenessesessesessesessesessesesesensesessesessssensssessssesessessssesens 341

TABLE C.3. OLIGOS USED IN THIS STUDY ....uuvtteuteeeurerereessseeseseesssseessseesesesssseessssesssesssseessssessssessssesssssessssassssaesss 341



CHAPTER 1

Introduction

| wrote this chapter to review Acinetobacter baumannii, drug resistance mechanisms, and the tools
available to study A. baumannii genetics and to outline the work presented in the remainder of this

thesis.



Acinetobacter baumannii: a clinically relevant pathogen

Acinetobacter baumannii is a Gram-negative, opportunistic bacterial pathogen characterized by its
lack of motility, strictly aerobic growth, and unique coccobacillus shape (1). Although
Acinetobacter species are considered ubiquitous environmental microorganisms commonly found
in soil and water samples (2), A. baumannii is particularly notorious for its prevalence in hospital
environments (3). Community-acquired Acinetobacter infections are rare (4), as the vast majority of
A. baumannii infections are nosocomial or healthcare-associated (5). This is especially true in
intensive care units, where immunocompromised and chronically ill patients, often with a history of
prolonged hospitalization or antimicrobial therapies, are the most at risk for these types of
infections (5). Additionally, A. baumannii can colonize surfaces of artificial devices such as
catheters, sutures, and ventilators, making patients who require these devices at risk of urinary
tract, surgical wound, skin, respiratory tract, and bloodstream infections (6). It has the ability to
colonize even healthy individuals and healthcare workers and to survive for extended periods on dry
surfaces without nutrients, contributing to its spread and transmission in hospital settings (7-9).
However, the biggest threat A. baumannii poses is resistance to antibiotics, particularly
carbapenems, which typically have the highest in vitro activity against Gram-negative bacterial
infections (10). As of 2019, A. baumannii cases associated with or attributable to antibiotic

resistance were responsible for over 400,000 deaths worldwide (11).

Mechanisms of A. baumannii drug resistance and persistence

Multidrug resistance in A. baumannii is largely driven by its robust defensive barriers and genetic
adaptability, allowing it to acquire and/or upregulate various resistance determinants. Of highest

concern are carbapenem-resistant A. baumannii (CRAB) strains, which exemplify the pathogen’s



ability to resist even last-resort antibiotics, posing significant treatment challenges due to intrinsic

and acquired resistance mechanisms (12).

Efflux pumps

Efflux pumps play a critical role in resistance by actively expelling antibiotics and other toxic
substances from bacterial cells, thereby reducing the intracellular concentration of the drugs and
diminishing their efficacy. Based on phylogenetic diversity, size, and energy source, efflux pumps
have been classified into six major families: resistance nodulation division (RND), ATP binding
cassette (ABC) transporter, multidrug and toxin extrusion (MATE), small multidrug resistance (SMR),
and major facilitator superfamily (MFS), and proteobacterial antimicrobial compound efflux (PACE)
(13). A. baumannii is known to carry genes encoding for any of these efflux pump families (14); the
most well-studied and prevalent are RND pumps Ade ABC and AdelJK, which contribute heavily to
drug resistance, including to carbapenems (15-18). These pumps can expel a variety of antibiotics,
including aminoglycosides, B-lactams, and tetracyclines, and rely on different energy sources; for
example, AdeABC is dependent on the proton motive force (PMF), while others utilize ATP (13).
Clinical strains of A. baumannii often exhibit upregulated or mutated efflux pumps, enhancing their
resistance profiles and complicating treatment efforts (19). Ongoing research is focused on
developing efflux pump inhibitors as potential therapeutics, aiming to block these pumps and

restore the effectiveness of antibiotics against multidrug-resistant A. baumannii (20).

Outer membrane permeability and polymyxin resistance

The cell envelope of Gram-negative organisms, including A. baumannii, acts as a robust barrier to
environmental stressors and significantly contributes to antibiotic resistance. The standard Gram-
negative cell envelope comprises three distinct layers: the cytoplasmic membrane, a

peptidoglycan (PG) cell wall, and an asymmetric outer membrane (OM) composed of an inner



leaflet of phospholipids and an outer leaflet of lipopolysaccharides (LPS) (Fig. 1.1) (21). LPS is
negatively charged and typically contains a lipid A anchor, glycosylated with a core oligosaccharide
and attached O-antigen; however, many bacteria, including Neisseria sp., Bordetella pertussis,
Haemophilus influenzae, Campylobacter jejuni, and A. baumannii (22), possess a truncated
chemotype of LPS, called lipooligosaccharide (LOS) which lacks O-antigen (23). LPS and LOS™
containing outer membranes are more rigid than normal phospholipid bilayers with narrow pores,
slowing passive diffusion of hydrophobic compounds and limiting entry of larger hydrophilic drugs
(24). In conjunction with efflux pumps, this reduced permeability typically prevents the
accumulation of harmful compounds within the cell, thereby fortifying the bacteria against a wide
range of antimicrobial agents. However, antibiotics like polymyxins have detergent-like properties
that aid in disrupting this outer membrane, targeting the lipid A moiety of LPS/LOS to compromise
membrane integrity (25, 26). A. baumannii clinical strains have been reported to gain resistance to
these antibiotics by modifying the target LOS through the addition of phosphoethanolamine (PEtN)
(27, 28) or cationic sugars (29) to lipid A moieties. Additionally, while LPS/LOS is essential in most
Gammaproteobacteria, many A. baumannii strains do not require LOS for survival (30). Outside of
the genus Spirochetes which have a heavily differentiated outer membrane (31), only three Gram-
negative species have been shown to survive without lipid A: Neisseria meningiditis (32), Moraxella
catarrhalis (33), and A. baumannii (34). Yet, A. baumannii is the only organism to date which has
been shown to readily accumulate LOS biosynthesis mutations in response to polymyxin exposure

(35-37).

Unique coordination of the outer membrane with the cell wall contributes to the loss of LOS in A.
baumannii. Enzymes involved in cell wall synthesis and outer membrane assembly have been
shown to be coordinated in other Gram-negative pathogens like Pseudomonas aeruginosa (38).

However, A. baumannii is distinct in that PG synthesis by the elongasome, which allows for cell



Figure 1.1. The A. baumanniicell envelope. Cell wall and outer membrane components
(peptidoglycan and lipooligosaccharide shown here) are synthesized within the cell. Other proteins

are required to transport and incorporate the components into the right subcellular location.
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elongation, is sufficient to structurally support an LOS-deficient outer membrane (34). Indeed, high
levels of penicillin-binding protein PBP1A are toxic to LOS-deficient A. baumannii (30)—likely due to
the negative impact on elongasome activity (34)—and PG-recycling enzymes directly promote outer
membrane integrity and lower permeability (39). Furthermore, disruptions in core oligosaccharide
synthesis in A. baumannii directly lead to PG synthesis defects (40). Although exact mechanisms of
coordination are not yet clarified, the intricate interplay between these two layers of the cell

envelope is crucial for antibiotic resistance.

Cell wall and cell division drug targets

Beyond its impact on outer membrane synthesis and LOS deficiencies in A. baumannii, PG is a
critical structural component of the periplasm. Proper synthesis of PG, which is composed of
glycan chains cross-linked by peptides, is crucial for cell growth and division (41). Many major
enzymes involved in PG synthesis and cell division that have been extensively studied in model
organisms like E. coli are present and play essential roles in A. baumannii (42, 43). Well-conserved
cell wall proteins have the potential to be novel broad-spectrum drug targets; for example,
inhibitors of the enzyme FtsZ have been proposed as antibiotics against A. baumannii and other
pathogens (44, 45). However, the aforementioned outer membrane barrier poses challenges to
these newer inhibitors and A. baumannii has already demonstrated a capacity to rapidly develop

resistance to commonly used B-lactam antibiotics, which also inhibit cell wall synthesis.

The primary targets for B-lactam antibiotics are penicillin-binding proteins (PBPs), essential for the
synthesis and remodeling of the PG cell wall (Fig 1.1). These proteins catalyze the final stages of PG
assembly, including the polymerization of glycan strands and the cross-linking of peptide chains
(46). However, A. baumannii carries various B-lactamases that hydrolyze B-lactam antibiotics,

rendering many of these therapeutics ineffective. It is reported that up to 98.5% of clinically



recovered isolates of A. baumannii contain at least one highly expressed native -lactamase, such
blasoc (AmpC, ADC-type cephalosporinase) and blaoxa-s1 (OXA-51) (47). Due to their ability to
somewhat withstand modifications by these naturally produced B-lactamases, carbapenems, like
imipenem and meropenem, were initially the most effective therapeutic options available to treat
A. baumannii infections (48). Yet, many strains have now gained carbapenem resistance through
reduced outer membrane permeability (49), upregulation of the OXA-51 gene (50, 51), horizontal
acquisition of carbapenem-hydrolyzing B-lactamases (52, 53), and production of extended-

spectrum AmpC B-lactamases active against carbapenems (54).

Understanding unique aspects of the A. baumannii cell division machinery may uncover potential
targets for novel antibacterial therapies. For example, a recently identified protein, AdvA, which
lacks close orthologs outside of Acinetobacter species, was found to have essential functionin A.
baumannii cell division (43, 55) and interacts with key cell division machinery (56). Another gene
unique to Acinetobacter, blhA, was also linked to cell division, and a mutation in this gene
conferred B-lactam sensitivity (57). In addition to Acinetobacter-specific cell division proteins,
structural features of the A. baumannii cell wall promote bacterial persistence and other clinical
challenges. Some strains of A. baumannii modify peptidoglycan with noncanonical d-amino acids,
which increase the ability to outcompete bacterial competitors (58) and could strengthen
resistance against environmental stressors, like osmotic stress (59). A. baumannii is also notorious
for variable morphology, forming rods during rapid growth but rounded coccobacilli during
stationary phase; this directly contributes to differential uptake of Gram stain and misclassification
in clinical phenotypic tests (60). Additionally, some strains of A. baumannii display colony phase
variants that affect virulence and biofilm formation, with one of these variants having abnormally

elongated cell morphologies at early stationary phase (61). While the cell wall orchestrates much of



cell length and shape, the cause of variable morphology remains unclear and may be due to unique

players in the cell wall synthesis and division.

Adaptive stress response and metabolic remodeling

Adaptability to environmental stressors and unique metabolic characteristics significantly promote
A. baumannii persistence and virulence. While knowledge of protective stress responses in A.
baumannii is lacking compared to better-characterized pathogens such as P. aeruginosa (62), A.
baumanniiis known to have noncanonical response systems. For example, unlike other members
of the Gammaproteobacteria, A. baumannii does not encode the canonical RpoS sigma factor to
coordinate its general stress response; rather, transcriptional regulator DksA acts as a regulator for
broad stress protection (63). Additionally, two component systems have been shown to control
multiple major pathways, including BfmRS, which regulates multiple stress pathways such as
oxidative stress, osmotic stress, protein folding, fimbriae and pili synthesis, capsule production,
and siderophore biosynthesis (64), and AmsSR, which is responsible for major reordering of
metabolism circuits (65). These major transcriptional changes are linked to environmental

persistence such as desiccation tolerance (66), motility (67), and biofilm formation (68).

A. baumannii showcases unique metabolic traits as well, utilizing unusual and variable carbon
sources (69) as a non-fermenter, unable to catabolize glucose (2). The ability to alter metabolic flux
and amino acid metabolism has been shown to bolster its virulence in nutrient-poor host
environments (70). As an obligate aerobe, A. baumannii relies heavily on cellular respiration,
highlighting the possibility for drugs to target ATP synthase (71) and other oxidative phosphorylation
complexes (72), though limited information exists on the intricacies of flux through this pathway.
Importantly, cellular respiration has been linked directly to antibiotic efficacy (73). Yet, A.

baumannii can survive for extended periods, up to 28 days, without oxygen, demonstrating its
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robust stress response pathways and ability to persist in anaerobic environments (74). The complex
interplay between stress response mechanisms and metabolic pathways enhances the ability of A.
baumannii to adapt and survive in hostile environments, directly impacting its success as an
infectious agent. This adaptability underscores the pathogen's resilience and highlights the

challenges in developing effective treatments against A. baumannii infections.

Mobile genetic elements and antibiotic resistance

Mobile genetic elements (MGEs), including transposons, integrons, plasmids, insertion sequences,
and prophages, are another significant source of antibiotic resistance in A. baumannii (Fig 1.2) (75).
As the name suggests, MGEs are segments of DNA that mediate movement of genetic material
within genomes, allowing for the acquisition and dissemination of resistance genes across strains
and even species (76). MGEs are widespread and diverse across A. baumannii species and
represent a major source of genetic differences between closely related strains (77, 78). Many
MGEs in A. baumannii carry genes directly encoding for resistance to carbapenems, tetracyclines,
macrolides, and aminoglycosides. Notably, insertion sequences are known to confer and promote
antibiotic resistance through strong promoters that upregulate native or already acquired -
lactamases (75) or through gene disruption affecting the drug target (36), permeability (79), or

stress response mechanisms (80, 81).

Prophages are MGEs from lysogenic bacteriophages, which integrate into the genome of their host
and are a large source of new genes in A. baumannii, with an average sequence length of ~25-30 kb
(82). They contribute to virulence and pathogenicity, as they can carry antibiotic resistance genes,
toxin-antitoxin systems, anti-phage defense islands, and efflux pumps (83). Yet, under specific
conditions, intact prophages can excise from the host chromosome, and enter the lytic cycle,

replicating, producing progeny virions, and lysing the cell. Proteins produced by A. baumannii
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Figure 1.2. Mobile genetic elements contribute to antibiotic resistance. (A) Insertion elements
can upregulate antibiotic resistance genes. (B) Disruption of drug targets, permeases, or regulators
can lead to resistance. (C) Mobile genetic elements often carry antibiotic resistance genes, or other
virulence and pathogenicity factors. (D) Lysogenic phages can integrate into the genome, bringing

antibiotic resistance genes and other virulence factors. Adapted from Noel et al. (75)
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phages that cause cell lysis, endolysins, have been proposed as a possible therapeutic due to their

antibacterial activity and have been shown to enhance antibiotic effectiveness (84-86).

Genetic tools in A. baumannii

Many traits of A. baumannii that contribute to drug resistance are distinct from model Gram-
negative organisms such as E. coli K-12. However, bacterial genetics research historically centered
on model organisms due to a lack of techniques, tools, reagents, genome sequences, and general
knowledge about non-model bacteria (87, 88). However, recent advancements in DNA sequencing,
DNA synthesis, and other tools have made genetic analyses across species more accessible,
lessening the knowledge and technique gaps between model organisms and clinically relevant
pathogens like A. baumannii. A select number of approaches are currently used to interrogate A.

baumannii genetics (Fig 1.3).

Expression vectors are one crucial tool for studying A. baumannii genetics. While several vectors for
A. baumannii have been previously described and are available for cloning (89), they also have
limitations. Replicative shuttle vectors in A. baumannii typically use a high-copy origin of
replication (90, 91), which can pose challenges when expressing toxic gene products. In contrast,
integrative vectors, based on the site-specific transposon Tn7, insert DNA cargo into the genome
downstream of the glmS gene with only a single copy—these vectors have been used extensively in
A. baumannii (89, 92, 93). Many of these vectors were not designed to contain easily swappable
modules (e.g. different antibiotic markers) outside of standard multiple cloning sites. Additionally,
existing vectors typically employ inducible promoters that are either native to or designed for use in
E. coli (94, 95) and can pose challenges for precise control of expression. Despite these limitations,

these vectors have been successfully used to express genes in trans (89-93).



Figure 1.3. Genetic tools in A. baumannii. These include expression vectors, transposon

mutagenesis, targeted knockouts, and more recently, CRISPR interference or CRISPRi.

14



15

Figure 1.3
random transposon mutagenesis
origin of replication Y 4 . l :
— N | I
m |
replicative e.g. Tn5, Tn10, mariner
plasmids

gene deletion

\ / (homologous
recombination)
M

n7

integrative '

plasmids

CRISPR interference



16

Most gene deletion strategies in A. baumannii involve homologous recombination and employ a
knockout cassette, consisting of an antibiotic resistance marker flanked by homologous regions of
the target region (89). Knockout cassettes incorporated into suicide plasmids (96, 97), or linear DNA
cassettes combined with the native RecET recombinase system (98) have been successfully
utilized in A. baumannii. Both methods often use a FLP recombinase system, to remove the

antibiotic resistance cassettes after integration, achieving scarless deletions (99).

Knockout mutants can also be created using random transposon mutagenesis. The integration of
transposon mutagenesis with high-throughput sequencing has allowed for precise mapping of
insertion sites and quantification of transposon mutant fitness (i.e., Tn-seq) (100-102). In A.
baumannii, these tools have been used successfully with three different random transposon
vectors: mariner (43), Tn5 (42, 103), and Tn70 (43, 104). In both gene deletion and transposon
mutagenesis strategies, further investigation of essential genes is challenging due to the lethality

associated with their disruption.

More recently, CRISPR tools have been used to study A. baumannii genetics. A Cas9 nuclease-
mediated genome cleavage system coupled with RecAb recombination was developed for genome
editing in A. baumannii (105) and more recently, a similar Cas12a system was described for large-
fragment deletion and multiplex gene editing (106). CRISPR interference (CRISPRI) - which uses
single guide RNAs (sgRNAs) to direct a deactivated Cas9 (dCas9) to genetic regions of interest for
targeted transcriptional repression — has successfully been used in A. baumannii as well (55, 107).
Briefly, the first 20 nucleotides of the sgRNA, or spacer, are designed to match a complementary
sequence in the target gene (protospacer) with an adjacent PAM (protospacer adjacent motif) for
dCas9 binding to DNA. The sgRNA spacer guides dCas9 to the target, where it blocks transcription
(108). CRISPRi systems used in A. baumannii use either a Tn7-expressed dCas9 and plasmid-

expressed sgRNA (55) or a fully Tn7-based system (107).
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Functional genomics and systems biology

Functional genomics uses high-throughput, systematic approaches to uncover gene phenotypes
and to better understand gene function. Improved genetic tools and sequencing have allowed for
scalable and multiplexable characterization of microbial gene function (109), and these
approaches could be applied to A. baumannii to better understand its genetics. Crucial to high-
throughput approaches, which allow large numbers of experiments to be conducted
simultaneously, are genetic libraries, containing multiple strains or mutants in an arrayed (e.g., one
mutant per well) or pooled fashion. With modern advances in sequencing, pooled libraries have
become more feasible and cost-effective due to barcoding, which allows for the simultaneous
tracking and identification of individual genetic elements within a mixed population (110). While
some gain-of-function libraries do exist in microbes (111-115) and more tools are being developed
to enable overexpression or transcriptional activation libraries, a majority of microbial genetic

libraries consist of loss-of-function mutants (116, 117).

Knockout libraries

Traditionally, microbial deletion libraries were constructed using recombination strategies and
consisted of collections of individual isolates. These libraries, often arrayed, serve as gold-standard
resources for non-essential gene phenotyping (112, 118-122). However, due to the labor-intensive
and resource-intensive nature of creating these libraries, they are typically only available for model
organisms. These deletion mutants can be screened for phenotypes, allowing individual isolates to
be selected for further study. Despite their value, these libraries inherently exclude essential genes.
In order to expand these genetic libraries, individual strains containing suppressors or mutations

that bypass specific essential gene deletions are often necessary (123).
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Nevertheless, these libraries provide valuable information on essentiality and growth defects. They
have been successfully used for comprehensive gene phenotyping, for example, in high-throughput
microscopy studies for cellular morphogenesis and cell cycle phenotyping (124, 125) or under

various stress treatments to assess gene function in stress response (126, 127).

Transposon sequencing (Tn-seq) is particularly powerful technique used to create gene knockout
libraries without the time and resources of individual gene deletions in a diverse range of
microorganisms (100). High-throughput sequencing technology allows for comprehensive
characterization of transposon knockout libraries, enabling systematic investigation of gene
essentiality and functional phenotyping in clinically relevant ESKAPE pathogens (128):
Enterococcus faecium (129), Staphylococcus aureus (130, 131), Klebsiella pneumoniae (132, 133),
A. baumannii (42, 103, 104, 134), P. aeruginosa (135, 136), and Enterobacter species (137, 138).
Importantly, beyond identifying genes required for survival, many of these studies combine with
infection models or antibiotic treatment to better understand genes contributing to these

pathogens’ ability to escape treatment clinically.

Additionally, integrating these knockout libraries with other omics approaches, such as
transcriptomics and metabolomics, can significantly enhance our understanding of gene function
and interactions in complex biological systems. For instance, transcriptomics allows for the
examination of gene expression changes in response to gene knockouts, providing insights into
regulatory networks and compensatory mechanisms (139). Metabolomics, on the other hand, can
reveal alterations in metabolic pathways and fluxes, offering a deeper understanding of the
physiological impact of gene disruptions (140). By combining data from these omics approaches
with knockout libraries, researchers can construct comprehensive models of gene function and

identify key nodes and interactions within biological pathways (141).
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Furthermore, the multiplexing of deletion and Tn-seq libraries offers a powerful strategy for
exploring synthetic lethality and creating detailed microbial interaction networks. Novel gene
functions have been identified by creating transposon libraries in deletion mutants, systematically
screening for synthetic lethal interactions and identifying novel gene functions (e.g., chromosomal
segregation and related protein complexes in yeast (142, 143) and extensively, cell division genes in
E. coli (144-147)). In yeasts, pioneering work utilized multiplexed knockout libraries to extensively
map genetic interactions, providing crucial insights into cellular processes and the interconnected
nature of genetic pathways (148-150). In bacterial species, double deletion mutant libraries have
been used to create similar genetic networks, from targeted double deletions for small noncoding

RNA regulatory networks (151) to genome-wide interaction networks of nutrient stress (152).

CRISPR-based libraries

CRISPR-based libraries provide another approach to functional genomics. In bacteria, the creation
of double-strand breaks by CRISPR-Cas9 cleavage is generally lethal, which necessitates the use of
alternative CRISPR tools, namely CRISPRI, for library-scale experiments (153). These CRISPRI
libraries typically require purposeful design of pooled sgRNA libraries and transfer of the CRISPRIi
machinery en masse—either pooled or arrayed—into the microbe of interest for systematic,
targeted transcriptional knockdown (109). CRISPRI libraries have considerable advantages over
deletion and Tn-seq libraries in that essential genes can be targeted. Notably, knockdowns levels
can be titrated in multiple ways, allowing for further study even in cases where full knockdown of
essential genes would result in lethality. By controlling CRISPRi machinery expression with
inducible promoters, titrating inducer concentrations allows for partial knockdowns (154) although
this method has been shown to be noisy or inconsistent at the single-cell levelin E. coli (108, 155,
156). Alternatively, modifying the sgRNA with mismatches (157, 158) or truncations (156) can

effectively titrate levels of knockdown. Machine learning models trained on mismatched sgRNA
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libraries targeting reporter genes can predict the knockdown efficacy of individual mismatched
spacers with ~50% accuracy, enabling programmable knockdown gradients of essential genes

(157).

Limitations of CRISPRI include toxicity of dCas9 (159, 160) or ‘bad seed’ off-targeting sgRNAs (161,
162), requirement of PAM sequences (“NGG” for the well-characterized dCas9 protein derived from
Streptococcus pyogenes (163)), and transcriptional polarity. Because CRISPRI represses
transcription, polar effects cause genes downstream in the same transcriptional unit as the target
to also be knocked down (108). Reverse polarity, where targeting genes downstream in a
transcription unit will knockdown upstream genes, have also been reported at variable levels in

some organisms or CRISPRi systems although the mechanism is unknown (155, 161, 164).

Importantly, CRISPRi can be successfully delivered to diverse bacterial species, like A. baumannii,
using broad-host range plasmids or through integration into the genome. While plasmids can be
easily transferred via transformation or conjugation, the need for selective pressure can introduce
extra variables in downstream experiments and high-copy plasmids could face toxicity issues
mentioned above (109). Mobile-CRISPRI, a suite of integrating vectors, can transfer CRISPRI
systems into Gram-positive bacterial species from Bacillus subtilis through the ICEBs1
conjugatable element and into Gram-negative recipients from E. coli donors using the RP4 mating

machinery and Tn7 transposase (107).

CRISPRI libraries are instrumental in connecting gene vulnerabilities, which relate the magnitude of
gene inhibition with the corresponding decrease in bacterial fitness (165), to gene function . By
generating knockdown gradients, researchers can investigate dose-response relationships and
model gene function (165, 166). As with knockout libraries, CRISPRi knockdown libraries can also

be grown in an antibiotic or other stress conditions to phenotype genes and determine specific
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chemical-gene interactions (109). For example, a study screening an antibiotic with unknown
mechanism of action against a B. subtilis CRISPRi library led to the identification of the drug target,

UppS, due to hypersensitivity phenotypes (167).

Large-scale chemical genomics

Chemical genetics describes assessments of a drug or chemical activity against genetic libraries,
identifying specific gene-drug interactions and gene phenotypes in particular conditions.
Expanding on this, chemical genomics conducts large-scale screenings of chemical compound
libraries to perturb biological processes and observe the resulting phenotypic changes. By
leveraging a wide range of chemical compounds in conjunction with gene perturbation libraries, it is
possible to generate extensive drug-gene interaction datasets, predict drug behaviors and drug-

drug interactions, and propel drug discovery (168).

Chemical genomics studies across yeast species, using genome-scale collections of yeast gene
deletions either arrayed or barcoded, have highlighted significant drug-gene interactions identified
from larger datasets, serving as valuable resources (169, 170). Beyond drug-gene interactions and
drug target identification, the scale of these chemical genomics approaches facilitates the
identification of general drug resistance mechanisms and the mapping of functional connections
between these elements. For example, using the gold-standard Keio deletion library in E. coli (119),
Nichols et al. identified a gene involved in multiple antibiotic resistance and created a drug-gene
network that connected drugs with sensitive — and likely directly targeted or related — biological
processes. This network also revealed synergistic drug combinations target distinct spaces in the

network and provided additional clues for the mode of action of poorly described drugs (171).

Genes with related functions exhibit similar fitness patterns across multiple conditions in chemical

genomics, a phenomenon sometimes referred to as cofitness (172). This cofitness property has
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been utilized to generate informative genetic networks and identify functional pathways. For
instance, a B. subtilis CRISPRI library was screened under a variety of conditions to create a
functional map of gene interactions, identifying novel connections between core processes such as
cell wall biosynthesis and cell division (155). Similar chemical genomics approaches with CRISPRi
libraries of non-model organisms like Corynebacterium glutamicum (173) and Mycobacterium
tuberculosis (174) have identified pathways contributing to drug resistance and novel gene
functions based on clustering of phenotypic profiles. Another screen in M. tuberculosis employed a
hypomorph library, consisting of mutants with depleted essential targets, and screened thousands
of small molecules, using the resulting chemical-genetic interactions to identify compounds

against targets that would have eluded conventional drug discovery (175).

Genetic libraries and chemical genomics thus provide a significant opportunity to better
understand A. baumannii genetics, its drug resistance, and potential druggable targets. One
previous chemical genomics screen, conducted with an A. baumannii transposon library, used
phenotypic clustering to identify the novel cell division gene AdvA and functionally phenotype other
poorly characterized genes (43). However, as a deletion library, this screen lacked essential gene
phenotypes, highlighting a gap in the study A. baumannii essential genes — typically targets for

antibiotics — using these approaches.

Summary and thesis outline

Acinetobacter baumannii is a Gram-negative, opportunistic pathogen notorious for its antibiotic
resistance mechanisms. Understanding its genetics in a systematic way, especially its essential
genes not been previously examined, is important for developing new therapeutic strategies.
Approaches utilizing genetic libraries and chemical screens have been instrumental across

microorganisms in identifying chemical-gene interactions, gene functions, and novel drug targets.
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The goal of this work is to leverage these systems-level approaches to study and characterize

essential genes in A. baumannii.

In Chapter 2, we establish an essential gene knockdown library in A. baumannii, characterize gene
vulnerabilities, and explore chemical-gene interactions with four clinically relevant antibiotics.
Chapter 3 significantly expands on this by screening the library across 45 chemical conditions,
generating a much larger set of chemical-gene phenotypes and enabling systems-level insights into
inhibitor and gene function. Chapter 4 introduces improved expression vectors that can be used in
A. baumannii and E. coli, providing an orthogonal approach for studying these genes. As part of the
Wisconsin Initiative for Science Literacy, Chapter 5 explains the basis of this work and highlights
important findings for a general, non-science audience. In Chapter 6, | summarize the previous
chapters and describe future directions from this work. | close with three appendices, which
discuss additional areas of study during my thesis, including strain-to-strain differences,

characterization of growth conditions, and investigation into aerobic respiration in A. baumannii.
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supplementary material is available for download at https://doi.org/10.1128/mbio.02051-23.
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Abstract

The emergence of multidrug-resistant Gram-negative bacteria underscores the need to define
genetic vulnerabilities that can be therapeutically exploited. The Gram-negative pathogen,
Acinetobacter baumannii, is considered an urgent threat due to its propensity to evade antibiotic
treatments. Essential cellular processes are the target of existing antibiotics and a likely source of
new vulnerabilities. Although A. baumannii essential genes have been identified by transposon
sequencing (Th-seq), they have not been prioritized by sensitivity to knockdown or antibiotics. Here,
we take a systems biology approach to comprehensively characterize A. baumannii essential genes
using CRISPR interference (CRISPRI). We show that certain essential genes and pathways are
acutely sensitive to knockdown, providing a set of vulnerable targets for future therapeutic
investigation. Screening our CRISPRI library against last-resort antibiotics uncovered genes and
pathways that modulate beta-lactam sensitivity, an unexpected link between NADH
dehydrogenase activity and growth inhibition by polymyxins, and anticorrelated phenotypes that
may explain synergy between polymyxins and rifamycins. Our study demonstrates the power of
systematic genetic approaches to identify vulnerabilities in Gram-negative pathogens and uncovers

antibiotic-essential gene interactions that better inform combination therapies.
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Importance

Acinetobacter baumannii is a hospital-acquired pathogen that is resistant to many common
antibiotic treatments. To combat resistant A. baumannii infections, we need to identify promising
therapeutic targets and effective antibiotic combinations. In this study, we comprehensively
characterize the genes and pathways that are critical for A. baumannii viability. We show that genes
involved in aerobic metabolism are central to A. baumannii physiology and may represent
appealing drug targets. We also find antibiotic-gene interactions that may impact the efficacy of
carbapenems, rifamycins, and polymyxins, providing a new window into how these antibiotics
function in mono- and combination therapies. Our studies offer a useful approach for
characterizing interactions between drugs and essential genes in pathogens to inform future

therapies.
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Introduction

The rise of antibiotic resistance in Gram-negative pathogens, including Acinetobacter baumannii, is
a pressing healthcare concern, as many infections become untreatable amid a stalled pipeline for
novel therapies (1). A. baumannii causes serious infections in hospitalized patients and is
considered an urgent threat for its ability to evade killing by last-resort antibiotics (2). It has
numerous defenses against antibiotics including a propensity to acquire resistance genes through
horizontal transfer (3, 4), low membrane permeability coupled with robust efflux to prevent
antibiotics from reaching their cytoplasmic targets (5), and rapid accumulation of resistance
mutations (6). Although its unique strengths in resisting antibiotics are well documented, less is
known about whether A. baumannii carries any unique vulnerabilities that could be therapeutically

exploited.

The distinct physiology of A. baumannii sets it apart from well-studied, Gram-negative bacteria.
Among the Gram-negative ESKAPE pathogens (i.e., Klebsiella, Acinetobacter, Pseudomonas, and
Enterobacter), A. baumannii is the only obligate aerobe, requiring oxidative phosphorylation to
generate ATP (7). Further, the outer membrane of A. baumannii contains lipooligosaccharide (LOS)
rather than lipopolysaccharide (LPS) found in most Gram-negative bacteria (8). LOS and LPS both
contain a core lipid A moiety, but LOS lacks the repeating units of O-polysaccharide found in LPS
(8). Although LPS is essential for viability in other Gram-negative ESKAPE pathogens, a recent study
showed that LOS was dispensable in ~60% of A. baumannii strains tested, including contemporary
clinicalisolates (9). LOS  strains cannot be targeted by lipid A-binding antibiotics, such as
polymyxins, increasing the antibiotic resistance threat posed by A. baumannii (10). Finally, A.
baumannii has numerous genes of unknown function, including essential genes that are not

present in model Gram-negatives or other ESKAPE pathogens (11). These distinctions underscore
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the importance of examining essential gene phenotypes and antibiotic interactions directly in A.

baumannii.

Systematic genetic studies of Acinetobacter species have provided valuable physiological insights,
although A. baumannii essential genes have not been comprehensively characterized. Tn-seq
studies in A. baumannii identified putative essential genes (11, 12), defined phenotypes for
previously uncharacterized genes (13), and uncovered the mechanism for strain-specific
essentiality of LOS biosynthesis (9). An elegant Tn-seq study of non-pathogenic Acinetobacter
baylyi monitored depletion of strains with disrupted essential genes following natural
transformation (14), but it remains unclear whether those findings are directly applicable to A.

baumannii.

CRISPR interference (CRISPRI) is the premier genetic tool to define essential gene function and
antibiotic-gene interactions in bacteria. This gene knockdown technology uses a programmable,
single guide RNA (sgRNA) to direct a catalytically inactive Cas effector protein (typically dCas9) to a
target gene for silencing (15, 16). CRISPRI partial knockdowns enable phenotyping of essential
genes either by titrating the levels of CRISPRi components using inducible or weak promoters (15,
17, 18), or by modifying the sgRNA to weaken its interaction with target DNA (19-21) or dCas9 (22).
Due to its portability, CRISPRi has proven valuable for phenotyping essential genes in diverse
bacteria, including ESKAPE and other pathogens (11, 23, 24). Antibiotic-gene interaction screens
using CRISPRI often recover the direct antibiotic target or related pathways among the largest
outliers (17, 25). For instance, we previously identified the direct targets of two uncharacterized
antibiotics using a Bacillus subtilis essential gene CRISPRI library, followed by genetic and
biochemical validation of top hits (17). Although CRISPRIi has been previously developed in A.
baumannii by us and others (11, 23), only a handful of essential genes have been phenotyped to

date.



43

To systematically probe for genetic vulnerabilities in A. baumannii, we generated and screened a
pooled CRISPRI library targeting all putative essential genes (Fig 2.1A). We identified essential
genes and pathways that are most sensitive to knockdown, thereby prioritizing targets for future
drug screens. We further used CRISPRI to define genetic interactions with last-resort antibiotics,
finding antibiotic target pathways, obstacles to drug efficacy, and antibiotic-gene phenotypes that

that inform synergistic drug combinations.

Results

Construction and validation of an A. baumannii essential gene CRISPRi library

We constructed a CRISPRI library targeting all putative essential genes in A. baumannii 19606, a
strain extensively used to characterize the fundamental biology of A. baumannii that is also the type
strain for antibiotic susceptibility testing (26). Notably, this strain is viable without LOS (9), allowing
us to examine the phenotypic consequences of LOS loss. Developing our library in a susceptible

strain made it straightforward to use antibiotics as probes for gene function.

To systematically investigate essential genes, we first optimized CRISPRi in A. baumannii, finding
that reduced expression of dcas9 lowered toxicity and still achieved ~20-fold knockdown (Fig
2.S1A-E, Supplementary Methods, and Tables 2.1-2.3). We next designed and constructed a
CRISPRI library targeting all putative essential genes in A. baumannii. As the goal of our study was
to characterize rather than define essential genes, we used existing Tn-seq data (12) to generate a
list of CRISPRI targets we call the “Ab essentials” (406 orthologous essential genes total in 19606).
We designed a computationally optimized CRISPRI library targeting the Ab essentials that consisted
of three types of sgRNAs: 1) perfect match sgRNAs (15) to maximize knockdown (~4/gene), 2)
single-base mismatch sgRNAs (19) to create a gradient of partial gene knockdowns (~10/gene), and

3) control sgRNAs that are non-targeting (1000 total). This library was cloned and site-specifically
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Figure 2.1. CRISPRI screening overview. (A) Design and construction of a Mobile-CRISPRi library
targeting all putative essential genes in A. baumannii 19606. The library was screened with CRISPRI
inducer (1 mM IPTG (Isopropyl B-D-1-thiogalactopyranoside) to identify genes that are vulnerable to
knockdown or with inducer and a sub-minimal inhibitory concentration of antibiotic to identify
antibiotic-gene interactions. (B and C) Density plot showing depletion of essential gene targeting
sgRNA spacers (perfect match or mismatch) from the library but not depletion of non-targeting
control sgRNAs during growth over two time points (T1 and T2). (D) The population diversity (Ny) of
essential gene targeting sgRNAs is reduced relative to controls, indicating that those sgRNAs are

depleted during growth. The white horizontal line through the bars indicates a break in the data.



Figure 2.1

Strain Abundance

(Density)

Essential gene guides

0

1000

I
4 perfect 10 mismatch  control
guides/gene guides/gene guides

A T P
&0 = e ~

0.0

Mobile-CRISPRI A. baumannii
library essential gene

knockdown library

C
T1 Tz
0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Depletion Depletion
Fold Change Fold Change

D control D mismatch I:l perfect

0,
G G

vulnerable genes

inducer

only »

=»

inducer +
antibiotic

antibiotic-gene
interactions

D
= pre—

M|
g L
> 100K [ |
2 N
2 10K
o
c
2 1K
5
=
&
S 100

10

1

T1 T2

D control I:l mismatch D perfect



46

integrated into the 19606 genome using Mobile-CRISPRI (Fig 2.1A) (23). Illumina sequencing of
integrated sgRNA spacers confirmed that our CRISPRi library successfully targeted all the Ab
essentials (median = 14 guides/gene; (Fig 2.S2A)). Our approach, which includes using multiple

sgRNAs per gene and robust statistics, mitigates potential issues with toxic or inactive guides.

To validate our A. baumannii CRISPRI library, we measured the depletion of essential-gene-
targeting sgRNAs during pooled growth. We grew the library to exponential phase in rich medium
(LB) without induction (T0), diluted back into fresh medium with saturating IPTG to induce CRISPRi
and grew cells for ~7 doublings (T1), then diluted back a second time in IPTG-containing medium
and grew cells for an additional ~7 doublings (T2). Quantifying strain depletion using log, fold
change (log,FC) and population diversity (Ny; (27)) between TO, T1, and T2 (Fig 2.1B-D, 2.52B)
revealed noticeable depletion of essential-gene-targeting sgRNAs by T1 and substantial depletion
by T2, while control sgRNAs were unaffected. The lack of an induction effect on control strain
abundance suggests that toxic guide RNAs such as “bad seeds” (28) are largely absent from our
library. Taken together, our CRISPRI library effectively and comprehensively perturbs essential gene

functions in A. baumannii.

Identification of A. baumannii essential genes and pathways that are sensitive to knockdown
Essential genes with a strong, negative impact on fitness when knocked down, i.e., “vulnerable"
genes, are potential high-value targets for antibiotic development. CRISPRi enables the
identification of vulnerable genes by controlling the duration and extent of knockdown (19, 20, 29).
To define a set of vulnerable genes, we first quantified depletion of strains containing perfect match
guides from the CRISPRI library during growth in rich medium (LB) (Fig 2.S3A). At T1, 88 genes
showed significant depletion (log,FC<-1 and Stouffer's p<0.05), and by T2 an additional 192 genes

were depleted (280/406 total or 69%). Screening our library in antibiotics at sub-MIC (minimal
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inhibitory concentration) levels recovered phenotypes for 74 for the 126 genes that were non-
responsive in rich medium (see below), suggesting that these genes could be involved in antibiotic
mode of action (Fig 2.S3B). The remaining 52 genes that were non-responsive in all our conditions
may require additional depletion (19), are false positives from the Tn-seq analysis used to define
the Ab essentials (12), or are not essential in 19606. Overall, most Ab essentials (354/406 or 87%)

showed significant phenotypes in our CRISPRi screens.

We sought to prioritize target genes and pathways by sensitivity to knockdown. Because CRISPRi
knockdown affects transcription units (TUs) that can encode multiple gene products, we assigned
essential genes to TUs and then organized the TUs into two groups: those containing only one
essential gene and those containing multiple essential genes. We observed that most essential
genes fall into one of two groups with respect to TUs: 1) TUs containing only one essential gene, or
2) TUs containing multiple essential genes that participate in the same cellular process; thus, most
CRISPRI knockdowns affected single genes or single processes. Next, we ranked TU sensitivity to
knockdown by the median log,FC of perfect match guides targeting essential genes presentin the
TU. Our measurements of log,FC are robust; however, we caution that small quantitative

differences in gene/TU ranks may not always indicate meaningful variations in vulnerability.

Knockdowns of murA, romB, aroC and the poorly characterized gene, GO593_00515 were among
the most depleted strains in our CRISPRI library (Fig 2.2A-B). These genes represent established as
well as underexplored therapeutic targets, and are in TUs containing only one essential gene,
allowing straightforward interpretation of phenotypes. The murA gene, which encodes the target of
fosfomycin (30), is vulnerable to knockdown despite fosfomycin’s inefficacy against A. baumannii
due to efflux by the AbaF pump (31). L28, encoded by romB, is a bacterium-specific ribosomal
protein that is required for assembly of the 70S ribosome in Escherichia coli (32, 33), but has no

characterized inhibitors to our knowledge. Interestingly, E. coli cells with reduced L28 levels
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Figure 2.2. A. baumannii genes and pathways that are vulnerable to knockdown. (A-B)
Depletion of sgRNAs targeting transcription units (TUs) from the CRISPRi library during growth in
inducer over two time points (T, and T,). Vertical dashed lines indicate a two-fold change in relative
fitness score, and horizontal dashed lines indicate a Stouffer's p value of < 0.05. Stouffer's p values
were calculated at the TU level by combining the false discovery rates (FDRs) of all individual
sgRNAs targeting the TU. TUs related to pathways discussed in the text are colored according to the

legend and the number of essential genes in a TU is indicated by point size.
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accumulate ribosome fragments that can be assembled into translation-competent ribosomes by
expressing additional L28 (33), suggesting that L28 could play a role in regulation of ribosome
assembly. The aroC gene encodes chorismate synthase, a metabolic enzyme genetically upstream
of aromatic amino acid and folate biosynthesis. The abundance of aromatic amino acids in LB
medium used in our screen suggests that the essential role of aroC is likely in folate biosynthesis.
Chorismate synthase is essential in several bacterial species including Gram-positives, such as B.
subtilis (34), and is vulnerable to knockdown in Mycobacterium tuberculosis (29), raising the

possibility that aroC could be a general, high-value target.

Surprisingly, the most depleted knockdown strain in our library targeted an uncharacterized gene:
G0O593_00515 (Fig 2.2A-B). GO593_00515 is predicted to encode an Arc family transcriptional
repressor; Arc repressors have been extensively studied for their role in the Phage P22 life cycle
(35). Accordingly, GO593_00515 is located within a predicted prophage in the 19606 genome; this
locus is occupied by a similar but distinct prophage in the model resistant strain AB5075 (Fig
2.S4A). Synteny between the 19606 prophage and P22 suggested a role for GO593_00515in
lysogeny maintenance. Consistent with this hypothesis, we found that GO593_00515 knockdown
cells showed little growth 10 hours after dilution into IPTG-containing medium (Fig 2.54C), and
inducing knockdown in growing GO593_00515 CRISPRI cells caused complete lysis occurred within
7 hours (Fig 2.S4B). We reasoned that if the essential function of GO593_00515 is to repress
expression of toxic prophage genes, we could suppress its essentiality by deleting the surrounding
prophage genes entirely. Indeed, we recovered prophage deletion strains lacking GO593_00515
after inducing GO593_00515 in the presence of an integrated knockout plasmid (Fig 2.54C). Thus,
repression of toxic prophage genes is a critical but conditionally essential function in A. baumannii.
Given the ubiquity of prophages harboring toxic lysis genes (36), we suggest that knockdown of

phage repressors could aid in identifying proteins that are exceptional at lysing A. baumannii.
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Sensitivity to knockdown among groups of genes with related functions provided further insight into
A. baumannii vulnerabilities. Strong depletion of knockdowns targeting components of the
ribosome, peptidoglycan (PG) synthesis, and cell division validated our CRISPRi screen by
identifying pathways targeted by clinically relevant antibiotics (Fig 2.2A-B). Genes encoding
aminoacyl-tRNA synthetases (aaRSs) were functionally enriched among strains with reduced
abundance at T2. Mupirocin, which targets IleRS, is the only inhibitor of a bacterial aaRS used
clinically, although other aaRS inhibitors are used to treat infections caused by eukaryotic microbes
(37). aaRSs are currently prioritized as targets for tuberculosis treatment as M. tuberculosis aaRS
genes are vulnerable to knockdown (29) and a LeuRS/MetRS dual inhibitor is currently undergoing
clinical trials (38). Our data demonstrate the vulnerability of aaRS genes in A. baumannii and
suggest that aaRSs could serve as effective targets. Oxidative phosphorylation (oxphos) genes also
stood out by degree of functional depletion in our library as early as T1 (Fig 2.2A). Among the oxphos
outliers, genes encoding the NADH dehydrogenase complex | (NDH-1; nuo genes) were particularly
sensitive to knockdown. This finding highlights the distinct importance of aerobic metabolism in A.
baumannii compared to other Gram-negative pathogens, such as E. coli, where NDH-1 is not

essential for viability in aerobic conditions (39).

Ideal antibiotic targets have a tight relationship between target function and fitness such that small
perturbations result in a substantial loss of viability. Recent work in model bacteria (19, 20) and M.
tuberculosis (29) has found that the relationship between knockdown and fitness for essential
genes is non-linear and varies by gene or pathway. To examine this phenomenon for A. baumannii
vulnerable genes, we fit the relationship between gene knockdown (predicted by machine learning
(19)) and fitness (log.FC of mismatch guides) to generate "knockdown-response" curves (Fig 2.3A-
B). We found that vulnerable genes and pathways were highly sensitive to even low levels of

knockdown. Knockdown-response curves allowed us to determine the amount of knockdown
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Figure 2.3. Knockdown-response curves describe gene and pathway vulnerability. (A-B)
Knockdown-response curves of the LOS gene [pxA and the PG/division gene murA. Points are
individual mismatch sgRNAs; mismatch sgRNA knockdown was predicted as previously described
(19). Colored lines are a 4-parameter logistic fit describing the relationship between relative fitness
score and knockdown. The effective knockdown 50 (EKs) is the amount of predicted knockdown
needed to achieve a half-maximal effect on relative fitness score. EKsos are depicted as crosshairs.
(C-D) Knockdown response curves for genes in LOS synthesis or PG/division pathways. Points
indicate the EKs, for individual pathway genes. Boxplots on the y-axis show the distribution of
relative fitness scores at EKso for genes in the pathway and boxplots on the x-axis show the
distribution of EKso values for genes in the pathway. Statistical significance was assessed using

Wilcoxon Rank Sum Test; asterisks indicate p < 0.05 and ns for not significant.
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required to elicit a half-maximal reduction in fitness (effective knockdown, or EKsp) at the gene level.
Vulnerable essential genes, such as murA, showed a substantial fithess defect at less than half of
the maximal knockdown, whereas non-essential genes, such as [pxA, showed little fitness defects
even at higher levels of knockdown. Other vulnerable genes (e.g., romB, aroC, and GO593_00515)
also showed heightened sensitivity to knockdown (Fig 2.S5). We extended our knockdown-response
analysis to the pathway level, finding that pathways with many vulnerable genes (PG/division)
required less knockdown, on average, than pathways with few vulnerable genes (LOS) (Fig 2.3C-D).
Interestingly, although fitness at T2 was generally lower than T1 for vulnerable genes, EKso values at
both time points were statistically indistinguishable. This demonstrates that even guides with weak
knockdown contribute to vulnerability phenotypes and suggests that gene phenotypes occur when

a threshold of knockdown is crossed and that threshold is pathway dependent in A. baumannii.

Essential gene knockdowns that potentiate or mitigate carbapenem sensitivity in A. baumannii
Antibiotic-gene interaction screens have the potential to identify targets that synergize with or
antagonize existing therapies. Carbapenems, a class of beta-lactam antibiotics, are first-line
treatments for A. baumannii that block PG synthesis by inhibiting penicillin binding proteins (PBPs)
(40). To uncover antibiotic-essential gene interactions that impact sensitivity to carbapenems, we
screened our CRISPRI library against sub-MIC concentrations of imipenem (IMI) and meropenem
(MER) (Fig 2.4A, 2.S6A-B). We found that knockdown of genes involved in cell wall synthesis,
including the direct target (fts/, TU: ftsLI-murEF-mraY), increased carbapenem sensitivity.
Knockdowns of genes required for PG precursor synthesis (murA, dapA) and translocation (mur))
were strongly depleted in both IMI and MER. MurA catalyzes the first committed step of PG
synthesis, DapA is part of a pathway that converts L-aspartate to meso-diaminopimelate which is
incorporated into PG precursors by MurE, and MurJ, the lipid |l flippase, translocates PG precursors

from the inside to the outside of the cytoplasmic membrane (41). To validate screen hits, we
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Figure 2.4. Essential gene interactions with carbapenem antibiotics in A. baumannii. (A)
Boxplots showing the relative fitness scores of selected TUs that interact with imipenem (IMl, 0.09
pg/mL) across the genome at T+. Points are individual guides in the TU. Boxplots are colored by
relevant pathways; light-blue boxplots indicate TUs where tRNA synthetase genes are present with
genes in other pathways. (B-C) CoMBaT-seq data from a growth competition between either a murA
or glnS knockdown strain and a non-targeting control strain in the presence or absence of IM| (0.09
pg/mL). Only data from the gene targeting strain is depicted as the non-targeting control is the

remaining proportion of the population. Points are data from individual experiments (N = 2).
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developed a small-scale version of our initial screen that retains its high sensitivity while reducing
pool complexity; this assay uses Next Generation Sequencing to measure competitive fitness
between a non-targeting and CRISPRi knockdown strain (i.e., "CoMBaT-seq" or Competition of
Multiplexed Barcodes over Time). We validated CoMBaT-seq by recapitulating murA vulnerability to
knockdown and further sensitivity to IMI (Fig 2.4B). Because IMI targets cell wall synthesis, reduced
growth of gene knockdowns in the same pathway could be considered a “dosing effect” rather than
a true synergy. To test for synergy, we performed a checkerboard assay between IMI and fosfomycin.
Consistent with our murA-IMl interaction, we found that fosfomycin and IMI synergize in A.
baumannii (FIC<0.5) (Fig 2.S7A), as is the case in other Gram-negative pathogens (e.g.,
Pseudomonas aeruginosa (42)). Although no clinically relevant inhibitors of DapA and MurJ exist, to
our knowledge, we speculate that such inhibitors would have the potential to synergize with
carbapenems. Intriguingly, knockdowns of advA—an Acinetobacter-specific division gene (13)—
were also sensitized to carbapenems, raising the possibility of A. baumannii targeting combination

therapies should inhibitors of AdvA be identified.

Gene knockdowns that mitigate antibiotic function can reveal routes to resistance or target
combinations that result in antagonism and should be avoided therapeutically. Given that
increasing carbapenem resistance is an urgent clinical concern for A. baumannii, we sought to
identify genes and pathways that mitigate the efficacy of IMI and MER. Although previous work
suggested that growth rate and beta-lactam resistance are linearly related (43, 44), we found only a
modest linear relationship growth and IMI/MER resistance across knockdown strains in our library
(R?2=0.005, and 0.007, respectively (Fig 2.S8A-B)). This indicates that slow growing strains of A.
baumannii are not necessarily more resistant to beta-lactam treatment. Instead, we found that
specific genetic pathways govern carbapenem resistance. Using gene set enrichment analysis, we

identified ribosomal protein genes as a pathway that increases resistance to IMI/MER when
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perturbed [IMI: enrichment score = 4.65, FDR (afc) = 2.12e-06; MER: enrichment score =2.43, FDR
(afc) =0.002], consistent with antagonism between beta-lactams and ribosome inhibitors

described for other bacteria (45).

aaRS genes also emerged from our enrichment analysis [IMI: enrichment score = 4.93, FDR (afc) =
1.04e-06; MER: enrichment score = 5.04, FDR (afc) = 1.16e-06], uncovering a connection between
tRNA charging and carbapenem resistance, as well as a surprising relationship between
knockdown and fitness unique to antagonistic interactions. A subset of aaRS gene knockdowns
including argS, lysS, valS, cysS and glnS showed increased relative fitness in our IMI pooled screen
(Fig 2.4A, 2.S8C). Although glnS resistance to IMl in MIC test strip and growth curve assays was
modest (Fig 2.59), our more sensitive CoMBal-seq assay showed a clear growth advantage for the
glnS knockdown when competed against a non-targeting control (in contrast to sensitive
knockdowns such as murA) (Fig 2.4B-C). Our observations that the glnS knockdown is depleted
during growth in rich medium and enriched during growth in IMI implied that the relationship
between knockdown and fithess changed across the two conditions. Indeed, a 4-parameter
knockdown-response curve fit well to mismatch guides targeting glnS without treatment, but poorly
to the same guides in IMI treatment (Fig 2.5A-D, 2.510A-B). Remarkably, IMI treated ginS
knockdown strains showed increased relative fitness as knockdown increased up until a point at
the strains lost viability, presumably due to a lack of glutamine tRNA charging. This pattern is
reminiscent of a hormetic response in dose-response curves (46) where a low amount of drug
produces a positive response that eventually becomes negative at higher doses (Fig 2.5A-B).
Accordingly, a 5-parameter logistic curve typically used in the context of hormetic responses
improved the fit to IMI treated glnS mismatch strains but did not improve the fit of untreated strains
(Fig 2.5C-D, 2.510B). To test if the hormetic effect we observed between IMl and glnS in an

antibiotic-gene interaction was relevant to antibiotic-antibiotic interactions, we measured the
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Figure 2.5. Knockdown extent affects the sign of antibiotic-gene interactions. (A-B) Schematics
of idealized dose-response curves showing monotonic or hormetic relationships between dose and
response; hormetic responses change the sign of the response depending on dose. (C-D)
Knockdown-response curves of glnS show a nearly monotonic response in the absence of IMI, but a
hormetic response in the presence of IMI. (E) The interaction between the IleRS tRNA synthetase
inhibitor mupirocin (MUP) and IMI shows a hormetic response at intermediate concentrations of

IMI.
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growth of wild-type A. baumannii treated with IMI and the aaRS inhibitor, mupirocin. Consistent
with hormesis, IM| antagonized the effect of mupirocin at low concentrations, but had no positive
impact on growth at higher concentrations (Fig 2.5E). Although mupirocin treatment is not clinically
relevant for A. baumannii due to high-level resistance, our work provides proof of principle that

hormetic effects can be predicted by genetic approaches and influence antibiotic susceptibility.

The synergistic antibiotic pair, colistin and rifampicin, show anticorrelated phenotypes
Antibiotic-gene interaction screens can identify genes and pathways that contribute to drug
synergy. Colistin (COL) and rifampicin (RIF) synergistically inhibit A. baumannii growth (Fig 2.511)
(47), in part due to permeabilization of the outer membrane by COL (48). To define antibiotic-gene
interactions that may inform COL-RIF synergy, we screened our CRISPRI library against COL and RIF
individually. We found strong, opposing phenotypes in COL and RIF for genes encoding NDH-1 and
LOS biosynthesis genes. COL, a polymyxin class antibiotic, is a last-resort treatment for
carbapenem-resistant A. baumannii (49). COL binds to the lipid A moiety of LOS and is thought to
kill cells by membrane disruption (50); complete loss of LOS results in a >500-fold increase in COL
resistance (9). As expected, screening our library against a sub-MIC dose of COL identified LOS
synthesis genes as resistant outliers (Fig 2.6A, 2.512). Among the most resistant outliers were [pxC
(TU: [pxC) and [pxA (TU: lpxD-fabZ-lpxA), which encode enzymes that catalyze the first two
committed steps in LOS synthesis and are commonly found in selections for COL resistant mutants
(9). Genes involved in fatty acid biosynthesis (TU: fabDG, TU: aroQ-accBC) also showed increased
resistance to COL, possibly by limiting the pool of fatty acids available for LOS synthesis (Fig 2.6A).
Surprisingly, knockdown of genes encoding NDH-1 (TU: nuoABDEFGHIJKLMN) caused heightened
sensitivity to COL in the context of our pooled screen (Fig 2.6A, 2.512). We robustly confirmed the
COL sensitivity of a nuoB knockdown using our CoMBaT-seq assay (Fig 2.7A), although MIC test

strips showed a more muted effect (Fig 2.513). NDH-1 couples conversion
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Figure 2.6. Essential gene knockdown phenotypes in colistin or rifampicin. Volcano plots for (A)
colistin (COL) or (B) rifampicin (RIF). Depletion of sgRNA spacers from the CRISPRi library (relative
fitness score) during growth in antibiotic and IPTG compared to IPTG alone at the level of
transcription units (TUs). Dashed lines indicate a two-fold change in relative fitness score and a p
value of < 0.05. Stouffer’s p values were calculated at the TU level by aggregating false discovery
rates (FDRs) of individual sgRNAs targeting the TU. TUs related to pathways discussed in the text are
colored as described in the legend and the number of essential genes in the TU is indicated by point

size.
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Figure 2.7. COL/RIF interaction with and physiological characterization of NDH-1 knockdown.
(A) CoMBaTl-seq data from a growth competition between a nuoB knockdown strain and a non-
targeting control strain in the presence or absence of COL. Only data from the gene targeting strain
is depicted as the non-targeting control is the remaining proportion of the population. Points are
data from individual experiments (N = 2). (B) Measurement of the NAD+/NADH ratio in nuoB
knockdown and non-targeting cells using the NAD/NADH-Glo assay. An unequal variance t-test was
performed, and the asterisk indicates that the p value < 0.05. (C-D) Knockdown-response curves of
nuoB show a nearly monotonic response in the absence of RIF, but a hormetic response in the
presence of RIF. (E) CoMBaT-seq data from a growth competition between a nuoB knockdown strain
and a non-targeting control strain in the presence or absence of RIF. (F) EtBr permeability assay of
non-targeting and nuoB knockdown strains; nuoB knockdowns show decreased access of EtBr to

DNA in the cytoplasm.
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of NADH to NAD+ to proton translocation across the inner membrane, but whether the key role for
NDH-1 in A. baumannii physiology is NAD+ recycling or contributing to membrane potential (AY) is
unknown. To address this issue, we measured the NAD+/NADH ratio and Ay using an enzyme-
coupled luminescence assay (NAD/NADH-Glo) and the membrane potential-sensitive dye
Thioflavin T (ThT), respectively (Fig 2.7B, 2.514A). Knockdown of nuoB lowered the NAD+/NADH
ratio, consistent with reduced conversion of NADH to NAD+ by NDH-1 (Fig 2.7B). Unexpectedly,
nuoB knockdown did not impact Ay, although reduced Ay in cells treated with the ionophore CCCP
was readily apparent in our ThT assay (Fig 2.514B). Thus, recycling of NADH to NAD+ for use in the
TCA cycle, rather than maintenance of membrane potential, may be the critical cellular role of
NDH-1. A. baumannii also encodes a hon-essential, hon-proton pumping NDH-2 enzyme that can
be inhibited by COL in vitro (51). We speculate that NDH-2 inhibition by COL combined with

knockdown of NDH-1 critically reduces cellular NAD+ levels, leading to enhanced sensitivity.

Rifampicin is a relatively large antibiotic (822.9 Da) that targets RNA polymerase (RNAP) in the
cytoplasm but is typically avoided for treating Gram-negative infections due to low permeability
(52). Consistent with a permeability barrier to rifampicin function (53), we found that knockdown of
LOS synthesis and transport genes strongly sensitized cells to rifampicin [enrichment score = 8.83,
FDR (afc) = 3.97e-05]. Again, knockdown of genes encoding NDH-1 produced an unexpected
phenotype, this time increasing RIF resistance by an unknown mechanism (Fig 2.6B, 2.512). To
further characterize the NDH-1 RIF resistance phenotype, we examined the knockdown-response
curve of nuoB with and without RIF treatment. As seen previously with ginS, nuoB knockdown
showed a hormetic response: increasing knockdown of nuoB increased relative fitness in RIF until
the highest levels of nuoB knockdown where growth decreased (Fig 2.7C-D, 2.510C-D). Although
MIC changes were modest Fig(2.515), our CoMBaT-seq assay showed a clear fitness benefit for

nuoB knockdown in RIF relative to a non-targeting control (Fig 2.7E). We considered that NDH-1
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knockdown cells may have reduced permeability, limiting RIF entry into the cytoplasm. To test
permeability, we measured uptake of ethidium bromide (EtBr) which fluoresces when bound to
DNA in the cytoplasm (Fig 2.7F). We found that nuoB knockdown cells had a reduced rate of EtBr
uptake, demonstrating that cells with reduced NDH-1 activity are less permeable and suggesting a

possible mechanism for increased RIF resistance.

COL and RIF showed the strongest anticorrelated phenotypes in our CRISPRI screen (linear
regression, p<0.001), with LOS related knockdowns causing resistance to COL and sensitivity to RIF
and NDH-1 knockdowns resulting in sensitivity to COL and resistance to RIF (Fig 2.8). These
anticorrelated phenotypes are consistent with a model in which COL increases the permeability of
the outer membrane to RIF (48), but also suggest additional complexities due to nuo interactions
with COL and RIF. The extent to which NADH-1 modulates COL-RIF synergy will be explored in

future studies.



Figure 2.8. Anticorrelated gene-antibiotic interactions for colistin and rifampicin. Relative
fitness score changes for genes encoding NDH-1 or involved in LOS biosynthesis in COL or RIF

treated conditions relative to untreated.
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Figure 2.8
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Discussion

Bacterial susceptibility to antibiotics is underpinned by species- and condition-specific gene
essentiality. The recent lack of innovative treatments for A. baumannii and other Gram-negative
pathogens can be attributed to our limited knowledge of genetic weaknesses in these bacteria. This
work advances our understanding of genetic vulnerabilities in A. baumannii by systematically
perturbing and phenotyping essential genes. Using CRISPRi to knock down essential gene
products, we identified genes that are sensitive to knockdown as well as genes that potentiate or
mitigate antibiotic action. Together, these studies define potential targets for antibiotic discovery

and provide a genetic approach for understanding synergistic therapies that is broadly applicable.

Our study of essential gene knockdown phenotypes in A. baumannii points to both unique and
shared genetic vulnerabilities with other bacterial species. Our finding that A. baumannii is highly
sensitive to depletion of genes encoding NDH-1 highlights a unique weakness in pathogens that are
obligate aerobes and a possible therapeutic target. Among the Gram-negative ESKAPE pathogens,
only A. baumannii is known to require nuo genes for aerobic growth in rich medium (54). Recent
work from Manoil and colleagues in the non-pathogenic model strain, Acinetobacter baylyi, found
that genes involved in oxidative phosphorylation were among the first to be depleted from a pool of
transposon mutants (14); combining these observations with our CRISPRI results suggests that
oxygen-dependent energy production is a physiological linchpin across the Acinetobacter genus.
Our finding that A. baumannii genes involved in PG synthesis and translation are vulnerable to
depletion underscores the conserved importance of these pathways across bacterial species (19,

29) and their foundational role as antibiotic targets.

Our finding that knockdown gradients of essential genes treated with antibiotics can mimic

hormetic effects seen in dose-response curves (46) has implications for modeling conditional
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phenotypes of essential genes and dosing of combination therapies. For most essential genes,
complete loss of gene function results in lethality under the majority of conditions. However, our
mismatch guide strategy allowed us to examine intermediate levels of essential gene function that
may be analogous to partial loss of function alleles found in resistant clinical isolates or adaptive
evolution experiments. Partial loss of function mutants can exhibit striking differences in phenotype
over a narrow range of function, as we observed with glnS and nuoB resistance during IMl and RIF
treatment, respectively. These hormetic resistance phenotypes fit poorly to established 4-
parameter logistic models, emphasizing the importance of considering alternative model
parameters and comprehensive statistical approaches when quantifying intricate biological
processes. Given our limited set of screening conditions, it is currently unclear how widespread the
phenomenon of hormesis is for antibiotic-gene interactions, although we note that clear instances
of hormesis were rare in our data. Hormesis in antibiotic interactions may have clinical relevance
as well, as doses of combination therapies falling within the concentration window of a
hormetic/antagonistic response would be ineffective. Although we could not find further evidence
in the Acinetobacter literature, certain mutations aaRS genes result in beta-lactam resistance in E.
coli (55), supporting our results. Our ability to predict antagonism between an aaRS inhibitor and
carbapenems based on genetic data suggests that screening for antibiotic-gene interactions will

have as much value in avoiding antagonisms as it does in identifying potential synergies.

Our data show an unexpected link between NADH dehydrogenase activity and growth inhibition by
COL. NDH-1 knockdown strains were highly sensitized to COL in competitive growth assays, but the
precise mechanism behind this sensitivity is unclear. Based on our measurements, NDH-1
knockdown primarily affects the ratio of NADH to NAD+ in cells, rather than membrane potential.
COL inhibits conversion of NADH to NAD+ by the type Il NADH dehydrogenase (NDH-2) in a purified

system (51), although at much higher concentrations than used in our experiments. We speculate
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that the sensitivity of NDH-1 knockdowns to COL is due insufficient recycling of NAD+, which would
be expected to reduce flux through the TCA cycle. In this scenario, CRISPRi knockdown reduces
NDH-1 activity while COL inhibits NDH-2 activity, resulting in further skewing of the NADH/NAD+
ratio toward NADH and away from NAD+. Flux through the TCA cycle would be expected to
decrease as multiple steps in the cycle require available NAD+ (56, 57). In general, identifying
targets that potentiate COL activity may be clinically relevant in the context of combination therapy
because toxicity is a major dose-limiting concern of polymyxin antibiotics (58). Employing effective
combination treatments using colistin concentrations below toxicity thresholds would greatly
improve its clinical utility and safety against A. baumannii. Our CRISPRi approach could inform not
only combinations with polymyxins, but also other antibiotics which have dose-limiting toxicity

concerns that prevent more widespread use.

COL and RIF have been shown to synergistically kill A. baumannii and other Gram-negatives (58) in
part due to COL disruption of the outer membrane (48). The anticorrelated phenotypes we
observed in COL and RIF treatment may be relevant to the spectrum of available mutations that
allow for the emergence of resistance. For instance, treatment with COL selects for mutations in
LOS biosynthesis genes (10), while the loss of LOS promotes permeability to RIF (and other
antibiotics (58)). Accordingly, the presence of RIF has been shown to reduce recovery of inactivated
lpx genes in selections for COL resistance (59). Mutations in nuo genes are commonly obtained in
screens for tobramycin resistance in P. aeruginosa (60, 61), supporting a model in which reduced
NDH-1 function decreases permeability of the inner membrane to antibiotics. Consistent with this
model, we found that EtBr fluorescence, which is often used as a proxy for measuring permeability
of small molecules, was decreased in NDH-1 knockdown strains. Mutations in nuo can negatively
impact other Gram-negative ESKAPE pathogens but are particularly relevant in A. baumannii

because NDH-1 is uniquely required for viability. We speculate that anticorrelated phenotypic
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signatures are predictive of antibiotic synergy in cases where permeability of one antibiotic is
enhanced by the second, particularly in the context of bacteria with low permeability such as A.
baumannii and P. aeruginosa. Interrogating a larger chemical genomics dataset with a greater
diversity of antibiotics for these organisms will shed light on general rules for antibiotic-gene

interactions and their implications for discovering synergy.

Our approach is not without limitations. The high sensitivity of our pooled CRISPRi screens enables
us to detect even subtle phenotypes, but these phenotypes may not exceed clinically relevant
thresholds. For instance, we detected several gene-antibiotic interactions with significant pooled
phenotypes that resulted in modest MIC changes when assayed in isolation. One challenge with
studying essential genes is that excessive knockdown will not only reduce cellular viability but will
also select for preexisting suppressors of CRISPRI (often found in the dcas9 gene (62)). Thus,
knockdown levels that enable stable interrogation of essential genes may not be sufficient to push
MICs past clinical breakpoints. Nonetheless, our recovery of direct antibiotic targets among the
strongest outliers in most CRISPRiI screens strongly supports the utility of CRISPRI in elucidating
antibiotic function (17, 63). Future work combining CRISPRi with orthogonal essential gene
perturbations, such as CRISPR base editing (64), may reveal allele-specific changes in resistance
that are often larger in magnitude and more closely reflect resistance mutations found in the clinic.
Our work recovered phenotypes for most, but not all the Ab essentials. Although we expect some of
the non-responsive genes to be false positives from Tn-seq (14), other genes may be non-
responsive due to limitations of CRISPRi. For instance, we estimate that our system produces
roughly 20-fold knockdown, but variations in guide activity could affect phenotype calls at the
margin. Further, TU-level knockdowns could mask phenotypes for some genes, such as eliminating

the phenotype of an antitoxin gene in a co-transcribed toxin/antitoxin system.
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Materials and Methods

Strains and growth conditions

Strains are listed in Table 2.1. Details of strain growth conditions are described in the Supporting

Information.

General molecular biology techniques and plasmid construction

Plasmids and construction details are listed in Table 2.2. Oligonucleotides are listed in Table 2.3.

Details of molecular biology techniques are described in the Supporting Information.

A. baumannii Mobile-CRISPRI system construction

An A. baumannii strain with the Mobile-CRISPRi (MCi) system from pJMP1183 (23) inserted into the
attr,7 site (Fig. 2.S1A), which constitutively expresses mRFP and has an mRFP-targeting sgRNA, has
a growth defect when induced with TmM IPTG (Fig 2.51B; “parent”). Strains with suppressors of the
growth defect that still maintained a functional CRISPRi system were identified by plating on LB
supplemented with 1TmM IPTG and selecting white colonies (red colonies would indicate a no
longer functional MCi system; Fig 2.51B and 2.S1C). gDNA was extracted and mutations in the
dCas9 promoter were identified by Sanger sequencing (Fig 2.S1D). The Mobile-CRISPRi plasmid
pJMP2748 is a variant of pJMP2754 (Addgene 160666) with the sgRNA promoter derived from
pJMP2367 (Addgene 160076) and the dCas9 promoter region amplified from the A. baumannii
suppressor strain gDNA with 0JMP635 and 0JMP636. Plasmid pJMP2776, which was used to
construct the A. baumannii essential gene library and individual sgRNA constructs, was created by
removal of the GFP expression cassette from pJMP2748 by digestion with Pmel and re-ligation. This
system shows ~20-fold knockdown when targeting the GFP gene (Fig 2.S1E). Plasmids were

submitted to Addgene.
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A. baumannii Mobile-CRISPRi individual gene and gene library construction

sgRNAs were designed to knockdown essential genes in A. baumannii 19606 using a custom
python script and Genbank accession numbers CP046654.1 and CP046655.1 as detailed in
reference (65). Mismatch guides were designed and predicted knockdown was assigned as
previously described (19). sgRNA-encoding sequences were cloned between the Bsal sites of
Mobile-CRISPRI (MCi) plasmid pJMP2776. Methodology for cloning individual guides was described
previously in detail (65). Briefly, two 24-nucleotide (nt) oligonucleotides encoding an sgRNA were
designed to overlap such that when annealed, their ends would be complementary to the Bsal-cut

ends on the vector.

The pooled essential gene CRISPRI library was constructed by amplification of sgRNA-encoding
spacer sequences from a pooled oligonucleotide library followed by ligation into the Bsal-digested
MCi plasmid. Specifically, a pool of sgRNA-encoding inserts was generated by PCR amplification
with primers 0JMP697 and 0JMP698 from a 78-nt custom oligonucleotide library (2020-OL-J,
Agilent) with the following conditions per 500 pl reaction: 100 pl Q5 buffer, 15 ul GC enhancer, 10 pl
10mM each dNTPs, 25 pyl each 10 uM primers 0JMP897 and 0JMP898, 10 pl 10 nM oligonucleotide
library, 5 ul Q5 DNA polymerase, and 310 pl H20 with the following thermocycling parameters:
98°C, 30s; 15 cycles of: 98°C, 15s; 56°C, 15s; 72°C, 15s; 72°C, 10 min; 10°C, hold. Spin-purified
PCR products were digested with Bsal-HF-v2 (R3733; NEB) and the size and integrity of full length
and digested PCR products were confirmed on a 4% agarose e-gel (Thermo). The Bsal-digested PCR
product (without further purification) was ligated into a Bsal-digested MCi plasmid as detailed in
(65). The ligation was purified by spot dialysis on a nitrocellulose filter (Millipore VSWP02500)
against 0.1 mM Tris, pH 8 buffer for 20 min prior to transformation by electroporation into E. coli
strain BW25141 (sJMP3053). Cells were plated at a density of ~50,000 cells/plate on 150mm LB-2%

agar plates supplemented with carbenicillin. After incubation for 14 h at 37°C, colonies (~900,000
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total) were scraped from the agar plates into LB, pooled, and the plasmid DNA was extracted from
~1x10"" cells using a midiprep kit. This pooled Mobile-CRISPRi library was transformed by
electroporation into E. coli mating strain sJIMP3049, plated at a density of ~50,000 cells/plate on
150mm LB-2% agar plates supplemented with carbenicillin and DAP. After incubation for 14 h at
37°C, colonies (~1,000,000 total) were scraped from the agar plates and pooled, the ODgoo was
normalized to 27 in LB with DAP and 15% glycerol and aliquots of the pooled CRISPRI library were

stored as strain sIMP2942 at -80°C.

Transfer of the Mobile-CRISPRi system to the A. baumannii chromosome

The MCi system was transferred to the attr,; site on the chromosome of A. baumannii by quad-
parental conjugation of three donor strains—one with a mobilizable plasmid (pTn7C1) encoding Tn7
transposase, another with a conjugal helper plasmid (pEVS74), and a third with a mobilizable
plasmid containing a Tn7 transposon encoding the CRISPRi system—and the recipient strain A.
baumannii 19606. A detailed mating protocol for strains with individual sgRNAs was described
previously (65). Briefly, 100 ul of culture of donor and recipient strains were added to 600 ul LB,
pelleted at ~8000 x g, washed twice with LB prior to depositing cells on a nitrocellulose filter
(Millipore HAWP02500) on an LB plate, and incubated at 37°C, ~5 hr. Cells were removed from the

filter by vortexing in 200 pl LB, serially diluted, and grown with selection on LB-gent plates at 37°C.

For pooled library construction, Tn7 transposase donor (sJMP2644), conjugation helper strain
(sJMP2935), and recipient strain (sJMP490) were scraped from LB plates with appropriate selective
additives into LB and the ODgoo Was normalized to ~9. An aliquot of sIMP2942 pooled library strain
was thawed and diluted to ODgg of ~9. Eight ml of each strain was mixed and centrifuged at 8000xg,
10 min. Pelleted cells were resuspended in 4 mL LB, spread on two LB agar plates, and incubated for

5hr at 37°C prior to resuspension in LB + 15% glycerol and storage at -80°C. Aliquots were thawed
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and serial dilutions were plated on LB supplemented with gent (150) and LB. Efficiency of trans-
conjugation (colony forming units on LB-gent vs. LB) was ~1 in 10”. The remaining frozen stocks
were plated on 150 mm LB plates solidified with 2% agar and supplemented with gent (150) and
incubated for 16 h at 37°C. Cells were scraped from plates and resuspended in EZRDM (Teknova) +

25mM succinate + 15% glycerol at ODgoo = 15 and aliquots were stored at -80°C as strain sJMP2949.

Library growth experiment

The A. baumannii essential gene CRISPRI library (sJMP2949) was revived by dilution of 50 pl frozen
stock (ODeoo = 15) in 50 ml LB (starting ODeoo = 0.015) and incubation in 250 ml flasks shaking at
37°C until ODeggo = 0.2 (~2.5 h) (timepoint = TO). This culture was diluted to ODgy = 0.02in 4 mlLB
with TmM IPTG and antibiotics (colistin, imipenem, meropenem, rifampicin, and no antibiotic
control) in 14 ml snap cap culture tubes (Corning 352059) in duplicate and incubated with shaking
for 18 h at 37°C (T1). These cultures were serially diluted back to ODgo = 0.01 into fresh tubes
containing the same media and incubated with shaking for 18 h at 37°C again (T2) for a total of ~10-
15 doublings. Cells were pelleted from 1 ml of culture in duplicate at each time point (T0, T1, T2)
and stored at -20°C. Final antibiotic concentrations were (in pg/ml): colistin (Sigma C4461): 0.44
and 0.67, imipenem (Sigma 10160): 0.06 and 0.09, meropenem (Sigma 1392454): 0.11 and 0.17,

and rifampicin (Sigma R3501): 0.34.

Sequencing library samples

DNA was extracted from cell pellets with the DNeasy gDNA extraction kit (Qiagen) according to the
manufacturer's protocol, resuspending in a final volume of 100 pl with an average yield of ~50 ng/pl.
The sgRNA-encoding region was amplified using Q5 DNA polymerase (NEB) in a 100 pl reaction with
2 ulLgDNA (~100 ng) and primers 0JMP697 and 0JMP698 (nested primers with adapters for index

PCR with Ilumina TruSeq adapter) according to the manufacturer's protocol using a BioRad C1000
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thermocycler with the following program: 98°C, 30s then 16 cycles of: 98°C, 15s; 65°C, 15s; 72°C,
15s. PCR products were purified using the Monarch PCR and DNA Cleanup and eluted in a final

volume of 20 ul for a final concentration of ~20 ng/ul).

Samples were sequenced by the UW-Madison Biotech Center Next Generation Sequencing Core
facility. Briefly, PCR products were amplified with nested primers containing i5 and i7 indexes and
Ilumina TruSeq adapters followed by bead cleanup, quantification, pooling and running on a

Novaseq 6000 (150bp paired end reads).

Library data analysis

For more information on digital resources and links to custom scripts, see Table 2.4.

Counting sgRNA Sequences

Guides were counted using seal.sh script from the bbtools package (Release: March 28, 2018).
Briefly, paired FASTQ files from amplicon sequencing were aligned in parallel to a reference file
corresponding to the guides cloned into the library. Alignment was performed using k-mers of 20

nucleotide length—equal to the length of the guide sequence.

Condition Comparisons — Quantification and Confidence

Relative fitness scores (log, fold change) and confidence intervals were computed using edgeR.
Briefly, trended dispersion of guides was estimated and imputed into a quasi-likelihood negative
binomial log-linear model. Changes in abundance and the corresponding false discovery rates
were identified for each guide in each condition individually. Finally, log, fold abundance changes
were calculated by taking the median guide-level log, fold change for perfect match guides;
confidence was calculated by computing the Stouffer’s p-value (poolr R package) using FDR for
individual guides across genes. Gene functional enrichment was determined using the STRING

database (66).
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CoMBaT-seq

CoMBal-seq experiments consisted of two competing strains, one containing a non-targeting guide
and a second containing a guide targeting a gene of interest. CoMBaT-seq strains were added 1:1 in
the presence or absence of the indicated antibiotic and grown as described in “library growth
experiment” above. Strain abundance at the end of the experiment was quantified using Nanopore

sequencing (performed by Plasmidsaurus or Azenta).

Knockdown-Response Curves

Fitting of knockdown response curves is described in detail in the supplemental methods. Briefly,
code was adapted from the drc (DoseResponse) R package to generate 4-parameter logistic curves
describing the relationship between predicted knockdown (independent) and the log, fold change

in strain representation (dependent) for all (~10) mismatch guides per gene.
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Strain name Description’ Source

sJMP6 Escherichia coliBW25113 F-, A(araD-araB)567, AlacZ4787(::rrnB-3), Baba et al. (39)
A-, rph-1, A(rhaD-rhaB)568, hsdR514 (Keio collection WT)

sJMP32 Escherichia coliDH10B F-, endA1, recA1, galE15, galK16, nupG, Invitrogen
rpsL, AlacX74, f80[lacZAM15], araD139, A(ara-leu)7697, mcrA,
A(mrr-hsdRMS-mcrBC) (cloning strain)

sJMP146 Escherichia coliBW25141 A(araD-araB)567, AlacZ4787(::rrnB-3), Datsenko et al.
A(phoB-phoR)580, A-, galU95, AuidA3::pir+, recA1, endA9(D- (67)
ins)::FRT, rph-1, A(rhaD-rhaB)568, hsdR514 (pir+ cloning strain)

sIMP245 A. baumannii 19606 with MCi system from pJMP1183 inserted into Peters et al. (23)
the Tn7 att site, gmR (MRFP, mrfp targeting sgRNA, Piaco1 dCas9
promoter)

sJMP345 Escherichia coli strain sIMP146 with pJP121 (pJMP323), ampR This study

sJMP424 Escherichia coliWM6026 lacl?, rrnB3, DElacZ4787, hsdR514, Blodgett et al.
DE(araBAD)567, DE(rhaBAD)568, rph-1 att-lambda::pAE12-del (68)
(oriR6K/cat::FRT5), del 4229(dapA)::FRT(DAP-), del(endA)::FRT,
uidA(delMlul)::pir(wt), attHK::pJK1006::del1/2(DoriR6K-cat::FRT5,
DtrfA::FRT) (pir+ mating strain)

sJMP490 Acinetobacter baumannii ATCC19606 WT ATCC

sJMP601 Escherichia coli (derived from BW25141, sJIMP146) with FRT-cat- This study
FRT(cm") inserted between mltB and srlA (closely linked to recA)

sJMP604 Escherichia coli (derived from WM6026, sJIMP424) with FRT-cat- This study
FRT(cm") inserted between mltB and srlA, recA1

sIMP624 Escherichia coli (derived from WM6026, sJIMP604) with FRT inserted  This study
between mltB and srlA, recA1 (cat removed) (cmS)

sIMP2644 Escherichia coli mating strain sJIMP3049 with pJMP1039 (Th7 This study
transposase expression strain)

sJMP2935 Escherichia coli mating strain sJMP3049 with pEVS104 (helper This study
strain)

sIMP2942 Escherichia coli mating strain sIMP3049 with A. baumannii essential This study
gene MCi pooled plasmid library, ampR, gmR

sIMP2949 A. baumannii 19606 (sJMP490) with MCi library from pJMP2942 This study

pooled library inserted into the Tn7 att site, gmR (A. baumannii
essential gene Mobile-CRISPRI pooled library)
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sJMP3030

Escherichia coli (derived from BW25113, sJMP6) F-, A(araD-
araB)567, AlacZ4787(::rrnB-3), A-, rph-1, A(rhaD-rhaB)568, hsdR514,
attTn7::acrllA4 FRT-cat-FRT (cmR)

This study

sJMP3034

Escherichia coli (derived from BW25141, sIMP146) A(araD-
araB)567, AlacZ4787(::rrnB-3), A(phoB-phoR)580, A-, galU95,
AuidA3::pirt, recA1, endA9(D-ins)::FRT, rph-1, A(rhaD-rhaB)568,
hsdR514, attTn7::acrllA4 FRT-cat-FRT (cmR)

This study

sJMP3040

Escherichia coli strain sJIMP624 with pJP121, ampR

This study

sJMP3043

Escherichia coli (derived from WM6026, sJIMP3040) with FRT
inserted between mltB and srlA, recA1 (cat removed),
attTn7::acrllA4 FRT-cat-FRT(cmR)

This study

sJMP3049

Escherichia coli (derived from WM6026, sIMP3043) lac/?, rrnB3,
DElacZ4787, hsdR514, DE(araBAD)567, DE(rhaBAD)568, rph-1 att-
lambda::pAE12-del (oriR6K/cat::frt5), del 4229(dapA)::FRT (DAP-),
del(endA)::FRT, uidA(DMlul)::pir(wt), attHK::pJK1006::del1/2(del
oriR6K-cat::FRT5, del trfA::FRT), FRT inserted between mltB and
srlA, recA1, attTn7::acrllA4 (cmS) (pir+, recAl mating strain with anti-
CRISPR)

This study

sJMP3053

Escherichia coli (derived from BW25141, sIMP3034) A(araD-
araB)567, AlacZ4787(::rrnB-3), A(phoB-phoR)580, -, galU95,
AuidA3::pir+, recA1, endA9(del-ins)::FRT, rph-1, A(rhaD-rhaB)568,
hsdR514, attTn7::acrllA4 (pir+, recAl cloning strain with anti-
CRISPR)

This study

sJMP4324

A. baumannii ATCC 19606 with CRISPRi system from pJMP4189
inserted into the Tn7 att site, gmR (non-targeting control 4 sgRNA)

This study

sJMP4341

A. baumannii ATCC 19606 with CRISPRi system from pJMP4335
inserted into the Tn7 att site, gmR ( GO593_00515-targeting sgRNA)

This study

sJMP4353

sJMP4341 with pJMP4345 recombined into genome (single-
crossover), kanR

This study

sJMP4358

sJMP4353 with prophage deletion (second-crossover), isolate 1

This study

sJMP4360

sJMP4353 with prophage deletion (second-crossover), isolate 2

This study

sJMP4361

sJMP4353 with prophage deletion (second-crossover), isolate 3

This study

sJMP4362

sJMP4353 with prophage deletion (second-crossover), isolate 4

This study

sJMP4363

sJMP4353 with prophage deletion (second-crossover), isolate 5

This study

sJMP4364

sJMP4353 with prophage deletion (second-crossover), isolate 6

This study

sJMP4365

sJMP4353 with prophage deletion (second-crossover), isolate 7

This study
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sJMP4366 sJMP4353 with prophage deletion (second-crossover), isolate 8 This study

sJMP6333 A. baumannii 19606 (sJMP490) with MCi system from pJMP2748 This study
inserted into the Tn7 att site, gmR (GFP, non-targeting sgRNA)

sJMP6334 A. baumannii 19606 (sJMP490) with MCi system from pJMP2768 This study
inserted into the Tn7 att site, gmR (GFP, gfp sgRNA)

sJMP6335 A. baumannii 19606 (sJMP490) with MCi system from pJMP2776 This study
inserted into the Tn7 att site, gmR (non-targeting sgRNA)

sJMP10072 A. baumannii 19606 (sJMP490) with MCi system from pJMP10046 This study
inserted into the Tn7 att site, gmR (murA sgRNA)

sJMP10073 A. baumannii 19606 (sJMP490) with MCi system from pJMP10052 This study
inserted into the Tn7 att site, gmR (nuoH sgRNA)

sJMP10074 A. baumannii 19606 (sJMP490) with MCi system from pJMP10054 This study
inserted into the Tn7 att site, gmR (nuoB sgRNA)

sJMP10076 A. baumannii 19606 (sJMP490) with MCi system from pJMP10058 This study
inserted into the Tn7 att site, gmR ([pxC sgRNA)

sJMP10079 A. baumannii 19606 (sJMP490) with MCi system from pJMP10050 This study
inserted into the Tn7 att site, gmR (g(nS sgRNA)

sJMP10080 A. baumannii 19606 (sJMP490) with MCi system from pJMP10062 This study
inserted into the Tn7 att site, gmR (non-targeting-control 1 sgRNA)

sJMP10081 A. baumannii 19606 (sJMP490) with MCi system from pJMP10064 This study

inserted into the Tn7 att site, gmR (non-targeting control 2 sgRNA)

T gmR, gentamicin resistant; kanR, kanamycin resistant; ampR, ampicillin resistant; cmR, chloramphenicol

resistant; cmS, chloramphenicol sensitive; MCi, Mobile-CRISPRi
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Plasmid Description Construction/notes’ Source

pJMP38 pSIM19 pSC101 repA(ts) for lambda Red
recombineering; specR

pJMP323 pJP121 (pRL2613) pRC7-recA (mini-F vector, unstable without Robert Landick
selection); ampR pRC7 (69)

pJMP1039 pTn7C1 Tn7 transposase expression; ampR Peters et al. (23),

Addgene: 119239

pJMP1183 pIn7C89.1 MCi test plasmid. Ppaco-1 dCas9 promoter, Peters et al. (23),
Spy dcas9::3Xmyc, PLiaco-1 SSRNA promoter Addgene: 119254
(mrfp targeting spacer), GFP expression;
ampR, kanR

pJMP1356 pTn7C183.1 MCi plasmid; ampR, cmR Peters et al. (23),

Addgene: 119276

pJMP2367 pMCi-vC-GFP_Bsal = MCitest plasmid. Zymo dCas9 promoter, Spy  Banta et al. (70),
dcas9::3Xmyc, vC sgRNA promoter (Bsal site), Addgene: 160076
GFP expression; ampR, cmR

pJMP2748 pAbaMCi-GFP-Bsal = MCi test plasmid. Aba suppressor dCas9 This study,
promoter, Spy dcas9::3Xmyc, vC sgRNA Addgene: 208888
promoter (Bsal site), GFP expression; ampR,
gmR

pJMP2754 pMCi-v4-GFP_Bsal MCi test plasmid. pLlacO-1 dCas9 promoter, Banta et al. (65),
Spy dcas9::3Xmyc, pLlacO-1 sgRNA promoter Addgene: 160666
(Bsal site), GFP expression; ampR, gmR

pJMP2768 pAbaMCi-GFP-gfp MCi test plasmid. Aba suppressor dCas9 This study,
promoter, Spy dcas9::3Xmyc, vC sgRNA Addgene: 208889
promoter (gfp targeting spacer), GFP
expression. Derivative of pJMP2748; ampR,
gmR

pJMP2776 pAbaMCi-Bsal MCi plasmid. Aba suppressor dCas9 This study,
promoter, Spy dcas9::3Xmyc, vC sgRNA Addgene: 208890
promoter (Bsal site). For cloning new guides.
Derivative of pJMP2748; ampR (backbone),
gmR(transposon)

pJMP2942 pAbaMCi-OL-J A. baumannii 19606 MCi pooled plasmid This study

library. 6679 guides: 4 perfect match/essential
gene, 10 mismatch/essential gene, 1000
nontargeting controls. Constructed by
amplification of pooled oligonucleotide library



2020-0OL-J with 0JMP897 and 0JMP898,
followed by Bsal digestion, and ligation into
Bsal-digested pJMP2776; ampR, gmR

pJMP3008 pCP20 pL-FLP (encodes yeast FLP recombinase), (ts, Cherepanov and
incubate at 30°C); ampR, cmR Wackernagel (71)
pJMP3018 pTn7-acrllA4 Contains a Tn7 transposon encoding This study

the acrllA4 gene from a Listeria
monocytogenes prophage under the control
of a strong constitutive synthetic promoter
and FRT-cat-FRT. Cloned by assembly of the
MCi backbone (amplified from pJMP1356 with
0JMP297/298) and synthetic DNA fragment
0JMP299; ampR, cmR

pJMP4003 pEVS104 R6K ori helper plasmid for conjugation into A. Stabb and Ruby
baumannii; kanR (72)
pJMP4189 p2776-control 4 MCi plasmid. non-targeting control spacer 4. This study

Annealed oligonucleotides 0JMP834/835
ligated into pJMP2776 Bsal site; ampR, gmR

pJMP4335 p2776- MCi plasmid. GO593_00515-targeting spacer.  This study
G0O593_00515 Annealed 0JMP1211/1212 ligated into
pJMP2776 Bsal site; ampR, gmR

pJMP4345 prophage deletion Assemble (1.071 kb) region upstream This study
plasmid (0JMP1568/1569 PCR) and (1.093 kb) region
downstream (0JMP1570/1571 PCR) of
prophage (GenBank accession humber:
CP046654.1; 84,589-131,888) into pJMP1183
between Ascl and EcoRl sites; ampR, kanR

pJMP10042  pAbaMCi-mraY MCi plasmid. mraY-targeting spacer. This study
Annealed oligonucleotides 0JMP1623/1635
ligated into pJMP2776 Bsal site; ampR, gmR

pJMP10044  pAbaMCi-ftsl MCi plasmid. fts/-targeting spacer. Annealed This study
oligonucleotides 0JMP1624/1636 ligated into
pJMP2776 Bsal site; ampR, gmR

pJMP10046  pAbaMCi-murA MCi plasmid. murA-targeting spacer. This study
Annealed oligonucleotides 0JMP1625/1637
ligated into pJMP2776 Bsal site; ampR, gmR

pJMP10048 pAbaMCi-nuoH MCi plasmid. nuoH-targeting spacer. This study
Annealed oligonucleotides 0JMP1626/1638
ligated into pJMP2776 Bsal site; ampR, gmR



pJMP10050

pAbaMCi-nuoB

MCi plasmid. nuoB-targeting spacer.
Annealed oligonucleotides 0JMP1627/1639
ligated into pJMP2776 Bsal site; ampR, gmR

This study
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pJMP10052

pAbaMCi-nuoF

MCi plasmid. nuoF-targeting spacer.
Annealed oligonucleotides 0JMP1628/1640
ligated into pJMP2776 Bsal site; ampR, gmR

This study

pJMP10054

pAbaMCi-lpxC

MCi plasmid. [pxC-targeting spacer. Annealed
oligonucleotides 0JMP1629/1641 ligated into
pJMP2776 Bsal site; ampR, gmR

This study

pJMP10056

pAbaMCi-lpxA

MCi plasmid. [pxA-targeting spacer. Annealed
oligonucleotides 0JMP1630/1642 ligated into
pJMP2776 Bsal site; ampR, gmR

This study

pJMP10058

pAbaMCi-ileS

MCi plasmid. ileS-targeting spacer. Annealed
oligonucleotides 0JMP1631/1643 ligated into
pJMP2776 Bsal site; ampR, gmR

This study

pJMP10060

pAbaMCi-glnS

MCi plasmid. glnS-targeting spacer. Annealed
oligonucleotides 0JMP1632/1644 ligated into
pJMP2776 Bsal site; ampR, gmR

This study

T MCi, Mobile-CRISPRIi; ts, temperature sensitive, gmR, gentamicin resistance; ampR, ampicillin resistance;
kanR, kanamycin resistance; cmR, chloramphenicol resistance
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Oligo Sequence (5'to 3') Description
2020-0OL-J CTTCTACCGAACATACAGGGTCTCTTAGT  Pooled oligo library (4 perfect match/essential
XXXXXXXXXXXXXXXXXXXXXGTTTAGAGA  gene, 10 mismatch/essential gene, 1000
CCTCGCGTTATGCTGTATGT controls), (20 X's represent pool of 6679 oligos
encoding 4 guides/essential gene, 10
mismatch/essential gene, and 1000 non-targeting
controls). Agilent SurePrint.
Usage: pooled CRISPRI library amplification
template
0JMP60 CGCCCCTCTTTAATACGACG R primer for Tn7 right end (Tn7R)
Usage: verify Tn7 insertion
0JMP201 ACACTTGATACTGTATGAGC recA_A
Usage: amplify recA locus
0JMP202 CTTAAAAAAGCAAAAGGGCC recA_B
Usage: amplify recA locus
oJMP211 CCTCGCTATCCTTTTATTCAAACTTTCAAA  F primer to amplify FRT-cat-FRT (chloramphenicol
TTAAAATATCGGCGGTTTTCTTTTCTCTTC resistance) from pJMP1356 with 40nt homology
region for insertion between mltB and srlA of
strain BW25141
Usage: lambda Red recombineering
oJMP212 GATTTAAAAGTGTTATTTTGATCGCAAAATG R primer to amplify FRT-cat-FRT (chloramphenicol
AAAGATAAGATGAGCTCGAATTGGGGATC resistance) from pJMP1356 with 40nt homology
region for insertion between mltB and srlA of
strain BW25141
Usage: lambda Red recombineering
0JMP297 TAAAAAGTGAGTTGAACTAACGGCGCGC  F primer to amplify pJMP1356 vector backbone
CTCCTTAATG Usage: construct pJMP3018
0JMP298 TTCTCTAATTAAGTCATTAATATTCATCCTG F primer to amplify pJMP1356 vector backbone
GTATTTCCTGTGTGAAAACATAG Usage: construct pJMP3018
0JMP299 TTAATGACTTAATTAGAGAAATCAAAAACA  synthetic DNA encoding acrllA4
AAGATTACACAGTGAAATTGAGTGGTACG  Usage: construct pJMP3018
GATAGCAATAGTATCACACAGCTAATTATT
CGCGTTAATAATGATGGCAACGAGTATGT
AATTTCTGAAAGTGAAAATGAATCAATCGT
TGAAAAATTCATCTCTGCATTCAAAAACG
GTTGGAATCAAGAATACGAGGATGAAGAA
GAATTTTATAATGACATGCAAACAATCACC
TTAAAAAGTGAGTT
0JMP398 GGCACACACTATCCAATCGC F primer, 3' end of glmS
Usage: verify Tn7 insertion
0JMP399 GACCAGTTCAGACCCGTTG R primer downstream of Tn7 insertion (in murl)
Usage: verify Tn7 insertion
0JMP410 TAGTCATCTAATTCAACAAGAATT gfp1_top

Usage: anneal oligos to clone individual guides
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0JMP411 AAACAATTCTTGTTGAATTAGATG gfp1_bottom
Usage: anneal oligos to clone individual guides
0JMP566 CTGAGGAAGATCTGTAATAAGGCGCG F primer for Tn7 left end (Tn7L)
Usage: verify Tn7 insertion
0JMP635 TACGTCTGCAGACTAGTGCGAATTGATCT  Aba_dCas9 promoter F
GGTTTGACAGC Usage: construction of plasmid pJMP2748
0JMP636 TTGATACTGTGGCGGTCTGTATTTCC Aba_dCas9 promoter R
Usage: construction of plasmid pJMP2748
0JMP697 ACACTCTTTCCCTACACGACGCTCTTCC F nested primer with adapter for index PCR with
GATCTCGACTCGGTGCCACTTTTTC Illumina TruSeq adapter
Usage: amplify sample for NGS
0JMP698 GTGACTGGAGTTCAGACGTGTGCTCTTC R nested primer with adapter for index PCR with
CGATCTACTACTCTTGCCTACTACCTATC Ilumina TruSeq adapter
GAC Usage: amplify sample for NGS
0JMP834 TAGTGGGTCATAACATACTTCGTC nontargeting control 4_top
Usage: nontargeting sgsRNA
0JMP835 AAACGACGAAGTATGTTATGACCC nontargeting control 4_bottom
Usage: nontargeting sgRNA
0JMP897 CTTCTACCGAACATACAG OL-J-F
Usage: amplify pooled library
0JMP898 ACATACAGCATAACGCGA OL-J-R
Usage: amplify pooled library
0JMP1211  TAGTAATAATTCTTTGAGCTTGCT G0593_00515 _top
Usage: anneal oligos to clone individual guides
0JMP1212  AAACAGCAAGCTCAAAGAATTATT G0593_00515_bottom
Usage: anneal oligos to clone individual guides
0JMP1241  TGTCAATTTGCGGTATATGGTCC F primer for mnt PCR
Usage: to confirm prophage deletion
0JMP1242  ACCTTACTCATGCAGAACCCT R primer for mnt PCR
Usage: to confirm prophage deletion
0JMP1381 TGTTGCCTGCACTTCTTGTC F PCR primer upstream of prophage
Usage: to confirm prophage deletion
0JMP1382 TCGAGGAGCTTGGCGTAAAA R PCR primer downstream of prophage
Usage: to confirm prophage deletion
0JMP1568 AACAGAACGGTCAGCCACATGAATTCTG  F primer for region upstream of prophage
GCAAGCATAAAGGTACAGC Usage: prophage deletion plasmid construction
0JMP1569 GGGATCGAACCCACGACC R primer for region upstream of prophage
Usage: prophage deletion plasmid construction
0JMP1570 GGTCGTGGGTTCGATCCCCGCCGAGCG F primer for region downstream of prophage
CACCATTTTATATATAA Usage: prophage deletion plasmid construction
0JMP1571 GCTGCAAGTCCCATTAAGGAGGCGCGC R primer for region downstream of prophage
CTTATCGAACTAGAGTCCAGAGGGC Usage: prophage deletion plasmid construction
0JMP1623  TAGTATTTTCTTAGCATGATTTTC mraY_top
Usage: anneal oligos to clone individual guides
0JMP1624  TAGTTCAATCACAATTTTCATGAT ftsl_top

Usage: anneal oligos to clone individual guides



0JMP1625

TAGTAGAATCATTGCCGCAAGTAA

murA_top
Usage: anneal oligos to clone individual guides

0JMP1626 TAGTCAACACGGTTTGGACCATAA nuoH_top

Usage: anneal oligos to clone individual guides
0JMP1627 TAGTACAATTTGACGATCTTGCAA nuoB_topUsage: anneal oligos to clone individual

guides
0JMP1628 TAGTACCTAATGCTTTTTTAAAGC nuoF_top

Usage: anneal oligos to clone individual guides
0JMP1629 TAGTCCAGCACTACCATCCATAAT lpxC_top

Usage: anneal oligos to clone individual guides
0JMP1630 TAGTTACCAGCACCAATAGTCACT lpxA_top

Usage: anneal oligos to clone individual guides
0JMP1631 TAGTAATCTGCTGATAAATGTTGT ileS_top

Usage: anneal oligos to clone individual guides
0JMP1632 TAGTTTGCTGCGCAGAATCGACAG glnS_top

Usage: anneal oligos to clone individual guides
0JMP1633 TAGTAATATCCTTAAAAAACCAGA nontargeting control1_top

Usage: anneal oligos to clone individual guides
0JMP1634  TAGTCTACCTGTATAACAATTTGA nontargeting control2_top

Usage: anneal oligos to clone individual guides
0JMP1635 AAACGAAAATCATGCTAAGAAAAT mraY_bottom

Usage: anneal oligos to clone individual guides
0JMP1636  AAACATCATGAAAATTGTGATTGA ftsl_bottom

Usage: anneal oligos to clone individual guides
0JMP1637 AAACTTACTTGCGGCAATGATTCT murA_bottom

Usage: anneal oligos to clone individual guides
0JMP1638 AAACTTATGGTCCAAACCGTGTTG nuoH_bottom

Usage: anneal oligos to clone individual guides
0JMP1639  AAACTTGCAAGATCGTCAAATTGT nuoB_bottom

Usage: anneal oligos to clone individual guides
0JMP1640 AAACGCTTTAAAAAAGCATTAGGT nuofF_bottom

Usage: anneal oligos to clone individual guides
0JMP1641  AAACATTATGGATGGTAGTGCTGG lpxC_bottom

Usage: anneal oligos to clone individual guides
0JMP1642  AAACAGTGACTATTGGTGCTGGTA lpxA_bottom

Usage: anneal oligos to clone individual guides
0JMP1643  AAACACAACATTTATCAGCAGATT ileS_bottom

Usage: anneal oligos to clone individual guides
0JMP1644  AAACCTGTCGATTCTGCGCAGCAA glnS_bottom

Usage: anneal oligos to clone individual guides
0JMP1645  AAACTCTGGTTTTTTAAGGATATT nontargeting control1_bottom

Usage: anneal oligos to clone individual guides
oJMP1646  AAACTCAAATTGTTATACAGGTAG nontargeting control2_bottom

Usage: anneal oligos to clone individual guides
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Software, package, or Description Reference/website

resource

NCBI nucleotide database https://www.ncbi.nlm.nih.gov/nucleotide/
custom sgRNA design sgRNA design Banta et al. (65)

(Python)

population diversity metric

calculating bottleneck metric

https://rb.gy/zy65jb

(Nb)
seal.sh counting sgRNA sequences https://sourceforge.net/projects/bbmap/
edgeR condition comparisons — Robinson et al. (73)
quantification and
confidence
poolr R package confidence calculation Cinar and Viechtbauer (74)

drc (DoseResponse) R
package (adapted)

knockdown-response curves

Ritz et al. (75)

drc (DoseResponse) R
package (adapted)

knockdown-response curves

Ritz et al. (75)

drc (DoseResponse) R
package (adapted)

knockdown-response curves

Ritz et al. (75)

tidyverse collection of R
packages

data science package
collection

https://www.tidyverse.org/

ggplot2

declarative graphic
generation platform

ggplot2: Elegant Graphics for Data
Analysis (76)

pheatmap R package

clustered heatmap
generation platform

https://CRAN.R-
project.org/package=pheatmap

growthcurver bacterial growth analytical Sprouffske and Wagner (77)
platform

Mauve multiple sequence alignment  https://darlinglab.org/mauve/mauve.html
platform

Orthofinder comparative genomics https://github.com/davidemms/OrthoFind
platform er

STRING-db predicted protein-protein https://string-db.org/

interacTtion database



https://www.ncbi.nlm.nih.gov/nucleotide/
https://rb.gy/zy65jb
https://sourceforge.net/projects/bbmap/
https://www.tidyverse.org/
https://cran.r-project.org/package=pheatmap
https://cran.r-project.org/package=pheatmap
https://darlinglab.org/mauve/mauve.html
https://github.com/davidemms/OrthoFinder
https://github.com/davidemms/OrthoFinder
https://string-db.org/
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Figure 2.S1. Optimization and characterization of an A. baumanniiMobile-CRISPRi system. (A)
PCR confirmation that Mobile-CRISPRi (MCi) inserted downstream of the glmS gene as expected in
A. baumannii. (B) Expression of dCas9 from the P .co.1 promoter is toxic in A. baumannii 19606
(Parent (+mrfp guide)), but suppressors can readily be obtained that reduce toxicity (Suppressor
(red) and Suppressor (white)). White colony suppressors have reduced toxicity of dCas9 expression
but are still capable of targeting a chromosomal copy of the gene encoding Red Fluorescent Protein
(mrfp). (C) RFP fluorescence of parent (PLaco-1-dcas9) and suppressor colonies. Each pointis a
distinct, single colony. Parent strains likely show intermediate levels of RFP due to the toxic effects
of dCas9 expression from Pic04. (D) White colony suppressors contain a mutation in Ppac0- that
likely reduces its activity; this mutation likely arose from collapse of identical lac operator
sequences. (E) Knockdown quantification of a CRISPRi system that expresses dCas9 from the white

suppressor promoter at varying concentrations of inducer (IPTG).
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Figure 2.S2. Quality control for the A. baumannii essential gene CRISPRI library. (A) Histogram
of guides/gene in the library. The vast majority of genes had 14 guides and the smallest number of
guides/gene was 11. Libraries shown here were grown with IPTG to two separate time points (see
Methods) and sgRNA spacer depletion was quantified at each time point. Of the 7 genes with less
than 14 recovered guides, 4 genes had only 13 (N=3) or 12 (N=1) guides in our initial library design.
The other 3 genes likely lost a targeting guide during the library cloning or mating procedures. (B)

Biological replicates of CRISPRI library experiments showed excellent reproducibility.
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Figure 2.S3. Gene level depletion from the CRISPRI library under different growth conditions.
(A) Sankey plot of gene depletion at two time points. Genes are considered vulnerable to
knockdown if they were depleted by 2-fold with a Stouffer’s p value of 0.05 at the time point
indicated relative to TO. (B) Sankey plot of gene depletion across any of the conditions assayed in
our experiments (IPTG alone, IMI, MER, COL, RIF). Genes are considered responsive if they were
depleted by 2-fold with a Stouffer’s p value of 0.05 at the time point indicated relative to T0. (C)
Growth, measured by OD600, over 18 hours for a non-targeting control strain, [pxC knockdown

strain, and nuoH knockdown strain in LB (uninduced, left) or LB with inducer (1 mM IPTG, right).
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Figure 2.S4. The GO593_00515 gene is conditionally essential. (A) Mauve alignment (see Table
2.4) of A. baumannii 19606 genomic locus containing GO593_00515 (pink) and surrounding
prophage (yellow) to 17978 and AB5075. Regions of same color represent alignment between
genomes. (B) Cultures seven hours after addition of P1 phage lysate to E. coli MG1655 (left) and
addition of inducer (1 mM IPTG) to A. baumannii non-targeting control strain (middle) or
G0593_00515 knockdown strain (right). (C) Growth, measured by OD600, over 18 hours for a non-
targeting control strain, GO593_00515 knockdown strain, GO593_00515 knockdown strain with
single-crossover of prophage deletion plasmid (intermediate in construction), and multiple strains
of GO593_00515 knockdown with deleted prophage in LB (uninduced, top) or LB with inducer (1
mM IPTG, bottom). (D) Agarose gel electrophoresis of PCR products to confirm prophage deletion
using specified primer sets. GeneRuler 1 kb Plus ladder or template genomic DNA are denoted
below each lane. PCR products with 0JMP1381/1382 for strains with prophage still present

suggests prophage excision happens at some frequency in WT.
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Figure 2.S5. Examples of 4-parameter knockdown-response curves at T1 and T2. Examples
from genes highlighted in the text. Effective knockdown 50 (EK50) parameters are displayed as

crosshairs where the parameter fit resulted in a p value < 0.05. Points are individual sgRNAs.
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Figure 2.S5
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Figure 2.S6. Essential gene knockdown phenotypes in imipenem and meropenem. Volcano
plots in (A) imipenem (IMI) and (B) meropenem (MER). Depletion of sgRNA spacers from the
CRISPRI library (relative fitness score) during growth in IPTG at the level of transcription units (TUs).
Dashed lines indicate a two-fold loss in relative fitness score and a p value of < 0.05. Stouffer’s p
values were calculated at the TU level by aggregating false discovery rates (FDRs) of individual
sgRNAs targeting the TU. TUs related to pathways discussed in the text are colored as described in

the legend and the number of essential genes in the TU is indicated by point size.
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Figure 2.S7. Carbapenems are synergistic with fosfomycin in A. baumannii. 2-fold serial
dilutions of drugs from minimum inhibitory concentrations (MICs) represented by gray wedges.

Wells with red borders show synergy (i.e., no growth & FIC index <0.5).
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Figure 2.S8. Essential gene knockdown interactions with carbapenems. (A-B) Scatterplot of
mismatch guide fitness (log,-fold change) in inducer only compared to relative fitness in imipenem
at T1. Lines represent linear model fits with 95% confidence interval. Guides for genes in
PG/division or tRNA ligase pathways are divided into groups using hierarchical clustering based on
response to imipenem. Left-hand figures in grayscale indicate trend for all guides; right-hand
figures indicate trends for guides for specific pathways. High-response indicates most responsive
cluster (greatest absolute log,-fold changes), low-response indicates other clusters (k=3) in C. (C)
Hierarchical clustering of tRNA synthetase and PG/division gene knockdowns in response to

imipenem (IMl) and meropenem (MER).
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Figure 2.S9. glnS knockdown causes a subtle change in imipenem MIC. Four independently
constructed non-targeting (NT) or glnS knockdown strains were plated as a lawn on LB + 1mM IPTG
and grown in the presence of an IMI MIC test strip. MIC values were read as the concentration line
above the intersection between confluent growth and the test strip. The average MICs for NT and

glnS were 0.6 and 0.9 ng/uL, respectively (p = 0.02, 2 tailed t-test with equal variance).
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Figure 2.510. Dose-response curves modeling the fits for ginSin imipenem (IMl) (A-B) and nhuoB
in rifampicin (RIF) (C-D). Asterisks indicate improvement of the empirical fit from 4-paremeter to 5-

parameter, such that the likelihood-ratio test p value < 0.05.
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Figure 2.511. COL and RIF are synergistic under our screening conditions in A. baumannii. 2-
fold serial dilutions of drugs from minimum inhibitory concentrations (MICs) represented by gray

wedges. Wells with red borders show synergy (i.e., no growth & FIC index <0.5).
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Figure 2.512 Essential gene knockdown phenotypes in versus colistin. Depletion of sgRNAs
targeting transcription units (TUs) from the CRISPRi library during growth in inducer and RIF or COL
at T,. Vertical dashed lines indicate a two-fold loss in fithess score relative to non-targeting sgRNAs
and horizontal dashed lines indicate a Stouffer's p value of < 0.05. Stouffer's p values were
calculated at the TU level by combining the false discovery rates (FDRs) of all individual sgRNAs
targeting the TU. TUs related to pathways discussed in the text are colored according to the figure

legend and the number of essential genes in a TU is indicated by point size.
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Figure 2.513 nuoBknockdown causes a subtle change in colistin MIC. Four independently
constructed non-targeting (NT) or nuoB knockdown strains were plated as a lawn on LB + 1mM IPTG
and grown in the presence of a COL MIC test strip. MIC values were read as the concentration line
above the intersection between confluent growth and the test strip. The average MICs for NT and

nuoB were 2 and 1.6 ng/uL, respectively (p = 0.02, 2 tailed t-test with equal variance).
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Figure 2.513
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Figure 2.514. Membrane potential in non-targeting and nuoB knockdown strains. ThT
fluorescence normalized to ODgoo as a measurement of membrane potential (Ag) in (A) non-

targeting and nuoB knockdown strains with and without inducer. (B) Normalized ThT fluorescence in

wildtype treated with CCCP at 0, 4, 6, and 8 ng/pL.
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Figure 2.S15. nuoBknockdown causes a subtle change in rifampicin MIC. Four independently
constructed non-targeting (NT) or nuoB knockdown strains were plated as a lawn on LB + 1mM IPTG
and grown in the presence of a RIF MIC test strip. MIC values were read as the concentration line
above the intersection between confluent growth and the test strip. The average MICs for NT and

nuoB were 2.25 and 3.25 ng/uL, respectively (p value = 0.03, 2 tailed t-test with equal variance).
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Figure 2.515
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Figure 2.516. COL/RIF interaction and physiological characterization of NDH-1 knockdown. (A-
B) CoMBaT-seq experiments competing nuoB knockdown with a non-targeting strain in the
presence or absence of (A) COL or (B) RIF; as the proportion of the non-targeting strain increases,

the nuoB knockdown decreases and vice versa. Points are data from individual experiments (N=2).
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Abstract

The Gram-negative pathogen Acinetobacter baumannii causes antibiotic resistant nosocomial
infections that are a serious threat to human health. Despite this, our understanding of
fundamental A. baumannii biology remains limited, as many essential genes are poorly
characterized. Here, we systematically probe the function of essential genes by screening a CRISPR
interference library against a diverse panel of antibiotics and other inhibitors. We found that the
vast majority of essential genes showed chemical-gene interactions, enabling insights into both
inhibitor and gene function. For instance, knockdowns of lipooligosaccharide transport genes were
especially enriched for sensitive phenotypes due to lipooligosaccharide production-dependent
hyper-permeability. We constructed a high-confidence essential gene network from chemical-gene
interaction profiles that contained numerous connections between poorly- and well-characterized
genes in cell division and other processes. Finally, we applied an unbiased, structure-function
analysis to our chemical-gene interaction data, highlighting distinct cellular impacts among
structurally related antibiotics and uncovering possible cellular targets for poorly characterized
inhibitors. This study advances our understanding of essential gene and antibiotic function,
providing a valuable resource for mechanistic studies, therapeutic strategies, and key future targets

for antibiotic development.
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Introduction

Systems biology provides a robust framework for deciphering the complex networks of interactions
that govern cellular functions. This approach is especially pertinent in the study of infectious
diseases and antibiotic resistance, offering sophisticated tools to analyze the multifaceted
interactions between pathogens and their environments, including their responses to therapeutic
interventions. The Gram-negative, hospital-acquired pathogen Acinetobacter baumannii is
categorized as an 'urgent threat' due to certain clinical strains developing resistance to all known
therapeutics and its ability to persist on surfaces in the hospital environment (1, 2). Despite the
critical dangers posed by A. baumannii, our understanding of how the fundamental elements of its
biology interact with antibiotics or other inhibitors remains limited. Essential genes, which are vital
for the survival and virulence of bacteria, are promising targets for drug discovery. Essential genes
in A. baumannii have been cataloged using methods like transposon sequencing (Tn-seq), which
identifies genes with low or nonexistent insertion frequencies as critical for survival (3, 4). However,
lethality caused by knocking out essential genes limits more detailed studies of gene function and
interactions. CRISPR interference (CRISPRI), which allows for the knockdown of gene expression
without eliminating gene function (5, 6), provides a solution for studying the function of essential
genes (7). CRISPRI uses a deactivated Cas9 protein, dCas9, directed by a single guide RNA (sgRNA)
to target and silence specific genes and has been used successfully in diverse bacteria including A.

baumannii, non-baumannii Acinetobacter species, and other Gram-negative pathogens (8-13).

Chemical genomics, which combines gene perturbation libraries with chemical treatments, offers
a strategy to explore gene function as changes in relative fitness of mutant or knockdown cells in
response to chemical stresses (14, 15). This approach has been applied at a systems-levelin

bacteria to enhance the range of observable phenotypes and facilitate the identification of genetic
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connections from Tn-seq or deletion libraries (3, 16, 17) as well as in CRISPRi libraries (18-21). Our
previous work involved developing and characterizing a CRISPRIi library in A. baumannii, which
identified key vulnerabilities among essential genes and demonstrated how this library could be

utilized to elucidate antibiotic-gene interactions (20).

In this study, we substantially expand this foundation by screening our A. baumannii essential gene
CRISPRI library against a broad and varied set of chemical stressors (N = 45 conditions), allowing us
to glean systems-level insights. With these data, we identified and characterized pathways that
were highly sensitized to antibiotics and other inhibitors, created an essential gene network that
informed the function of poorly characterized genes, and combined phenotypic and
cheminformatic approaches to elucidate inhibitor target pathways. In doing so, this work furthers
our understanding of the unique and complex biology of A. baumannii in the context of chemical

stress.

Results

The vast majority of A. baumannii essential genes show significant chemical-gene
interactions.

To investigate the relationship between chemical stressors and essential genes in A. baumannii, we
conducted a large-scale chemical genomics screen using our established inducible CRISPRI library
in A. baumannii strain ATCC19606 (19606 throughout) (20). This library consists of pooled CRISPRIi
strains with guides targeting 406 predicted essential genes and 1000 non-targeting controls. For
each targeted gene, there are four perfect-match guides that exactly match the target sequence
and ten mismatch guides with single-base variations from the target sequence that allow for
titration of knockdown (22). We performed competition fitness assays by inducing CRISPRIi

knockdown and adding chemicals at sublethal concentrations that preserve library diversity and
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size while allowing us to measure phenotypic responses to treatment (Fig 3.1A). The library was
screened against diverse compounds, including clinically relevant antibiotics, heavy metals, and
inhibitors with unknown mechanisms of action (Fig 3.1B). Knockdown strain abundance was
analyzed by amplification and sequencing of the sgRNA spacer regions. To ensure guide count
accuracy and to remove samples with excessive selective pressure or noise that would skew
calculations, we improved our quantification of sgRNA barcodes using robust computational tools
and implemented sample quality control metrics (Fig 3.S1A and B). Briefly, we implemented a
position-aware counter that heuristically determines flanking sequences—ensuring accurate guide
counts even for those with overlapping targets—and set replicate correlation and sample
complexity cutoffs (see Material and Methods for details). We verified that chemical solvent
impacts were negligible as DMSO-only and no-chemical control samples showed >95% correlation

(Fig 3.81C).

To determine chemical-gene phenotypes from the pooled screens, we calculated chemical-genetic
(CG) scores for each gene, or median log, fold change (medL,FC) of perfect guides with chemical
treatment compared to induction alone. Positive CG scores indicate gene knockdowns with
improved growth under chemical conditions, whereas negative CG scores indicate further
inhibition of growth. Strikingly, we found that 93% (378/406) of library genes exhibited at least one
significant (medL,FC = |1], Stouffer’s p <0.05) CG score when knocked down, with a median of 14
significant chemical interactions per gene. These skewed towards loss of relative fitness with ~73%
(3895/5345) of significant CG scores being negative. No gene knockdown had significant, positive
CG scores in more than 29% of the conditions (Fig 3.1D). This is consistent with previous studies in
Saccharomyces cerevisiae showing essential genes are more frequently connected by negative
interactions (23) and implies that no single knockdown shows generally improved growth under

chemical exposure. Overall, this dataset provides thousands of unique chemical-gene phenotypes
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Figure 3.1. Chemical genomics screen in A. baumannii essential gene library. (A) Schematic
depicting experimental setup for chemical genomics. (B) Proportional area chart of reported
mechanisms of action of screen chemicals. (C) Histogram showing significant chemical-gene
scores (Jmedian log, fold change| = 1 and Stouffer’s p < 0.05, calculated from perfect-match
guides), across chemical conditions in our screen. Darker bars to the right of the dotted line
represent at least one significant chemical interaction in this screen. (D) Stacked bar chart showing
the sum of significant positive (pink) and negative (blue) CG scores across screen chemicals for

each gene in the library.
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and serves as a robust and detailed resource for A. baumannii essential gene responses to

chemical stress.

Lipooligosaccharide transport inhibition enhances drug susceptibility through increased
membrane permeability

To identify A. baumannii essential pathways crucial for chemical resistance, we ranked genes
based on significant negative CG scores (medL,FC =-1, FDR <0.05) across conditions and
performed functional enrichment using the STRING database (24). We found that knockdowns of
the lipooligosaccharide transport (Lpt) system were substantially enriched (GO:0015920,
enrichment score = 8.95, FDR = 1.04e-05), and showed sensitivity in 70% of all conditions in our
screen (Fig 3.2B-C). Lptis a highly conserved pathway required for lipopolysaccharide
(LPS)/lipooligosaccharide (LOS) export to the outer leaflet of the outer membrane in Gram-negative
bacteria. A. baumannii uses Lpt to transport LOS, which contains lipidA and core oligosaccharide
moieties found in LPS but lacks O-polysaccharide repeats (Fig 3.2A) (25). Intriguingly, while
LPS/LOS is essential in most Gram-negative bacteria, many strains of A. baumannii do not require
LOS for survival, including the strain used for our library (19606) (26). Indeed, knockdowns of [px
genes responsible for LOS synthesis showed fewer phenotypes in our screen than knockdowns of

Ipt needed for LOS transport (Fig 3.S52A).

We validated our screen results by performing quantitative minimum inhibitory concentration (MIC)
assays with antibiotic strips with individual knockdowns, showing that an [ptA knockdown was
sensitized to several clinically relevant antibiotics (Fig 3.2D) in contrast to an [pxC knockdown that
was not (Fig 3.2D and 3.S2B); although loss of LOS has been shown to increase antibiotic sensitivity
(27). Both the [pxC and [ptA knockdowns remained sensitized to colistin (Fig 3.S2B)—a cationic

lipopeptide that disrupts membranes by targeting the lipid A moiety of LOS (28) —suggesting that
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Figure 3.2. [ptknockdowns are sensitized to antibiotics. (A) Graphical depiction of Lpt
machinery and LOS trafficking to the outer membrane in A. baumannii. (B) Histogram of significant
negative chemical interactions (medL,FC < -1 and Stouffer’s p < 0.05) across conditions. Bold line
indicates location of [pt genes. (C) Heatmap displaying CG scores for the [pt knockdown cluster. Y-
axis clustering was conducted using the Ward method and Canberra distance across all library
knockdowns. Chemical condition abbreviations can be found in Table 3.4. (D) Tigecycline and
azithromycin MIC test strip assays for the [ptA knockdown, [pxC knockdown, and control strain
containing a nontargeting guide. Plates supplemented with 1mM IPTG; approximate MICs reported
below images (pug/mL). (E) Ethidium bromide permeability assay for [ptA knockdown and
nontargeting control in 19606 or LOS™ backgrounds after induction; increased fluorescence over

time indicates membrane permeability. Ribbons represent standard deviation (n=4).
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these knockdowns are not complete loss-of-function phenotypes and still maintain some level of
LOS in the outer membrane that can be targeted by colistin (29). We therefore integrated CRISPRI
either targeting [ptA or containing a non-targeting control sgRNA into a mutant strain background
that does not produce LOS, 19606 [pxC(S106R) (27). In contrast to the 19606 [ptA and [pxC
knockdowns, the LOS" strains were wholly resistant to colistin (Fig 3.S2B). Additionally, the LOS
strains showed considerable growth defects not exhibited by the 19606 knockdown strains (Fig
3.S2D). Yet, the [ptA knockdown strain was as similarly sensitized as the LOS" strains to

levofloxacin, an antibiotic that requires penetration into the cell cytoplasm (Fig 3.S2B).

The large number of sensitive phenotypes to chemically diverse inhibitors displayed by (pt
knockdowns suggested a permeability defect. Therefore, we performed an ethidium bromide (EtBr)
fluorescence assay to test for the knockdown’s effect on membrane permeability; in this assay,
cells are briefly exposed to EtBr, which fluoresces after passing through the outer and inner
membranes and binding to DNA. More permeable membranes will have higher fluorescence
readings, and as expected, the LOS strains showed increased permeability compared to the 19606
nontargeting control. Surprisingly though, the 19606 [ptA knockdown was substantially more
permeable than the LOS strains, including the LOS" [ptA knockdown (Fig 3.2E and Fig 3.S2D). This
indicates that Lpt deficiencies cause a further increase in membrane permeability when LOS is
being synthesized, possibly due to LOS accumulation in the inner membrane. Taken together, these
findings underscore the critical role of the LOS transport system in A. baumannii in maintaining

membrane integrity and mediating resistance to chemicals.

Taxon-specific determinants of chemical susceptibility and resistance

Essential genes that are highly divergent in or unique to A. baumannii may provide additional

insights into mechanisms underlying its distinct drug resistance and persistence and potentially



140

guide the development of more precise therapeutic targets. To identify genes that are highly
divergent or exclusive to A. baumannii that contribute to chemical response, we examined library
gene conservation using a feature-aware ortholog search across representative
Gammaproteobacteria species (30). We identified a subset of 16 chemically responsive essential
genes from A. baumannii that have orthologs in <40% of representative gammaproteobacterial
species (~2500 species, excluding the Moraxellales family, which includes Acinetobacter) (Fig
3.3A). These genes exhibited significant CG scores in at least 10% of the tested conditions and
likely play specialized yet substantial roles that impact growth under chemical stressors in A.
baumannii. Notably, well-established genes involved in outer membrane biogenesis, (ptC and [pxL,
are highlighted here due to major divergence in their primary sequences between A. baumannii and
other Gammaproteobacteria. Other less-established genes with possible roles in the cell envelope
are also featured here: GO593_05760 (advA), GO593_03530 (gtrOC17), GO593_06865 (wzx),
G0593_07665 (blhA), and GO593_11915 (smc2). When comparing genes only across
Acinetobacter species, we identified three of these genes as predominantly biased towards A.

baumannii: gtrOC1, wzx, and GO593_15125 (Fig 3.3B).

Genes gtrOC1 and wzx, are both tied to cell surface components. Wzx is a known transporter of
capsular polysaccharide in A. baumannii, but Wzx proteins generally exhibit poor conservation due
to the diversity of the polysaccharides they transport (31, 32). The poor conservation of this wzx
gene among Acinetobacter species even when using a feature-aware search suggests either high
variation of the capsular polysaccharides transported by this machinery or horizontal acquisition.
gtrOC1 encodes for a predicted Elm1-like mitochondrial fission protein family, which contributes to
non-conventional core oligosaccharide synthesis in A. baumannii (33). The lower conservation
across even other Acinetobacter species (Fig 3.3B) supports the hypothesis that this gene supports

a divergent mechanism of core oligosaccharide synthesis in A. baumannii. In our
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Figure 3.3. Chemical interactions and conservation of essential genes. Dot plots depict library
chemical-gene scores and conservation (ortholog frequency) across (A) representative non-
Moraxellales Gammaproteobacteria or (B) non-A. baumannii Acinetobacter species. Dots in blue
represent genes with <40% presence across representative groups and significant chemical-gene
interactions in >10% of screen conditions. (C) Heatmap depicting CG scores for knockdowns of

species-specific hits.
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Figure 3.3
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hierarchical clustering analysis of gene-level phenotypes across all chemical conditions, gtrOC1
clusters with other genes tied to lipooligosaccharide synthesis supporting its role, but wzx
interestingly does not, clustering with thiD, a thiamin synthesis gene for unknown reasons (Fig
3.30C).

G0593_15125is an Arc-family repressor located upstream of a predicted transposase. In previous
work, we identified a distinct, poorly conserved Arc-family prophage repressor as the most
vulnerable gene in 19606, likely due to its role in repressing toxic prophage gene expression (20).
The limited conservation of GO593_15125, which is only present in approximately 50% of A.
baumannii strains, along with its association with a predicted transposase and an antiphage
defense island (consisting of a type IIG restriction-modification gene (GO593_15130) and PD-T7-2
defense system (GO593_15155) (34, 35)) suggests a potential role in the regulation of mobile
genetic elements that affect strain growth. Supporting this hypothesis, the most sensitive
phenotype of GO593_15125 was observed with levofloxacin, a DNA-damaging antibiotic. Mobile
genetic elements are known to modulate gene expression in response to DNA damage (36, 37) and
can sometimes trigger DNA damage responses themselves (38). Additionally, the clustering of
G0593_15125 with the transcription elongation factor nusG further implies a downstream effect on
global gene regulation that may be related to DNA damage. In E. coli, the essential role of NusG is
to negatively regulate prophage gene expression (39) and its depletion increases expression of
genes involved in the DNA damage response (40). Taken together, these findings highlight unique
and highly divergent genes with significant chemical interactions in A. baumannii that provide a

potential intellectual foundation for more targeted therapeutics.

An essential gene network in A. baumannii identifies novel gene connections
To investigate functional connections for poorly conserved genes in A. baumannii,, we created a

high-confidence essential gene network by calculating pairwise correlations between sets of gene
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phenotypes and applying a stringent statistical threshold to define network edges, an approach
previously applied in model bacteria (7, 16). Connections in this network were predominantly
between rather than within operons, underscoring that the majority of our connections are not
simply artifacts of CRISPRI polarity. As expected, we found that well-conserved pathways, such as
ribosomal components and cell division, were interconnected (Fig 3.4A); however, complexes
involved in oxidative phosphorylation were disconnected, indicating distinct functionalities (e.g.,
succinate dehydrogenase also functions in the TCA cycle). Notably, cytochrome bo; oxidase and
the monovalent cation/H+ antiporter—complexes identified as absent in other Moraxellales (Fig
3.S3)—along with thiamin and ferrodoxin genes and wzx were found in the same subnetwork (Fig
3.S4A), hinting at possible regulatory or larger pathway connections. Lpt genes also formed a
separate cluster, connected to the A. baumannii-specific glycosyltransferase gtrOC1, supporting

the glycosyltransferase’s role in LOS synthesis (Fig 3.54B).

Connections between unannotated, poorly conserved genes and well-established genes suggest
shared functions. We found that GO593_00140 and GO593_11615 were linked with multiple DNA
replication genes (Fig 3.4B) and showed significant, negative CG scores in levofloxacin, which
targets replication (Fig 3.S5A-B). Although GO593_00140 is poorly conserved outside Moraxellales
(Fig 3.2A), Structural prediction using Alphafold2 showed that GO593_00140 contains a domain
thatis structurally similar to E. coli HolD, the psi subunit of the bacterial DNA polymerase I
holoenzyme (Fig 3.S5C). A previous hidden Markov model (HMM)-based homology search identified
similar putative psi subunits in other Acinetobacter species (41), and our work provides phenotypic
evidence to further support that this gene is involved in DNA replication in A. baumannii. In
comparison, GO593_11615 is likely a phage-associated transcriptional regulator, situated within an
intact prophage as predicted by PHASTEST (42). This protein has domain architecture similar to

LexA, a highly conserved protein that self-cleaves under DNA damage stress to activate SOS DNA
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Figure 3.4. Essential gene network reveals functional connections. (A) Essential gene network in
A. baumannii. Nodes (genes) are connected by edges (phenotypic correlations, r>0.76).
Subnetworks of (B) DNA polymerase and replication-related genes, (C) signal-recognition, and (D)
cell division and cell wall synthesis are shown. (E) Quantification of cell length of knockdowns from

microscopy (N=200-400). (F) Representative microscopy images. Ruleris 5 uym.
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repair pathways (Fig 3.S5D). Prophages are known to hijack the SOS pathway: excising, synthesizing
phage particles, and lysing the bacterial host cells when LexA is depleted (36). Interestingly, A.
baumannii lacks lexA (43), suggesting this prophage encodes its own LexA-like protein as a strategy

to overcome this absence.

G0593_10640 and GO593_18720, two poorly conserved genes, grouped with the conserved signal
recognition particle (SRP) genes ftsY and ffh and ybgC, a Tol-Pal-associated thioesterase linked to
membrane integrity (44) (Fig 3.4C). GO593_10640 shows structural similarities to ion transporters
and significant chemical responses consistent with ftsY and ffh knockdowns (Fig 3.S6A-B).
G0593_18720, however, showed subtle CG scores, indicating a possibly less critical or defined role
(Fig 3.S6A). These genes may be directly or indirectly related to membrane protein localization and
membrane integrity, though SRP mechanisms remain understudied in A. baumannii. We note some
connections, such as tusD with GO593_17830, which lies upstream of a TusE-like gene, may be

influenced by polar effects of this system (Fig 3.S6C-D).

The network analysis also revealed a cell wall and division subnetwork (Fig 3.4D), containing three
genes poorly conserved across Gammaproteobacteria but present in Acinetobacter—
G0O593_05760 (advA), GO593_07665 (blhA), and GO593_11915 (smc2 a.k.a. SMC_prok_B)—and a
gene encoding for a SPOR domain-containing protein of unknown function, GO593_07290,
annotated here as spor. These genes correlate with numerous well-characterized, highly conserved
division genes, corroborating initial data from other studies suggesting roles for advA, blhA, and
smc2in cell division (3, 45). While GO593_07290 contains a well-conserved SPOR domain, which
interacts with peptidoglycan in the cell wall, functions of these SPOR domain-containing proteins
vary considerably. Indeed, one of the most well-studied SPOR-domain proteins, FtsN from E. coli,
does not require the SPOR domain for its essential function (46). The short periplasmic region

required for FtsN function, EFtsN (47), does not appear to be present at the amino acid level in
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G0593_07290, which is possibly functionally distinct from FtsN and performs an unknown role in

cell division (Fig 3.S5E).

To further support the role of these genes in this pathway, we generated individual blhA, smc2, and
spor CRISPRi knockdown strains and examined cell shape with microscopy. AdvA knockdowns
have been previously shown to produce a filamentation phenotype, a hallmark of impaired cell
division (12). Similarly, blhA, smc2, and spor knockdowns produced elongated or chained cells (Fig
3.4E-F), corroborating evidence seen previously in a blhA transposon mutant (45). We then looked
to further characterize these proteins and their localization, expressing fluorescent fusions of these
proteins in trans. Expression of the Smc2::sfGFP hybrid protein unexpectedly resulted in cell
elongation and impaired division. The fluorescently tagged Smc2 protein was observed to form
elongated aggregates within the chained cells (Fig 3.57A); however, it remains unclear whether this
represents true localization or is a consequence of toxic overexpression of the protein. The
elongated cell phenotype was confirmed with the overexpression of Smc2 alone, suggesting that
Smc2 protein levels must fall within a certain range for proper division (Fig 3.S7B). While smc2 is
directly upstream of known division gene, zapA, trans expression allowed us to disentangle its role
in cell division from polar effects of knockdown. In contrast, the SPOR domain protein appeared to
localize to both the membrane and septum (Fig 3.S7C), while the sfGFP::BlhA hybrid localized to
the septum (Fig 3.S7D). The SPOR domain localization is unsurprising due to its peptidoglycan-
binding domain, but suggests a more generalized cell wall synthesis function, while BlhA is
primarily divisome-associated. Overall, this network reveals functional connections and underlying
phenotypes linking crucial pathways in A. baumannii, such as cell division, and provides a basis for

further targeted experiments to explore these connections.
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Structure-informed clustering of chemical perturbations reveals insights into inhibitor function
We next sought to use our chemical genomics dataset to better characterize the functions of
inhibitor molecules in A. baumannii. To broadly define inhibitor impacts on cell physiology, we
analyzed chemical gene impacts at the pathway level rather than the individual gene level. This
approach evaluated the L,FCs of all guides, including mismatches, associated with a STRING
functional pathway ("pathway effect") (48), increasing signal robustness. We then clustered the
pathway-level interactions by chemical, showing the relationship between chemicals solely based
on the cellular pathways they impacted in our screen (Fig 3.5A). Inhibitors from the same antibiotic
classes, such as quinolones (ciprofloxacin and levofloxacin) or aminoglycosides (amikacin,

apramycin, and tobramycin), clustered as expected, validating our method.

To more systematically compare inhibitors outside of established antibiotic classes, we performed
molecular fingerprinting—a chemoinformatic approach that numerically represents unique
chemical structure and properties of molecules as binary fingerprints (extended-connectivity
fingerprints) (49, 50)—and measured similarity between chemicals using the Tanimoto coefficient
(51, 52). Clustering using the Tanimoto coefficients again revealed that structurally similar
molecules verified that antibiotics with similar core structures (beta-lactams, fluoroquinolones,
aminoglycosides, etc.) do indeed group together (Fig 3.5B); however, there were important
exceptions that we discuss below. Comparing pathway effects and molecular fingerprints allowed
us to investigate (a) consistent chemical classes with a not-yet-established mechanism of action,
(b) structurally similar chemicals that have different effects on A. baumannii, and (c) structurally

dissimilar chemicals that affect A. baumannii physiology in the same way.



150

Figure 3.5. Chemical grouping by pathway effects and structure. (A) Dendrogram depicting
hierarchical clustering (Ward method) of screen chemicals by similarities of effects across
essential gene pathways. (B) Dendrogram displaying hierarchical clustering (Ward method) of
chemical molecular fingerprints (ECFP6) by Tanimoto coefficient. Asterisks represent conditions
with multiple chemical structures, in which a single structure was used (see Table S4). Chemical
groups of interested are marked. (C) Sina plots with boxplots depict differential guide counts per
million (CPMs) for protein translocation in carvacrol and thymol, or (D) for heme-copper terminal
oxidase in tetracycline-class antibiotics, compared to corresponding no chemical controls. STRING
group identifiers and representation are listed. Chemical-gene interactions are described above
each graph—up (positive), down (negative), or no change—with FDR values. Guides are weighted in
this calculation by predicted efficacy, with perfect guides at 100. Non-significant comparisons are

shown with grey backgrounds.
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Figure 3.5
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One example from this dataset is carvacrol and thymol, which cluster tightly by both pathway effect
and structure (Fig 3.S8). These compounds show antibacterial activity but do not have a defined
mechanism of action. Our pathway analysis revealed protein transport (ftsY, ffh, and sec genes) and
NADH dehydrogenase (nuo genes) knockdowns were significantly sensitized while ubiquinone (ubi
genes) knockdowns were more resistant (Fig 3.5C, 3.S9). These pathways are affected by and
contribute to membrane homeostasis and proton motive force (PMF), supporting previous studies
stating that membrane disruption and depolarization underlie carvacrol and thymol antibacterial
activity (53). However, the pathway-level effects of these two chemicals are related but distinct
from other compounds that permeabilize and depolarize membranes like chlorhexidine and EDTA
(54, 55) (Fig 3.5A). This suggests aspects of mechanisms of action for phenolic monoterpenes are
unique from other membrane disruptors, perhaps due to effects on SRP-mediated protein transport

or electron transport.

Structurally similar chemicals with varying pathway effects could reveal key alterations or R group
modifications that alter impact on A. baumannii physiology. To investigate this, we scored how well
chemical pairs clustered in pathway effect or in structure and mapped the differences (Fig 3.510).
Interestingly, the pathway effects of tetracycline, minocycline, and tigecycline diverged despite
their strong structural similarity. Surprisingly, knockdowns associated with the known target, the
ribosome, did notyield significant differences in tetracyclines (Fig 3.S11A). This is likely due to the
lack of significant CG scores across ribosome genes in minocycline or tetracycline—potentially due
to efflux mechanisms or other resistance factors impacting efficacy—and high variability in
significant CG scores across ribosome genes for tigecycline, suggesting variability between
ribosomal components (Fig 3.511C). Indeed, knockdowns in the LOS transport pathway, Lpt, were
generally sensitized to these antibiotics although the extent and confidence of the pathway effect

varied (Fig 3.S12A). Additionally, pathways contributing to membrane potential and oxidative
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phosphorylation, emerged as the most significant pathway-level divergences between these drugs
in A. baumannii. ATP synthase knockdowns exhibited increased growth in tigecycline and
tetracycline, but not to minocycline (Fig 3.5S12B). RND efflux pumps in A. baumannii are often able
to efflux tigecycline and tetracycline but not minocycline (56). However, a link between decreased
RND-mediated efflux and ATP synthase knockdowns remains unclear, and other mechanisms may
be affecting minocycline activity. Unlike other tetracyclines, tigecycline contains a unique
structural modification making it a glycylcycline (57). This structural change may explain
tigecycline’s CG score variation for ribosomal genes and its unique effectiveness against heme-
copper terminal oxidase (cytochrome bo; oxidase) knockdowns despite the shared core structure
with minocycline or tetracycline (Fig 3.5D). Moreover, tigecycline clusters based on pathway effect
with the structurally dissimilar chemicals phenazine and myricetin. While the exact mechanisms of
action of phenazine and myricetin are unclear, both are known to affect oxidative phosphorylation
and oxidative stress (58-61), suggesting tigecycline may similarly affect oxidative phosphorylation

in A. baumannii.

We note that chemicals may display reduced pathway impacts in this analysis due to ineffective or
noncomparable concentrations used and result in apparent divergence from their structural
groups, as seen with meropenem (vs other carbapenems) in this screen (Fig 3.513). Overall,
however, we established a systematic method to group and compare chemicals by genetic
interactions and structure, successfully highlighting effects of an understudied chemical group and

uncovering unique effects of tetracycline-class antibiotics on A. baumannii.

Discussion

Essential cellular process are likely targets of future mono- and poly-therapies against antibiotic

resistant pathogens. Despite the biological and clinical importance of essential genes, few studies
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have comprehensively characterized their functions, especially in Gram-negative pathogens. This
work advances our understanding of gene and antibiotic function in A. baumannii through large-
scale, chemical genomic profiling of an essential gene knockdown library. The breadth and diversity
of our chemical perturbations provided functional insights that could not be obtained with a
smaller scope. We identified >5000 significant phenotypes for essential genes (Fig 3.1) and found
that specific pathways, such as lipooligosaccharide transport, were highly enriched for sensitive
phenotypes (Fig 3.2), representing potential compelling targets for combination therapies. Our
evolutionary analysis revealed inhibitor-responsive essential genes that are unique to or highly
divergentin A. baumannii (Fig 3.3), providing possible targets for narrow-spectrum therapeutics.
Our essential gene network displayed robust connections between known and poorly characterized
essential genes (Fig 3.4), hinting at new functions and corroborating prior work. Finally, our
structure-function analysis of chemical-gene phenotypes uncovered surprising discordance in the
physiological impacts of antibiotics with similar structures and targets (Fig 3.5), highlighting how
genes outside of the direct target impact antibiotic efficacy. Moreover, this study provides arich
dataset of essential gene phenotypes to the A. baumannii and larger Gram-negative pathogen
research communities, serving a resource and framework for further exploring essential gene

function.

Our findings regarding the Lpt system's critical role in antibiotic resistance accentuate the potential
of targeting LOS trafficking, especially in the context of recent pharmaceutical advances. Our
observation that knockdown strains show a hyper-permeable phenotype that is dependent on LOS
production suggests that increased permeability is caused by retention of fully synthesized LOS in
the inner membrane, although additional work is needed to show this definitively. Other studies
have suggested that inhibiting lipopolysaccharide transport results in toxic accumulation of LOS

intermediates that cause membrane defects and antibiotic susceptibility (62-64). We note that
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these hypotheses are not mutually exclusive. Moreover, the increased permeability of [pt
knockdowns is consistent with classic E. coli mutations in [ptD (imp4213 (65)) that are broadly
permeable (66) and are often used in drug screening efforts (67). Recent studies have characterized
novel Lpt-targeting macrocyclic peptides that selectively disrupt LOS transport in Acinetobacter
species (68, 69). Interestingly, our conservation analyses revealed that [ptC is far more divergent
among Gammaproteobacteria than the other proteins involved in this complex, which may play a
role in why these Lpt-targeting macrocyclic peptides are inactive against other Gram-negative
organisms. Taken together, these data highlight the potential for recently described Lpt inhibitors to
be effective in conjunction with other antibiotics as a combination therapeutic strategy for A.

baumannii.

Our work also raises intriguing questions regarding the functions of poorly characterized essential
genes in A. baumannii. Our gene network analysis revealed functional associations between
established and poorly understood genes, generating hypotheses about gene function that can be
addressed in future mechanistic studies. For example, GO593_10640 shows strong phenotypic
similarity with components of the SRP. Whether GO593_10640 is a component required for activity
of the SRP or a key substrate involved in antibiotic resistance is unknown. GO593_10640 contains a
predicted signal sequence, and, thus, is a potential substrate of SRP itself. In general, the SRP is
poorly characterized in A. baumannii, although relatively recent work is beginning to decipher its
functions (70). Combining structural predictions with gene phenotyping uncovered GO593_00140
has a possible holD analog in A. baumannii. Although GO593_00140 is highly divergent from E. coli
HolD at the primary sequence level, GO593_00140 contains similar predicted folds to HolD and
responds to similar chemicals as other knockdowns of DNA polymerase Ill subunits. Advances in
protein structural modeling have caused a paradigm shift in contemporary biology (71);

synthesizing structural predictions with systematic phenotyping will likely continue to pay
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dividends in elucidating gene functions. Notably, our work corroborates previous in silico findings
suggesting that GO593_00140 has a HolD-like function (41). Although A. baumannii has a distinct
SOS response that does not rely on LexA, we found a possible LexA analog inside what appears to
be a prophage (GO593_11615) with phenotypes consistent with a disruption of DNA polymerase
function or DNA damage. These findings suggest that mobile genetic elements may serve as a
resource to better understand DNA damage responses and to identify proteins particularly toxic to
A. baumannii. Finally, our ortholog and phenotype analyses suggest that A. baumannii contains
many unique or divergent genes associated with cell division. Synthesizing our work with prior
observations in the field (3, 45) raises the possibility that A. baumannii may contain a unique
divisome with AdvA and BLlhA appearing to localize primarily to the division septum and additional
genes participating either directly or indirectly in the division process (spor and smc2). The precise

functions and order of assembly into the divisome (72) of these proteins has yet to be elucidated.

Our structure-function studies combining cheminformatics, bioinformatics, and experimentally
determined gene phenotype data revealed important insights into the function of known and poorly
characterized inhibitors. Our results with carvacrol and thymol, two inhibitors of unknown
mechanism, suggest that growth inhibition occurs through either disruption of membrane and PMF
(53), or disruption of specific membrane complexes. Disruption of protein secretion, including
specific targeting of the SRP, are also possible interpretations of our data. We further show how
drugs within the same antibiotic class, tetracyclines, can have divergent effects on A. baumannii. In
particular, minocycline showed no change in efficacy for ATP synthase knockdowns, while
tigecycline exhibited a unique and substantial increase in efficacy for cytochrome bo; oxidase
knockdowns. Despite tigecycline being a newer antibiotic, it is often less effective against A.
baumannii than minocycline due to efflux (56), which may explain why knockdowns of ATP

synthase, which contributes to PMF and efflux (73), would not affect fitness in minocycline.
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Previous work suggests that tigecycline is more prone to inactivation by dissolved oxygen in media
than other tetracyclines (74) and is known to have anti-cancer activities due to induction of
mitochondrial oxidative stress (75). Cytochrome bo; oxidase, as the main terminal oxidase in A.
baumannii, has an important role in reducing oxygen that could impact tigecycline stability. It is
important to note that these genes are essential in A. baumannii because of its obligate aerobic
lifestyle, and knockdowns of ATP synthase or cytochrome bo; oxidase may be causing complex
compensation or stress responses that affect observed phenotypes. This approach identified
differing genetic impacts that explain the observed efficacy differences of tetracycline-class
antibiotics with minor structural changes. This underscores the utility of this method in larger

chemical or small-molecule screens to elucidate mechanistic differences between compounds.

Overall, this study enhances our understanding of essential genes and processes in A. baumannii,
establishing a useful resource and highlighting unique aspects of the organism’s biology. A
limitation of our approach is dependence on CRISPRI, which is polar and can have off-target
effects, although our experimental design and statistics mitigate some of the risks of toxic or
otherwise off-target guides. Additionally, much of our computational analysis relies on similarity to
known proteins and functional predictions, particularly from the STRING database (24). A.
baumannii ATCC 19606 has a poorly characterized proteome compared to model bacteria; despite
this, our approach still successfully identified expected gene connections, likely due to the high
level of conservation seen in essential gene sequences and functions. Future approaches could
integrate custom annotations and network analyses from this dataset and others to enhance the
breadth and coverage of predicted genetic pathways. Beyond this dataset, the approaches used
here provide an important framework to understanding compound effects on bacterial genetic
pathways. While this screen focuses on essential genes and utilized a curated set of chemicals

known to cause growth defects in A. baumannii, these systems biology and chemical
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characterization approaches can be further applied to full knockdown libraries or small-molecule

screens in other pathogens.

Materials and methods

Bacterial strains and growth

Strains (listed in Table 3.1) were grown in EZ Rich Defined Media (Teknova) with 40 mM sodium
succinate (AbRDM) or AbRDM + 1.5% agar at 37°C, unless otherwise noted. Selective antibiotics
used when required: 100 pyg/mL ampicillin (amp) or carbenicillin (carb), 15 pg/mL gentamicin (gent),
or 30 pg/mL kanamycin (kan) for E. coli; 10 uyg/mL polymyxin B (pmb), 150 ug/mL gent, 60 pg/mL kan
for A. baumannii. Diaminopimelic acid (DAP) was added at 300 pM to support growth of E. coli dap-

donor strains. IPTG (isopropyl b-D-1-thiogalactopyranoside) (0 to 1 mM) was added as indicated.

General molecular biology techniques and plasmid construction

Plasmids, oligos, and construction details are listed in Tables 3.2 and 3.3. Oligonucleotides were
synthesized by Integrated DNA Technologies (Coralville, IA). Plasmid DNA was purified using the
Genelet plasmid miniprep kit (KO503; Thermo Scientific). Genomic DNA (gDNA) purification used
the Genelet gDNA purification kit (K0721; Thermo Scientific). DNA fragments were amplified with
Q5 DNA polymerase (M0491; New England Biolabs (NEB)) or OneTag DNA Polymerase (NEB). All
restriction enzymes were from NEB. DNA fragments were spin-purified using DNA Clean &
Concentrator kit (D4004; Zymo Research) after digestion or amplification. Ligations used T4 DNA
ligase (M0202; NEB). Plasmids were assembled from linearized vector and PCR products or
synthetic DNA fragments using the NEBuilder Hifi DNA assembly kit (E2621; NEB). Plasmids were
transformed into electrocompetent E. coli cells using a Bio-Rad Gene Pulser Xcell on the EC1
setting. Sanger DNA sequencing was performed by Functional Biosciences (Madison, WI); full

plasmid sequencing was performed by Plasmidsaurus.



159

Library growth experiment

The A. baumannii essential gene CRISPRI library (sJMP2949) was diluted 1000-fold from frozen
stock in 50 mL AbRDM (starting OD600= 0.015) and incubated in 250 mL flasks at 37°C with shaking
until mid-log (OD600=0.2; ~3.5 hrs) (t0). This culture was then diluted to OD600=0.02 in 4 mL media
with TmM IPTG and antibiotics (see Table S4) in 14 mL snapcap culture tubes (Falcon 352051) and
incubated with shaking at 37°C. At 18 hours, saturated cultures were serially diluted to OD600=0.02
into fresh media and incubated for another 18 hours at 37°C with shaking, for a total of ~14

doublings. Cells were pelleted from 1 mL culture in duplicate before and after growth.

Sample preparation and sequencing

As previously described (20), sample gDNA was extracted, and the sgRNA-encoding region was
amplified using Q5 DNA polymerase (NEB) in a 100 uL reaction with ~100 ng gDNA and primers
0JMP697 and 0JMP698, using a BioRad C1000 thermocycler: 30s at 98°C;16 cycles of 15s at 98°C,
15s at 65°C, 15s at 72°C; 72°C for 5 min. PCR products were spin-purified, and samples sequenced
by the UW-Madison Biotech Center Next Gen Sequencing Core. PCR products were amplified with
nested primers containing i5 and i7 indexes and Illumina TruSeq adapters, cleaned, quantified,

pooled, and run on a Novaseq 6000 (150 bp paired-end reads).

Sequencing read quality control and processing

Guides were counted using a custom Python script that samples sequencing reads to identify and
correct for barcode diversity, read orientations, offsets, and flanking sequences, ensuring accurate
identification of overlapping guide sequences and both listed and unlisted guides. Only counts for

library barcodes were used in downstream analyses.

Coefficients of determination (R%) between samples were calculated from guide CPMs. Conditions

with R? < 0.5 were removed to ensure replicate agreement. Samples with population diversity (Nb)
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less than 10,000 for nontargeting control guides were also excluded. Log, fold changes and
confidence values were computed using edgeR. Gene-level values (CG scores) were calculated by
taking the median guide-level log, fold change for perfect match guides; confidence was calculated
by using Stouffer’s p-value using guide-level FDR values (poolr R package). Functional enrichment
analyses were performed with STRING-db (v.11.5) with custom 19606 proteome (Organism ID:

STRGOO060QIE). Transcriptional unit predictions were obtained from BioCyc (76).

Creation of knockdown strains

As previously described (20, 77), sgRNA-encoding sequences were cloned between the Bsal
restriction sites of the MCi plasmid pJMP2776. Two oligonucleotides encoding an sgRNA were
designed to overlap, allowing their ends to be complementary to the Bsal-cut ends on the vector.
The Mobile-CRISPRI system was then transferred to the attTn7 site on the chromosome of A.
baumannii via quad-parental conjugation. This involved three donor strains, containing either
pTn7C1, pEVS104, or the plasmid containing the Tn7 transposon encoding the CRISPRi system, and
the A. baumannii recipient strain. 100 pL cultures of donor and recipient strains were mixed with
600 uL LB, pelleted at ~8,000 x g, washed twice with LB, deposited on a nitrocellulose filter
(Millipore HAWP02500) on an LB plate, and incubated at 37°C for ~4 h. Cells were then removed

from the filter by vortexing in 500 uL PBS and grown on selective plates at 37°C.

MIC test strip assays

500 pL of culture (OD=0.1, or 0.5 for LOS- strains) was spread on Mueller-Hinton agar plates and
allowed to dry for 30 minutes. A sterile MIC test strip was added to the plate and incubated
overnight at 37°C. The MIC was determined as the value where the zone of inhibition meets the

strip.
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Spot assays
Strains were grown on LB agar overnight. Cell scrapes were resuspended from plates into 500 pL

PBS and normalized to an ODgy 0f ~1.0. 10 pL of ten-fold dilutions of these resuspensions were

then spotted on AbRDM and AbRDM +1mM IPTG agar plates.

Membrane permeability assay

ATCC 19606 and LOS- strains containing sgRNAs targeting [ptA or a non-targeting control
(sJIMP4539 and 4324, respectively) were grown on LB agar or LB agar containing 1TmM IPTG
overnight. Cell scrapes were resuspended from plates into 500 pL PBS and normalized to an OD600
of 0.3. Ethidium bromide (EtBr; Bio-Rad #1610433) was added to cell suspensions at a final
concentration of 10 ug/mL, and OD600 and fluorescence at 545nm excitation/600 emission were

read in a plate reader (Tecan Infinite 200 Pro M Plex). Readings occurred over 100 cycles (~75 min).

Ortholog analyses
Genome assemblies of Gammaproteobacteria were collected from the NCBI Reference Sequence
database (RefSeq release 213). The dataset comprises 2792 isolates distributed among 474 genera

and 18 taxonomic orders.

Essential genes represented in the library were pulled from the genome assembly for A. baumannii
ATCC 19606 (GCA_009759685.1). Orthology assignment was computed with the phylogenetic
profiling tool fDOG v.0.1.26 (30), compiling a maximum of 25 core-orthologs for each gene using a

taxonomic distance minimum of genus and maximum of class.

Evolutionary conservation was measured for each gene on a taxonomic group, considering the
number of isolates with at least one ortholog divided by the number of analyzed isolates. We

analyzed the evolutionary conservation at the genus level with non-ACB (Acinetobacter
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calcoaceticus-baumannii complex) isolates, at the order level with non-Acinetobacter

Moraxellales, and at the class level with non-Moraxellales Gammaproteobacteria.

Network generation

Pairwise correlations of CG scores were calculated, resulting in ~165k gene-gene correlations. As
previously described (7), a cutoff (85% confidence interval, r>0.758) was determined through
estimating background distribution of correlations through 5000 random permutations of gene
identities relative to CG scores. The resulting 630 connections were visualized using Cytoscape

v3.10.2 (Cytoscape Consortium).

Chemical comparison analyses

After importing, organizing, filtering, and normalizing counts using edgeR, gene set testing was
performed with the limma package and voom method, utilizing functional groups predicted by
STRING-db (Organism ID: STRGO060QIE). Chemical effects on pathways were scored for direction
and significance, then transformed into a correlation matrix. Chemicals were hierarchically
clustered (Ward method) based on pathway effect and visualized as a dendrogram. SMILES strings
for each chemical were parsed using the rcdk package to generate molecular fingerprints (ECFP6).
For combination or mixed-structure antibiotics, a representative structure was selected (e.g.,
trimethoprim for trimethoprim-sulfamethoxazole). A Tanimoto similarity matrix was generated,
converted to a distance matrix, and clustered using the Ward method to create a chemical

structure dendrogram.

Dendrograms were iteratively cut at all k-values (1-45), scoring chemical pairs (+1) if clustered
together. Final association scores were calculated as fractions of the maximum possible score,

ranging from O to 1. Differences in association scores between pathway-effect and structure were
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plotted to highlight disparities, and sums of association scores were plotted to highlight

similarities.

Protein structural prediction
Structures of GO593_10640 and GO593_00140 (with chi subunit ortholog) were predicted from
amino acid sequence using Alphafold2 (71, 78) and AlphaFold-Multimer (79). Predicted structures

were visualized using PyMOL (Schrdédinger).

Cell division protein localization and microscopy

Expression vector plasmids were transferred by conjugation into A. baumannii ATCC 17978; briefly,
100 pL of culture of donor and recipient strains were mixed and deposited on a nitrocellulose filter
(Millipore HAWP02500) on an LB plate, and incubated at 37°C, ~2 h. Cells were removed from the

filter by vortexing in 500 pyL PBS and grown on selective plates at 37°C.

Cultures were grown from a starting OD600~0.01 to mid-log at 37°C for ~3 hours in AbRDM + 1mM
IPTG (or 500 uM IPTG for Smc2 and Smc2::sfGFP overexpression strains, due to toxicity). 1 mL of
culture was centrifuged (8000xg for 2 min) and resuspended in equal volume PBS. Cells were fixed
with paraformaldehyde (final concentration 5%) and quenched with equal volume 2.5M glycine. 10
pL of each sample were spotted on a glass slide for microscopy. Bacteria were imaged with a Nikon
Ti-E inverted microscope with an Orca Fusion BT digital CMOS camera (Hamamatsu) using NIS-
Elements. Fluorescence images were collected using Prior Lumen 200 metal halide light source

and a FITC-specific filter set. Cell length analysis was done with Microbel (80).
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Strain name

Description’

Source

sJMP4001

Acinetobacter baumannii ATCC19606 WT

ATCC

sJMP4002

Acinetobacter baumannii ATCC17978 WT

ATCC

sJMP2949

A. baumannii 19606 (sJMP4001) with MCi pooled library inserted
into the Tn7 att site, gmR (A. baumannii essential gene Mobile-
CRISPRI pooled library)

Ward et al. (20)

sJMP3049

Escherichia coli (derived from WM6026, sJMP3043) laclq, rrnB3,
DElacz4787, hsdR514, DE(araBAD)567, DE(rhaBAD)568, rph-1
att-lambda::pAE12-del (oriR6K/cat::frt5), del 4229(dapA)::FRT
(DAP-), del(endA)::FRT, uidA(DMlul)::pir(wt),
attHK::pJK1006::del1/2(del oriR6K-cat::FRT5, del trfA::FRT), FRT
inserted between mltB and srlA, recA1, attTn7::acrllA4 (cms)
(pir+, recAl mating strain with anti-CRISPR)

Ward et al. (20)

sJMP3053

Escherichia coli (derived from BW25141, sJIMP3034) A(araD-
araB)567, AlacZ4787(::rrnB-3), A(phoB-phoR)580, |-, galU95,
AuidA3::pir+, recA1, endA9(del-ins)::FRT, rph-1, A(rhaD-rhaB)568,
hsdR514, attTn7::acrllA4 (pir+, recAl cloning strain with anti-
CRISPR)

Ward et al. (20)

sJMP4061

E. coli mating strain sJIMP3049 with pEVS104 (helper strain;
sJMP2935); kanR, dap-

Ward et al. (20)

sJMP4062

E. coli mating strain sIMP3049 with pJMP1039 (Tn7 transposase
expression strain; sJIMP2644); ampR, dap-

Ward et al. (20)

sJMP4324

A. baumannii 19606 (sJMP4001) with MCi system inserted into
the Tn7 att site, gmR (non-targeting control sgRNA)

Ward et al. (20)

sJMP4395

A. baumannii 19606 (sJMP4001) with Mci system from pJMP4379
inserted into the Tn7 att site, gmR (smc2 sgRNA)

this study

sJMP4408

A. baumannii 19606 (sJMP4001) with Mci system from pJMP4396
inserted into the Tn7 att site, gmR (blhA sgRNA)

this study

sJMP4414

A. baumannii 19606 (sJMP4001) with Mci system from pJMP4248
inserted into the Tn7 att site, gmR (ftsZ sgRNA)

this study

sJMP4431

A. baumannii 19606 (sJMP4001) with Mci system from pJMP4415
inserted into the Tn7 att site, gmR (GO593_07290 sgRNA)

this study

sJMP4501

sIMP3719; A. baumannii 17978 (sJMP4002) with empty vector
expression plasmid; kanR

Bacon et al. (81)

sJMP4507

sJMP3720; A. baumannii 17978 (sJMP4002) with sfGFP
expression plasmid; kanR

Bacon et al. (81)

sJMP4498

A. baumannii 17978 (sJMP4002) with smc2::sfGFP expression
plasmid; kanR

this study




165

sJMP4500 A. baumannii 17978 (sJMP4002) with sfGFP::G0593_07290 this study
expression plasmid; kanR

sJMP4519 A. baumannii 17978 (sJMP4002) with sfGFP::blhA expression this study
plasmid; kanR

sJMP4520 A. baumannii 17978 (sJMP4002) with smc2 expression plasmid; this study
kanR

sIMP4521 A. baumannii 19606 (sJMP4001) with Mci system inserted into the  this study
Tn7 att site, gmR ({ptA sgRNA)

sJMP4532 A. baumannii ATCC19606 [pxC(S106R) Powers and Trent

(27)

sJMP4539 A. baumannii 19606 [pxC(S106R) (sJMP4532) with Mci system this study
inserted into the Tn7 att site, gmR ({ptA sgRNA)

sIMP4543 A. baumannii 19606 [pxC(S106R) (sJMP4532) with Mci system this study
inserted into the Tn7 att site, gmR (nontargeting sgRNA)

sJMP10076 A. baumannii 19606 (sJMP4001) with MCi system inserted into Ward et al. (20)

the Tn7 att site, gmR ({pxC sgRNA)

TgmR = gentamicin-resistant; kanR = kanamycin-resistant; ampR = ampicillin-resistant; dap- = requires
diaminopimelic acid; pmbR = polymyxin B-resistant; vanS = vancomycin-sensitive; MCi = Mobile-CRISPRi
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Plasmid Description’ Construction/Notes? Source
pJMP2776 MCi plasmid for A. Bsal sites to insert guides; ampR (backbone), Ward et al.
baumannii for cloning gmR (transposon) (20);
new guides Addgene:
208890
pJMP4189 MCi plasmid for A. pJMP2776 digested with Bsal and ligated with Ward et al.
baumannii; nontargeting 0JMP834/835; ampR (backbone), gmR (20)
guide (transposon)
pJMP2768 MCitest plasmid. GFP Used to PCR sfgfp fragment; ampR (backbone), Ward et al.
targeting spacer, GFP gmR (transposon) (20);
expression. Addgene:
208889
pEVS104 R6K ori helper plasmid for kanR Stabb et al.
conjugation into A. (80)
baumannii
pJMP4480 pJMP3654; A. baumannii multiple cloning site downstream of strong Bacon et al.
sfGFP vector promoter (PabstBR) and RBS; kanR (81);
Addgene:
222349
pJMP4481 pJMP3653; A. baumannii multiple cloning site downstream of strong Bacon et al.
replicative vector for promoter (PabstBR) and RBS; kanR (81);
overexpression; empty Addgene:
vector 222348
pJMP3407 A. baumanniireplicative multiple cloning site downstream of weak Bacon et al.
vector for expression; promoter (Pabst) and RBS - expression too low (81)
weak promoter, empty for microscopy; kanR
vector
pJMP4253 MCi plasmid for A. pJMP2776 digested with Bsal and ligated with this study
baumannii; [ptA guide 0JMP767/787; ampR (backbone), gmR
(transposon)
pJMP4396 MCi plasmid for A. pJMP2776 digested with Bsal and ligated with this study
baumannii; blhA guide 0JMP1883/1884; ampR (backbone), gmR
(transposon)
pJMP4379 MCi plasmid for A. pJMP2776 digested with Bsal and ligated with this study

baumannii; smc2 guide

0JMP1853/1854; ampR (backbone), gmR
(transposon)
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pJMP4248 MCi plasmid for A. pJMP2776 digested with Bsal and ligated with this study
baumannii; ftsZ guide 0JMP778/779; ampR (backbone), gmR
(transposon)
pJMP4415 MCi plasmid for A. pJMP2776 digested with Bsal and ligated with this study
baumannii; 0JMP1959/1960; ampR (backbone), gmR
G0593_07290 guide (transposon)
pJMP4461 A. baumannii Hifi assemble GO593_07290 PCR amplified from  this study
sfGFP::G0O593_07290 A. baumannii 19606 gDNA with 0JMP1991/1992,
vector; weak promoter sfgfp amplified from p2768 with 0JMP1989/1990,
and pJMP3407 cut with Ncol and BamHI; kanR
pJMP4479 A. baumannii Site-directed mutagenesis of pJMP4461 with this study
sfGFP::G0593_07290 0JMP2219 to convert to strong promoter for
expression vector overexpression and microscopy (Papst t0 Papster);
kanR
pJMP4457 A. baumannii Hifi assemble smc2 PCR amplified from A. this study
Smc2::sfGFP vector; baumannii 19606 gDNA with 0JMP1983/1984,
weak promoter sfgfp PCR amplified from pJMP2768 with
0JMP1985/1986, and pJMP3407 cut with Ncol
and BamHlI; kanR
pJMP4477 A. baumannii Site-directed mutagenesis of pJMP4457 with this study
Smc2::sfGFP 0JMP2219 to convert to strong promoter for
overexpression vector overexpression and microscopy (Pabst to Papster);
kanR
pJMP4513 A. baumannii Smc2 PCR smc2 (GO593_11915) from A. baumannii this study
vector 19606 gDNA with 0JMP1983/2320; clone into
pJMP4481 with Ncol and BamHI; kanR
pJMP4511 A. baumannii sfGFP::BlhA  Hifi assemble blhA gblock (0JMP2321), sfgfp PCR  this study

vector

amplified from pJMP4461 with 0JMP2318/2319,
and pJMP4481 cut with Ncol and BamHI; kanR

"MCi = Mobile-CRISPRi

2gmR = gentamicin resistant; kanR = kanamycin resistant; ampR = ampicillin resistant
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Oligo Sequence(5’to 3’) Description/Usage’

0JMP834 TAGTGGGTCATAACATACTTCGTC nontargeting top; anneal oligos to clone
guides into Bsal sites in Mci vector

0JMP835 AAACGACGAAGTATGTTATGACCC nontargeting bottom; anneal oligos to clone
guides into Bsal sites in Mci vector

0JMP786 TAGTTAATTACCGCAGCTTGTTTT [ptA top; anneal oligos to clone guides into
Bsal sites in Mci vector

0JMP787 AAACAAAACAAGCTGCGGTAATTA [ptA bottom; anneal oligos to clone guides
into Bsal sites in Mci vector

0JMP1883 TAGTCACAGTTGAATAGGGGTCTG G0593_07665 - blhA top; anneal oligos to
clone guides into Bsal sites in Mci vector

0JMP1884 AAACCAGACCCCTATTCAACTGTG G0593_07665 - blhA bottom; anneal oligos
to clone guides into Bsal sites in Mci vector

oMP1853 TAGTCTGAAAACGATTTTTTAAAT GO0593_11915 - smc2 top; anneal oligos to
clone guides into Bsal sites in Mci vector

oJMP1854 AAACATTTAAAAAATCGTTTTCAG G0O593_11915 - smc2 bottom; anneal oligos
to clone guides into Bsal sites in Mci vector

0JMP778 TAGTATCTTCTATAAATTCAAATG ftsZ top; anneal oligos to clone guides into
Bsal sites in Mci vector

0JMP779 AAACCATTTGAATTTATAGAAGAT ftsZ bottom; anneal oligos to clone guides
into Bsal sites in Mci vector

0JMP1959 TAGTACAAGTGTCCCTAACCATTT G0593_07290 top; anneal oligos to clone
guides into Bsal sites in Mci vector

0JMP1960 AAACAAATGGTTAGGGACACTTGT G0593_07290 bottom; anneal oligos to
clone guides into Bsal sites in Mci vector

oJMP2219 GTCGTAAAGACGTCTCATTAATCAGATAAAAT  primer for site-directed mutagenesis of

ATTGACAATGTGAGCGGATAACAAG Pabst to PabstBR (81); used to create

pJMP4477 and pJMP4479

0JMP2321 TGGCATGGATGAGCTCTACAAAGGCTCAGG  gblock containing A. baumannii ATCC19606

CTCAATGGTGGCATTAAATGTCGGGCAAGAT
TTTAAAAAAAGATGGTTAAATGCGCCTGAAG
CTGTCCGTCATGCTTATCAACAGGATTTGGC
TCGTATTTGTGATTTATTAGAGCCTCAGACCC
CTATTCAACTGTGGGTTTTAAATGACGAAAAA
GCGCAATTAGAATCACAACAAAATATTGAAAA
GGCATATGCTGACTTAAAGGCAGAGTTAATC

blhA and ends overlapping with sfGFP and
pJMP4481 for pJMP4511 Hifi assembly
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GAGCAAGCGCGAATACGTCGCCAACTTGCT
TTAGAAAAAGCTCTTGCAGATAAGCGCGCAA
AGGAAGCAGCTTATGCTGCTGAATTACAAGC
TGACGAAGTTCGTAAATTTAGTGAACAAACG
GAAGCTTTGCAGGCTTTACGCAGTCATTTAG
AACAAGAAGTTGCTGAACATACTGCACGTTA
TCAAAAAAACCCTGAAACGCCAGCAATTGA
CTATTCTTCTGGTACAAAACTTAGCATTACTGA
CGATCAAATCTTATCTGAGCTTGAAAGTGTAC
GCGTTCGCCTAGAACTTGAAGCTGAAAGCTT
AATTGAACAGGCGGTAACAGTTTTCCGTGCC
AAACTGCATGCTGCGGCTCAAGAAGAAATT
GAATATATTTTAAAGAATTCTAACTTTTCTGATG
AAAAAATAGAAAAGTAATAAGGATCCTCTAGA
GTCGACCTGCAGGCATGCAAGCTT

o0JMP1991 GCAACGCGGTGTATCTGAAA PCR G0O593_07290 gene from A. baumannii
ATCC19606 genomic DNA for pJMP4461 Hifi
assembly; primer 1
0JMP1992 CAGGTCGACTCTAGAGGATCCTTATTATCTG PCR G0O593_07290 gene from A. baumannii
CGTTTAATCACAATAGAGTCA ATCC19606 genomic DNA for pJMP4461 Hifi
assembly; primer 2
0JMP1983 GCAGCACACAGGAAACAGACCATGTTAGAA  PCR smc2 gene from A. baumannii
CAATTACAGCGTCTACA ATCC19606 genomic DNA for pJMP4513 or
pJMP4457 construction; primer 1
0JMP2320 CTTGCATGCCTGCAGGTCGACTCTAGAGGA  PCR smc2 gene from A. baumannii
TCCTTACACTCATGATTGTGTCTCCTC ATCC19606 genomic DNA for pJMP4513
construction; primer 2
0JMP1984 GATTGTGTCTCCTCACCAGC PCR smc2 gene from A. baumannii
ATCC19606 genomic DNA for pJMP4457
construction; primer 2
0JMP1985 GCTGGTGAGGAGACACAATCAGGCTCAGG PCR sfgfp from pJMP2768 for pJMP4457 Hifi
CTCAATGAGCAAAGGAGAAGAACTTTTCA assembly; primer 1
0JMP1986 CCTGCAGGTCGACTCTAGAGGATCCTTATTA  PCR sfgfp from pJMP2768 for pJMP4457 Hifi
TTITGTAGAGCTCATCCATGCC assembly; primer 2
0JMP2319 GCACATCAGCAGCACACAG PCR sfgfp from pJMP4461 for pJMP4511 Hifi
assembly; primer 1
0JMP2318 GCCTGAGCCTTTGTAGAGC PCR sfgfp from pJMP4461 for pJMP4511 Hifi
assembly; primer 2
0JMP1989 CAGCACACAGGAAACAGACCATGAGCAAA  PCR sfgfp from pJMP2768 for pJMP4461 Hifi

GGAGAAGAACTTTTCA

assembly; primer 1
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0JMP1990 TTTCAGATACACCGCGTTGCGTTTTGCCAAA  PCR sfgfp from pJMP2768 for pJMP4461 Hifi
CACTGAGCCTGAGCCTTTGTAGAGCTCATCC assembly; primer 2
ATGCC

'MCi = Mobile-CRISPRi



171

Table 3.4. Final concentrations and abbreviations for chemicals used in this screen.

Chemical Abbreviation' Solvent? Final Notes?®
concentration
acriflavine ACR DMSO 2 pg/mL
amikacin AMK water 1.75 pg/mL
apramycin APR water 7 pg/mL
azithromycin AZI DMSO 0.2 ug/mL
aztreonam AZT water 1 pg/mL
carvacrol CRV DMSO 40 pg/mL
cefaclor CEF water 72 pg/mL
chlorhexidine (high) CHX (high) DMSO 5 pg/mL
chlorhexidine (low) CHX (low) DMSO 6 pug/mL
ciprofloxacin CIP DMSO 5 pg/mL
colistin CoL water 0.5 pg/mL Colistin is a mix of
polymyxin E
molecules. PubChem
CID: 24825758 SMILES
used
copper(ll) sulfate CuS water 100 pg/mL
daptomycin DAP water 100 pg/mL
D-cycloserine DCS water 60 pg/mL
doripenem DRP water 0.05 pg/mL
EDTA EDTA water 0.125 mM
ethidium bromide EtBr water 10 pg/mL
fosfomycin FOS water 32 pg/mL
imipenem IMP DMSO .05 pg/mL
indole IND DMSO 200 pg/mL
isoniazid ISO water 100 pg/mL
lactoferrin LCF water 100 pg/mL SMILES for active
portion of lactoferrin
used
levofloxacin LVF DMSO 125 pg/mL
LL-37 LL37 water 4 ug/mL
lysozyme LYS water + 50 pg/mL
0.02M
sodium
acetate-
acetic acid
buffer
(pH=4.6)
mecillinam MEC DMSO 25 pg/mL
meropenem MRP DMSO 0.15 pg/mL
minocycline MIN water 0.005 pg/mL
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mupirocin MUP DMSO 250 pg/mL

myricetin MYR DMSO 15 pg/mL

nickel(ll) chloride NiCl water 400 pg/mL

phenazine PHZ water 5 pg/mL

polymyxin B PMB water 0.5 pg/mL Polymyxin B1;

Aerosporin

rifampicin RIF DMSO 1.2 pg/mL

SDS SDS water 50 pg/mL

piperacillin/tazobactam PIP-TZ; DMSO 4 ug/mL; 0.5 used SMILES for
piperacillin/ pg/mL piperacillin (sodium
tazo salt)

tetracycline TET water 0.5 pyg/mL

thymol THY DMSO 30 pg/mL

tigecycline TIG DMSO .03125 pg/mL

tobramycin TOB water 0.4 pg/mL

TPEN TPEN DMSO 1 pg/mL

trimethoprim T™MP DMSO 2 pg/mL

trimethoprim/ TMP-SMX; DMSO 5pg/mL; 25 used SMILES for

sulfamethoxazole trimethoprim/ pg/mL trimethoprim
sulfa

vancomycin VAN water 5 pg/mL

zinc sulfate ZnSO4 water 250 pg/mL

DMSO (control) DMSO DMSO 1% final

'Shorthand used throughout in figures.

2Solvent used for resuspension of stock chemical solutions and dilution of working stocks, ~1% final of

sample media.

Sadditional information about chemicals; SMILES = simplified molecular-input line-entry system, used for

chemical structure analyses
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Figure 3.S1. Replicate agreement and sample diversity as quality metrics. (A) Correlation of
library spacer counts per million (CPM) across the two biological replicates for samples containing
polymyxin B at concentrations of 0.5 ug/mL (left) or 1 ug/mL (right). Count density represented by
contour map; right graph shows over-depletion of guides. (B) Population diversity (N,) for polymyxin
B replicates. Samples with nontargeting guide complexity below the cutoff (dotted line) were
excluded from analyses. (C) Heatmap showing correlations of spacer CPMs between solvent

controls. All solvent control samples show r=0.97.
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Figure 3.S2. Growth and permeability assays for [ptand /pxknockdowns. (A) Box plot of
significant negative CG scores for [pt or [px genes. Asterisk denotes p < 0.05 (Student’s t-test). (B)
Colistin and levofloxacin MIC test strip assays for [ptA or [pxC knockdown, LOS", or nontargeting
guide control strains. Plates supplemented with TmM IPTG. Approximate MICs indicated below
images. (C) Heatmap of CG scores of [px knockdowns across conditions, showing muted
phenotypes compared to [pt knockdowns. (D) 10uL spots of ten-fold serial dilutions on plates with
and without induction (N=3 biological replicates). The [ptA knockdown, but not the (pxC
knockdown, exhibits a minor growth defect upon induction. LOS" strains show major growth
defects. (E) Ethidium bromide permeability assay for [ptA knockdown and nontargeting control in
19606 or LOS- backgrounds without induction; increased fluorescence over time indicates
membrane permeability. Ribbons represent standard deviation (N=4 biological replicates). Without

induction, the strain containing the [ptA guide behaves similarly to a nontargeting guide control.
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Figure 3.52
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Figure 3.S3. Chemical-gene scores and conservation in Moraxellales. Dot plot depicting
significant CG scores and ortholog frequency across representative non-Acinetobacter

Moraxellales for library essential genes.
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Figure 3.S3
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Figure 3.S4. Essential gene subnetworks. Sections from the essential gene network for (A)
cytochrome bo3 oxidase (cyo), ion transporter (ohaAB, mnhC1, phaD, mrpF), and related genes or

(B) Ipt-associated genes, including gtrOC1.
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Figure 3.54
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Figure 3.S5. Characterization of unannotated, poorly conserved genes. Heatmaps of CG scores
for clusters containing (A) GO593_00140 or (B) GO593_11615. Y-axis clustering was conducted
using the Ward method and Canberra distance across all library knockdowns. (C) Heterodimer
structural prediction (Alphafold2) for GO593_00140 and the chi subunit of DNA Polymerase Il in A.
baumannii (left) and the solved structure for the E. coli psi-chi subunit heterodimer (right).
G0593_00140 has a lengthy unstructured N-terminal end absent in E. coli HolD. (D) Domain
architecture map from InterProScan analysis, comparing E. coli LexA to GO593_11615. Both have a
DNA-binding domain and S24 peptidase/LexA domain but differ in overall protein length and
specific type of DNA-binding domain. (E) Domain architectures for E. coli FtsN and A. baumannii
G0593_07290. GO593_07290 lacks similarity to the short EFtsN region required for function (47).

BLAST-alighed amino acid sequences (24% identity) are depicted with dotted lines.
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Figure 3.S6. Functional phenotypes for network genes of unknown function. (A) Heatmaps
display CG scores for the signal-recognition cluster containing ftsY, ffh, and GO593_10640.
G0593_18720 does not cluster in the heatmap with these genes due to muted phenotypes but is
connected in the network. (B) GO593_10640 is a predicted transmembrane protein similarto a
transporter. Predicted structure (Alphafold) and orientation in the membrane (TMHMM) are shown.
(C) GO593_17830 is connected to tus genes in the network, but this could be due to polar effects

as (D) the gene is upstream of a TusE/DsrC-like protein in a predicted operon.
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Figure 3.S56
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Figure 3.S7. Microscopy of fluorescently tagged cell division proteins. 3 representative images
for each construct are shown with corresponding empty vector controls. (A) Smc2::sfGFP
expression leads to elongated cells, with fluorescently tagged proteins aggregating inconsistently
within the cells. (B) Expression of Smc2 from a replicative plasmid produces elongated cells. (C)
sfGFP::BlhA localizes at sites of division at the mid-cell at either existing or forming septa. (D)
Fluorescently tagged SPOR-domain protein shows localization at the cell membrane and at septa
for dividing cells. All bars are 5 um; GFP fluorescence/phase contrast channels merged in

composite images for all except (B).
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Figure 3.S7
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Figure 3.S8. Chemical pairs similar in pathway effect and structure. Heatmap shows the
normalized sum of pathway effect and structure association scores for chemical pairs, highlighting

chemicals similar in both structure and pathway effect.
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Figure 3.S9. Pathways impacted by carvacrol and thymol. Sina plots with boxplots depict
differential guide CPMs for (A) NADH dehydrogenase and (B) ubiquinone pathways in carvacrol and
thymol compared to no chemical control. STRING identifiers and representation of pathways listed.
Chemical-gene interactions are described above each graph—up (positive), down (negative), or no
change—uwith FDR values. Guides are weighted in this calculation by predicted efficacy, with
perfect guides at 100. Volcano plots show relative fitness and FDRs at the gene-level in (C)

carvacrol or (D) thymol, with genes in pathways of interest highlighted.
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Figure 3.510. Chemical pairs opposed in pathway effect and structure. Heatmap shows the
normalized differences between pathway effect and structure association scores for chemical

pairs, highlighting chemicals that cluster in only structure or only pathway effect.
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Figure 3.S11. Target pathway effects for tetracycline-class antibiotics. (A) Sina plots with
boxplots depict differential guide CPMs for ribosome genes (STRING identifier CL:113) in
minocycline, tetracycline, or tigecycline compared to no chemical control. Chemical-gene
interactions are described above each graph—up (positive), down (negative), or no change—with
FDR values. Guides are weighted in this calculation by predicted efficacy, with perfect guides at
100. Non-significant comparisons are shown with grey backgrounds. (B) Heatmap shows relative
fitness scores (log, fold changes) of ribosomal gene knockdowns after growth compared to TO.
Ribosome knockdowns have substantial loss of fitness. (C) Volcano plots of library gene CG scores
for minocycline, tetracycline, and tigecycline. Lines depict defining cutoffs for CG score

significance. Genes in the ribosome group are colored green.
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Figure 3.S12. Lpt and ATP synthesis pathway effects in tetracycline-class antibiotics. Sina plots
with boxplots of differential guide CPMs for listed STRING identifiers in tetracycline-class
antibiotics: (A) lipopolysaccharide (lipooligosaccharide in A. baumannii) transport or (B) ATP
synthesis pathways. Guides are weighted by predicted efficacy, with perfect guides at 100.
Chemical interactions compared to no chemical control (up, down, or no change) and FDRs are

listed. Non-significant comparisons are shown with grey backgrounds.
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Figure 3.512
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Figure 3.513. Ineffective chemical concentrations lack significant pathway effects. (A) Volcano
plots of genes in meropenem, imipenem, or doripenem compared to no drug control. Genes with
significant CG scores are shown in black. Meropenem has very few significant CG scores,
suggesting insufficient chemical dosage. (B) Sina plots with boxplots of differential guide CPMs for
target pathway in doripenem, imipenem, or meropenem. Chemical interactions compared to no
chemical control (up, down, or no change) and FDRs are listed. Non-significant comparison for

meropenem is shown with grey background. Doripenem and imipenem are significantly impacted.
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Abstract

Gene expression systems that transcend species barriers are needed for cross-species analysis of
gene function. In particular, expression systems that can be utilized in both model and pathogenic
bacteria underpin comparative functional approaches that inform conserved and variable features
of bacterial physiology. Here, we develop replicative and integrative vectors alongside a novel, IPTG-
inducible promoter that can be used in the model bacterium Escherichia coli K-12 as well as strains
of the antibiotic-resistant pathogen, Acinetobacter baumannii. We generate modular vectors that
transfer by conjugation at high efficiency and either replicate or integrate into the genome,
depending on design. Embedded in these vectors, we also developed a synthetic, IPTG-inducible
promoter, Papsisr, that induces to a high level, but is less leaky than the commonly used trc
promoter. We show that P,sssr is titratable at both the population and single cell level, regardless of
species, highlighting the utility of our expression systems for cross-species functional studies.
Finally, as a proof of principle, we use our integrating vector to develop a reporter for the E. coli
envelope stress o factor, RpoE, and deploy the reporter in E. coli and A. baumannii, finding that A.
baumannii does not recognize RpoE-dependent promoters unless RpoE is heterologously
expressed. We envision that these vector and promoter tools will be valuable for the community of

researchers that study fundamental biology of E. coli and A. baumannii.
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Importance

Acinetobacter baumannii is a multidrug-resistant, hospital-acquired pathogen with the ability to
cause severe infections. Understanding the unique biology of this non-model bacterium may lead
to the discovery of new weaknesses that can be targeted to treat antibiotic-resistant infections.
Here, we provide expression tools that can be used to study gene function in A. baumannii,
including in drug-resistant clinical isolates. These tools are also compatible with the model
bacterium, Escherichia coli, enabling cross-species comparisons of gene function. We anticipate
that the use of these tools by the scientific community will accelerate our understanding of

Acinetobacter biology.
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Introduction

Historically, research in bacterial genetics focused on specific model organisms, such as
Escherichia coli K-12, due to a lack of techniques, tools, reagents, genome sequences, and general
knowledge of non-model bacteria (1, 2). As a result, much of our current understanding about the
basic physiology of Gram-negative bacteria comes from E. coli (3, 4). Although most core cellular
processes are likely conserved, gene function and regulation can vary subtly or even dramatically
across species boundaries (4, 5). Such deviation is obvious in pathogens such as Acinetobacter
baumannii, which has adopted many traits that are distinct from E. coli K-12—most notably
extreme antibiotic resistance (6-8). With advances in DNA sequencing and synthesis as well as
tools that democratize genetic analysis across species (e.g., CRISPR approaches (9)), there now
exists an enormous opportunity to shrink the knowledge and technique gaps between model
bacteria and clinically relevant pathogens. One simple approach to bridge the gap would be to
develop systems capable of assessing gene function in both model and pathogenic bacteria, such

that the function of any gene could be readily compared in different strain or species backgrounds.

Here, we focus on genetic tools that function in the antibiotic-resistant pathogen, A. baumannii. A.
baumanniiis considered an "urgent threat" by the Centers for Disease Control and Prevention due
to its ability to resist nearly all available antibiotic treatments (10). Although some promising new
anti-Acinetobacter compounds have recently been discovered (11, 12), more work is needed in this
area as Acinetobacter is adept at acquiring and developing new resistance mechanisms (13-15). A.
baumannii is poorly studied compared to E. coli K-12 and even other Gram-negative pathogens
such as Pseudomonas aeruginosa; however, understanding the distinct physiology of A. baumannii
is critical to developing new treatments (16, 17). For instance, lipid A, an essential component of

the outer membrane in most Gram-negatives and a binding site for the antibiotic colistin (18), is not
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essential for viability in many A. baumannii strains including clinical isolates (19). Further,
regulation of stress pathways that could play roles in antibiotic resistance, tolerance, or
persistence is distinct in A. baumannii compared to other y-proteobacteria, as A. baumannii lacks

conserved transcription factors such as the stationary phase sigma (o) factor, RpoS (20, 21).

Vectors that are capable of replicating in or integrating into E. coli and A. baumannii have been
previously described, but also share important limitations. Replicative shuttle vectors typically use
a high-copy, ColE1 origin of replication for E. coli and either the pWH1266 (22) or pRSF1010 (23)
origin for A. baumannii. The pWH1266 and pRSF1010 origins are compatible in A. baumannii,
enabling expression from two replicative vectors in the same cell (23). Integrative vectors based on
the site-specific transposon Tn7 insert DNA cargo into the genome downstream of the glmS gene
and have been used extensively in E. coli (24), A. baumannii (25-27), and many other species (28,
29). However, many of these vectors were not designed to contain easily swappable modules (e.g.,
different antibiotic markers) outside of standard multiple cloning sites (MCS). Existing vectors
typically employ inducible promoters that are either native to or designed for use in E. coli (30, 31).
These include E. coli native promoters such as P, and P840 that can be induced with IPTG or
arabinose, respectively (22, 32), or semi-synthetic promoters such as P.c and P, which are IPTG-
inducible (23). Unfortunately, characteristics of these promoters pose challenges for precise
control of expression. For instance, P.r.sap €Xpression cannot be titrated with sub-saturating
concentrations of its inducer, arabinose, due to "all or nothing" effects that result in a fraction of
cells inducing at high level while others show minimal activity (33-35). P, and Py are sufficiently
leaky that genes placed under their control often complement deletion phenotypes in the absence
of inducer (30, 36, 37), and full induction often results in overexpression toxicity (38). A titratable
promoter with less leakiness and a lower maximal level of expression would be ideal for

physiological expression and gene function studies in A. baumannii.
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In this work, we generate useful reagents for gene function studies in A. baumannii and E. coli. We
create modular vectors that replicate or integrate in both species, and carry the novel promoter
P.bstsr, Which can be induced and titrated with IPTG. In a proof of principle experiment, we combine

all three reagents to probe the activity of the E. coli envelope stress ¢ factor, RpoE, in both species.

Results and Discussion

Modular replicative and integrating vectors for E. coli and A. baumannii

We sought to construct a modular set of replicative and integrative vectors that could be used to
examine gene function in A. baumannii and E. coli. Our shuttle vector (Fig 4.1A) replicates in E. coli
using the medium copy origin, p15A (20-30 copies per cell (39)), and in A. baumannii using the low
copy origin pWH1266 (~9 copies per cell (40)). Our integrating vector (Fig 4.1A) inserts into the
genomes of E. coliand A. baumannii downstream of glmS using the Tn7 transposase (provided on a
separate plasmid (9, 28)). Both vectors have an antibiotic module flanked by Xhol sites, which
provide a facile way of removing the existing resistance marker while simultaneously linearizing the
plasmid as a substrate for Gibson assembly (41). Here, we have provided hygromycin, apramycin,
and kanamycin versions of both replicative and integrative vectors. We note that hygromycin and
apramycin are attractive resistance markers for studying multidrug-resistant pathogens given that
neither antibiotic is used against A. baumannii clinically (25, 42). FRT sites in the integrative vector
allow for optional FLP recombinase-mediated excision of the antibiotic marker (43, 44). The cloning
module, or multiple cloning site (MCS), has several restriction sites for cloning genes of interest (Fig
4.1B-C). Although other sites can be used, we recommend cloning into Ncol because it contains a
translation start codon (ATG) in alignment with a strong upstream ribosome binding site (RBS) taken
from the classic expression vector pTrc99a (45). The promoter module exists between Aatll and

Ncol sites for the replicating vector and Spel and Ncol sites for the integrating vector. We provide
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Figure 4.1. Modular replicative and integrative expression vectors. (A) Circular plasmid map and
features of the replicative shuttle vector containing both E. coli and A. baumannii origins of
replication (top) and the Tn7 expression vector containing a transposon that will integrate into the
chromosomal atty,; site (bottom). Available antibiotic resistance cassettes (AbR) are listed. Maps
are adapted from SnapGene (GSL Biotech). (B and C) Linear maps showing the modular promoter
region and multiple cloning sites (MCS) for the replicative plasmid and Tn7 vector. Ncol site

provides an ATG start codon optimally proximal to a strong ribosome binding site (RBS).
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these vectors with a novel, IPTG-inducible promoter (Passtsr, described below), but other promoters
and RBSs of interest can be readily swapped into the module. Additionally, both the replicative and
integrative vectors can be used in the same strain as multiple markers are available and only one

vector replicates, ruling out compatibility issues.

We next determined the efficiency of transfer for both vectors into E. coliand A. baumannii. Both
vectors contain oriT sites, enabling transfer by conjugation from E. coli cells that are auxotrophic for
diaminopimelic acid (DAP’) to DAP* recipient bacteria followed by antibiotic selection to recover
only vector-containing recipients. Additionally, both vectors can be transferred by electroporation
into competent recipient cells, if desired. To quantify efficiency of transfer by conjugation, we
mated DAP" E. coli donor cells (E. coli K-12 WM6026) with model strains of E. coli K-12 (BW25113)
and A. baumannii (ATCC 17978). We found that both vectors were transferred at efficiencies
consistent with use in downstream experiments ranging in scale from individual genes to large
libraries (Fig 4.S1A-B). Transfers of both the replicative and integrative vectors were highly efficient
in E. coli (>107 efficiencies for both vectors) and A. baumannii (>102 and 10 efficiencies for
replicative and integrative vectors, respectively). Importantly, our observed transfer efficiencies
were on par with those needed for library construction for genome-scale experiments (9). We note
that we observed instances of unintended integration of the Tn7 vector backbone in both E. coli and
A. baumannii (i.e., co-integrates (46)). The presence of such co-integrates in recipient colonies can
be tested by screening for the ampR/bla gene (which confers carbenicillin resistance) present in the
vector backbone. We patched 40 transconjugants for each organism, and while the frequency of
integration with the vector backbone was relatively low (£3/40 for each), we recommend testing
transconjugants to verify insertion accuracy (Fig 4.51C). Taken together, we have created modular
replicative and integrative vectors for E. coli and A. baumannii that can be transferred at efficiencies

that are useful for a variety of applications.
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A tightly regulated, IPTG-inducible promoter for E. coli and A. baumannii

We sought to develop an IPTG-inducible promoter with low leakiness and high expression for A.
baumannii. We previously found that a broadly utilized synthetic promoter in E. coli, Pyjaco1, Wwas
unstable when used to express a toxic protein in A. baumannii (dCas9) (27). When we selected for
mutants with stable expression of dCas9, we found that (acO repeats in the promoter had
collapsed, creating a new IPTG-regulated promoter (Fig 4.2A, Acinetobacter Suppressor of Toxicity
or P.sst). We hypothesized this promoter was weaker due to its success at repressing toxicity. To
measure promoter activity in A. baumannii, we cloned P,,s: upstream of a gene encoding
Superfolder Green Fluorescent Protein (sfgfp) in our replicative vector (Fig 4.2B). Our
measurements confirmed that P,s: expression was very weak, with less than 2-fold increase in
expression at saturating levels of inducer. This weak activity is likely due to divergence between the
P.sst -35 element (TTATAA) and the consensus 67°-35 (TTGACA), especially at the -33 position (A

versus G, respectively).

To generate a new promoter with higher activity but without repeating lacO elements, we used site-
directed mutagenesis to replace the P, -35 sequence with a consensus -35 (Fig 4.2A). We found
that the new promoter, P.ssisr (Acinetobacter Suppressor of Toxicity with Better Regulation), showed
significantly higher induction than P (~150-fold; Welch's t-test, p=0.003) in A. baumannii (Fig
4.2B). P.pster also showed ~3-fold reduced leakiness compared to Py, a popular IPTG-inducible
promoter used in both E. coli (30) and A. baumannii (23); although induction at saturating levels of
IPTG was somewhat lower (~3-fold) than P.. With reduced leakiness and a more physiologically
appropriate expression range, P.psisr has advantages for complementation and expression with

reduced toxicity (36, 47).
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Figure 4.2. P»s:5r promoter construction and expression. (A) Promoter sequences showing the
homologous recombination event in lacO repeat regions (red) of the P,.co.s Sequence that produces
P.ust, which contains a -35-like region (yellow). Site-directed mutagenesis reverts the -35 region
back to consensus (orange) to create Pasisr. (B) Dot plots showing sfGFP fluorescence from
replicative vectors containing sfgfp under Papst, Pabstar, OF Pic promoters in A. baumannii ATCC 17978
with no IPTG (left) or 1 mM IPTG (right). Values were normalized to empty vector controls, and
sample means are represented by a solid horizontal line (n=3 biological replicates). Asterisks and
ns indicate significant and not significant sample differences, respectively (Welch’s t-tests; p-

values < 0.05).
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P.vsisr €Xpression is titratable at the population and single cell level

Investigators frequently titrate promoter activity to determine expression-phenotype relationships
and avoid toxic overexpression. To determine if P,ysi5r €Xpression is titratable at the population level,
we induced expression of Pasisr-Sfgfp at varying concentrations of IPTG from both our replicative
and integrative vectors in E. coli K-12 BW25113 and A. baumannii ATCC 17978 (Fig 4.3A and 3B). We
found that P,ssisr Was titratable in all tested contexts. Plasmid-borne P.pstsr Showed similar patterns
of IPTG induction in both E. coliand A. baumannii and had ~10-fold higher level of maximal
expression compared to an integrated copy. Unexpectedly, Tn7 integrated P.us:sr sShowed a higher
apparent level of expression in A. baumannii compared to E. coli at nearly every concentration of
IPTG, including saturating concentrations (Fig 4.3B). In addition to 17978, the A. baumannii field
uses strains ATCC 19606 and AB5075 as antibiotic susceptible and resistant models, respectively.
To test P.usear titratability in those strain backgrounds, we again expressed Ppsisr-Sfgfp at varying
IPTG concentrations (Fig 4.S2). As expected, we found that P,ss:s5 Was titratable at the population

level.

Inducible promoters can erroneously appear to be titratable at the population level due to varying
subpopulations of fully induced cells, as is seen in systems with active transport and feedback of
inducer molecules (e.g., arabinose and Pa.z4p (33)). To rule out this possibility, we measured
induction of P.yssr-Sfgfp at varying concentrations of IPTG in single cells using flow cytometry (Fig
4.4A and 4B). We measured P.ssi5r €Xpression from replicative vectors as we reasoned that
variations in plasmid copy number would be more likely to have a subpopulation effect. We found
that P.ssisr Was fully titratable at the single cell level in E. coli K-12 BW25113 and A. baumannii ATCC
17978. Distributions of sfGFP fluorescence were unimodal at all IPTG concentrations in both
species, consistent with relatively uniform induction of P.y.sr at the single cell level. Although

increasing concentrations of IPTG fully shifted the sfGFP distributions in A. baumannii, the
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Figure 4.3. Titration of P,s:s2 €xpression at the population level. Titration of expression from (A)
the replicative plasmid or (B) the Tn7 transposon. Plots shown are normalized sfGFP levels
expressed from P,ssisr across IPTG concentrations for E. coli BW25113 and A. baumannii ATCC
17978. Error bars represent standard deviation (n=3 biological replicates for replicative vector, n=6

biological replicates for Tn7 transposon).
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Figure 4.3
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Figure 4.4. Titration of P.,s:sr €Xpression at the single-cell level. Titration of expression in (A) E.
coliBW25113 or (B) A. baumannii ATCC 17978. Ridgeline plots depict overlapping density plots of
sfGFP fluorescence for cells induced at different IPTG concentrations, measured by flow cytometry
and expressed from the replicative expression vector under control of P.psisr. EV are empty vector

(no GFP) control samplesin 1 mM IPTG.
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distributions were wider than those seen in E. coli for unknown reasons (Fig 4.4B). One possibility to
explain increased expression variation in A. baumannii is simply that the pWH1266 origin has
intrinsically greater plasmid copy number variation than p15A, although testing plasmid copy
number at the single cell level is fraught with challenges (48). We conclude that Pk is titratable at

the single cell level, enabling gene function studies with precise levels of expression.

Modular vectors and Passsr €nable gene regulation studies in E. coli and A. baumannii

As a proof of principle to demonstrate the utility of our P,sssr Vector set in studying gene function,
we investigated RpoE promoter activity in E. coli and A. baumannii. RpoE, also known as of, is an
extracytoplasmic function (ECF) o factor that regulates the envelope stress response in E. coli and
related y-proteobacteria (49-52). Species as distant from E. coli as Pseudomonas aeruginosa have
a functional ortholog (AlgU, 66% identity) that recognizes the same DNA sequence as RpoE (53);
however, a BLAST search of the A. baumannii genome recovered no hits for RpoE. To determine if A.
baumannii recognizes RpoE-dependent promoters, we cloned the autoregulated rpoE promoter
(Prmoe) from E. coli into our integration vector upstream of a gene encoding monomeric Red
Fluorescent Protein (mrfp) as a reporter. We integrated this construct into both E. coli and A.
baumannii and found P, was only active in E. coli (Fig 5a and 5b). To determine if the promoter
could be recognized in A. baumanniiin the presence of RpoE, we cloned the rpoE gene into our
replicating vector under the control of P,usis:. We found that expression of RpoE in A. baumannii was
sufficient to drive expression from P,,.¢ (Fig 5a). This suggests that A. baumannii has no RpoE
activity and that no other factors in A. baumannii can recognize RpoE promoters. As expected, we
also found that overexpression of RpoE in E. coliresulted in increased P,.c activity (Fig 4.5B).
Importantly, these results demonstrate the ability to utilize our integrative and replicative
expression systems together, in the same strain, to better understand biology and gene function in

both E. coli and A. baumannii.
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Figure 4.5. Modular integrative and replicative vectors facilitate a functional reporter assay. (A)
Graphical depiction of reporter assay experiments. Strains contain an mRFP reporter under control
of the E. coli-native rpoE promoter (P,,0) in the attr,; site (constructed using the Tn7 vector) and
either a Papsisr-rpoE overexpression vector or empty vector control (replicative plasmid). (B and C)
Bar graphs of mRFP fluorescence from P,.c with and without expression of RpoE in trans from the
replicative plasmid in E. coli or A. baumannii. As RpoE is native to E. coli, the E. coli strains also
carry a copy of the rpoE gene on the chromosome. Fluorescence is normalized to no mRFP
controls, and individual data points and standard deviation are displayed (n=6 biological
replicates). Asterisks and ns indicate significant and not significant sample differences,

respectively (Welch’s t-tests; p-values < 0.05)
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Figure 4.5
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Conclusion

Here, we have provided modular vectors that replicate and integrate into E. coli and A. baumannii,
and a titratable, IPTG-inducible promoter, P.ssisr. We envision that our vectors will be valuable for
complementation studies, particularly for comparing the function of genes in E. coli to those found
in A. baumannii. We predict that our tools will allow for precise tuning of gene expression to achieve
physiological or somewhat higher levels of expression while avoiding toxicity from extreme high-
level overexpression. As such, our vectors could also be used for expressing gene fusions with
fluorescent proteins for localization studies. The high integration efficiencies make library scale
experiments possible, as we have previously shown for Tn7-based CRISPRi work (9). Given the host
ranges of our vector components, we expect our vectors to be broadly useful for gene function

studies in Acinetobacter species not tested here, including multidrug-resistant isolates.

Materials and Methods

Strains and growth conditions

Strains are listed in Table 4.1. Escherichia coli and Acinetobacter baumannii were grown in Lennox
lysogeny broth (LB) at 37°C shaking in a flask at 250 rpm, in a culture tube on a rollerdrum at max
speed, in a 96-well plate shaking at 900 rpm, or in a plate reader shaking (Tecan Infinite Mplex or
Tecan Sunrise). Culture medium was solidified with 1.5% agar for growth on plates. Antibiotics were
added when necessary: 100 pg/mL ampicillin (amp), 30 pg/mL kanamycin (kan), 50 ug/mL
apramycin (apr), and 150 pg/mL hygromycin (hyg) for E. coli and 150 pug/mL carbenicillin (carb), 60
pg/mL kanamycin (kan), 100 pg/mL apramycin (apr), 150 pg/mL hygromycin (hyg) for A. baumannii.
Diaminopimelic acid (DAP) was added at 300 uM to support growth of E. coli dap” donor strains.
IPTG (isopropyl b-D-1-thiogalactopyranoside) was added at varying concentrations from 0 to 1 mM

as indicated in the figures or figure legends. Strains were preserved in 15% glycerol at -80°C.
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Plasmids were propagated in E. coli strain BW25141 attm7::acrllA4 (sJIMP3053) or in E. coli strain
DH10B (sJMP1) for DNA extraction and analysis or in E. coli strain WM6026 attr.7::acrllA4

(sJMP3257) for conjugation.

General molecular biology techniques

A complete list of plasmids and oligonucleotides are listed in Tables 4.2 and 4.3. Oligonucleotides
were synthesized by Integrated DNA Technologies (Coralville, I1A). Plasmid DNA was purified using
Genelet Plasmid Miniprep kit (Thermo) or the Purelink HiPure Plasmid Midiprep kit (Invitrogen
K210005). PCR was performed according to manufacturer directions using Q5, OneTaq, or Phusion
DNA Polymerases (NEB). DNA was digested with restriction enzymes from NEB. PCR products were
purified with DNA Spin and Concentrate kit (Zymo Research) following manufacturer instructions or
gel-purified from kit (Zymo Research). Plasmids were assembled using NEBuilder HiFi DNA
assembly kit (NEB). DNA was quantified on a Nanodrop Lite or Qubit. Plasmids and recombinant
strains were sequenced via Sanger sequencing by Functional Biosciences or Oxford Nanopore

sequencing by Plasmidsaurus.

Construction of replicative expression vectors

Details for construction of expression vectors are listed under “Construction/notes” for
corresponding vectors (Table 4.2). Briefly, base replicative expression plasmid construction was
performed using HiFi assembly with: (i) p15A origin of replication and oriT from pJMP3262, (ii)
pWH1266 origin of replication from pJMP3347, (iii) pTrc99a plasmid base including lac/ and MCS
from pJMP3067, and (iv) kanR marker from pJMP3341 to create plasmid pJMP3649. To swap the
promoters, pJMP3649 was cut with Aatll and Ncol enzymes and HiFi assembled with gblocks
containing the desired promoters, to create plasmids pJMP3651 (Passt, kanR) and pJMP3653 (Papstar,

kanR). To swap the resistance markers, pJMP3653 was cut with Xhol enzyme and HiFi assembled
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with gblocks containing the desired resistance markers, to create plasmids pJMP3664 (Passisr, aprR)
and pJMP3665 (P.ssisr, hygR). To test expression of genes from these vectors, the kanR versions of
the vectors with Py, Papst, and Papstsr (PJIMP3649, pJMP3651, and pJMP3653, respectively) were cut
with Ncol and BamHI enzymes and HiFi assembled with the sfgfp gene amplified from pJMP2748 to

create plasmids pJMP3650, pJMP3652, and pJMP3654.

Construction of Papsisr

Site-directed mutagenesis of the P, promoter was performed by single-primer high-fidelity
Phusion PCR using pJMP3407 and 0JMP2167. The PCR product was treated with Dpnl,
electroporated into sJMP3053, and selected on kan to make plasmid pJMP4481 containing the

P.bstsr promoter. The mutation was verified by whole-plasmid sequencing with Plasmidsaurus.

Conjugative-based transfer of expression vectors

Replicative vector: Donor Dap™ E. coli mating strain containing desired replicative expression vector
and recipient strain (A. baumannii or E. coli) were both scraped off an agar plate into LB at OD600 of
~3. Strains were mixed at equal ratios, placed on a 0.45 ym filter on an LB plate, and incubated
upright at 37°C for ~3 hrs. Filters were vortexed in LB media to remove cells and plated onto LB

plates supplemented with appropriate antibiotic.

Tn7 integrating vector: Conjugation was performed similarly to above, except with the addition of a
donor Dap™ E. coli strain carrying a Tn7 transposase plasmid (tri-parental mating) for E. coli, A.
baumannii ATCC 17978, and AB5075 strains. For A. baumannii ATCC 19606, quad-parental mating
was performed, using an additional Dap” donor E. coli strain (sJMP4061) harboring a helper plasmid
that contains extra mating machinery to improve efficiency. Tn7 matings were performed for ~4 hrs

before plating on LB plates supplemented with appropriate antibiotic.
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Ten-fold serial dilutions were spotted (10 puL) on LB and LB with antibiotic. Transfer efficiencies were
calculated as transformants or transconjugants (colony forming units or CFUs on selective plates)

divided by total cells (CFUs on LB only).

Promoter activity assays

Promoter activities were assayed using the sfGFP expression vectors. Promoter-sfgfp or empty
vector strains were grown to saturation in LB supplemented with appropriate antibiotic and IPTG
inducer, washed several times with 1xPBS to remove all media, and GFP fluorescence and ODsgq
were measured in a Tecan Infinite Mplex plate reader. Values were normalized to ODeo readings and

were background-subtracted using empty vector cells.

Flow cytometry

Cells containing either a Psisr-Sfgfp vector or empty vector control were grown in LB supplemented
with kan and varying concentrations of IPTG to saturation overnight in tubes. Cells were
formaldehyde fixed, washed, and resuspended in 1xPBS. GFP fluorescence was measured by flow
cytometry on a LSR Fortessa instrument (BD Biosciences) at 100,000 events/sample. Data were
analyzed in FlowJo (FlowJo, LLC) using singlet gates and dead cell or debris exclusion gates, as

previously described (54).

Data availability

Plasmids and their sequences are available from Addgene under accession humbers 222348-

222357. R code for data analysis and graphs can be found at https://github.com/jasonpeterslab/.

Data available on request.
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Strain name Description’ Source
sJMP3053 Escherichia coli (derived from BW25141) pir+, recAl cloning strain Ward et al. (27)
with anti-CRISPR (attTn7::acrllA4); A(araD-araB)567,
AlacZ4787(::rrnB-3), A(phoB-phoR)580, |-, galU95, AuidA3::pir+,
recA1, endA9(del-ins)::FRT, rph-1, A(rhaD-rhaB)568, hsdR514,
attTn7::acrllA4
sJMP3075 Escherichia coliMG1655 wild type (sJIMP163, CAG80011) Carol Gross, UCSF
sJMP3076 Escherichia coliBW25113 (sJMP6, CAG74538); F-, A(araD- Carol Gross, UCSF
araB)567, AlacZ4787(::rrnB-3), A-, rph-1, A(rhaD-rhaB)568, hsdR514
sJMP3257 Escherichia coli (derived from WM6026) pir+, dap- mating strain Banta et al. (55)
with anti-CRISPR (attTn7::acrllA4); laclq, rrnB3, DElacZ4787,
hsdR514, DE(araBAD)567, DE(rhaBAD)568, rph-1 att-
lambda::pAE12-del (oriR6K/cat::frt5), del 4229(dapA)::frt(DAP-),
del(endA)::frt, uidA(delMLlul)::pir(wt), attHK::pJK1006::del1/2(del
oriR6K-cat::frt5, del trfA::frt), attTn7::acrllA4
sIMP3261 Escherichia coli sIMP3257 mating strain with plasmid pTn7C1 Banta et al. (55)
(pJMP1039) transposase expression; ampR, dap-
sJMP3329 Acinetobacter baumannii ATCC 19606 WT ATCC
sJMP3348 Acinetobacter baumannii ATCC 17978 WT ATCC
sJMP3518 Acinetobacter baumannii AB5075 WT Colin Manoil, UW
sJMP3683 E. coli sIMP3257 mating strain with plasmid pJMP3649 (Ptrc EV); this study
kanR, dap-
sJMP3684 E. coli sJIMP3257 mating strain with plasmid pJMP3650 (Ptrc sfGFP); this study
kanR, dap-
sJMP3685 E. coli sIMP3257 mating strain with plasmid pJMP3651 (Pabst EV); this study
kanR, dap-
sJMP3686 E. coli sIMP3257 mating strain with plasmid pJMP3652 (Pabst this study
sfGFP); kanR, dap-
sJMP3687 E. coli sIMP3257 mating strain with plasmid pJMP3653 (PabstBREV this study
kan); kanR, dap-
sJMP3688 E. coli sIMP3257 mating strain with plasmid pJMP3654 (PabstBR this study
sfGFP kan); kanR, dap-
sJMP3689 E. coli sJIMP3257 mating strain with plasmid pJMP3664 (PabstBREV  this study

apr); aprR, dap-
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sJMP3690 E. coli sIMP3257 mating strain with plasmid pJMP3666 (PabstBR this study
sfGFP apr); aprR, dap-

sJMP3691 E. coli sIMP3257 mating strain with plasmid pJMP3665 (PabstBREV this study
hyg); hygR, dap-

sJMP3692 E. coli sIMP3257 mating strain with plasmid pJMP3667 (PabstBR this study
sfGFP hyg); hygR, dap-

sJMP3715 A. baumannii 17978 (sJMP3348) with plasmid pJMP3649 (Ptrc EV); this study
kanR

sJMP3716 A. baumannii 17978 (sJMP3348) with plasmid pJMP3650 (Ptrc this study
sfGFP); kanR

sJMP3717 A. baumannii 17978 (sJMP3348) with plasmid pJMP3651 (Pabst EV); this study
kanR

sJMP3718 A. baumannii 17978 (sJMP3348) with plasmid pJMP3652 (Pabst this study
sfGFP); kanR

sJMP3719 A. baumannii 17978 (sJMP3348) with plasmid pJMP3653 (PabstBR this study
EV); kanR

sJMP3720 A. baumannii 17978 (sJMP3348) with plasmid pJMP3654 (PabstBR this study
sfGFP); kanR

sJMP3721 A. baumannii 19606 (sJMP3329) with plasmid pJMP3664 (PabstBR this study
EV); aprR

sJMP3722 A. baumannii 19606 (sJMP3329) with plasmid pJMP3666 (PabstBR this study
sfGFP); aprR

sJMP3725 A. baumannii AB5075 (sJMP3518) with plasmid pJMP3665 (PabstBR  this study
EV); hygR

sJMP3726 A. baumannii AB5075 (sJMP3518) with plasmid pJMP3667 (PabstBR this study
sfGFP); hygR

sJMP3733 E. coliBW25113 (sJMP3076) with plasmid pJMP3653 (PabstBR EV); this study
kanR

sJMP3734 E. coliBW25113 (sJMP3076) with plasmid pJMP3654 (PabstBR this study
sfGFP); kanR

sJMP3844 A. baumannii 17978 (sJMP3348) with attTn7::PrpoE-mRFP reporter this study
(Tn7 from pJMP3748; rpoE promoter sequence from E. coli), aprR

sJMP3845 E. coli (sJMP3075) with attTn7::PrpoE-mRFP reporter (Tn7 from this study

pJMP3748; rpoE promoter sequence from E. coli), aprR
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sJMP4061 E. coli mating strain with helper plasmid pEVS104 (sJMP2935; Ward et al. (27)
helper strain); kanR, dap-

sJMP12051 A. baumannii 17978 (sJMP3348) with attTn7::PabstBR-sfGFP (Tn7 this study
from pJMP12049); aprR

sJMP12053 A. baumannii 17978 (sJMP3348) with attTn7::PabstBR-empty (Tn7 this study
from pJMP12042); aprR

sJMP12055 A. baumannii 19606 (sJMP3329) with attTn7::PabstBR-sfGFP (Tn7 this study
from pJMP12049); aprR

sJMP12057 A. baumannii 19606 (sJMP3329) with attTn7::PabstBR-empty (Tn7 this study
from pJMP12042); aprR

sJMP12059 E. coliBW25113 (sJMP3076) with attTn7::PabstBR-sfGFP (Tn7 from this study
pJMP12049); aprR

sJMP12061 E. coliBW25113 (sJMP3076) with attTn7::PabstBR-empty (Tn7 from  this study
pJMP12042); aprR

sJMP12063 E. coli sIMP3257 mating strain with plasmid pJMP12042 (Tn7 this study
PabstBR EV); ampR, aprR, dap-

sJMP12065 E. coli sIMP3257 mating strain with plasmid pJMP12049 (Tn7 this study
PabstBR sfGFP); ampR, aprR, dap-

sJMP12070 E. coli mating strain with plasmid pJMP3853 (PabstBR RpoE OE this study
vector); kanR, dap-

sJMP12074 A. baumannii 17978 (sJMP3348) with attTn7::PrpoE-mRFP reporter this study
(Tn7 from pJMP3748; rpoE promoter sequence from E. coli) and
rpoE OE vector (pJMP3853), aprR, kanR

sJMP12076 E. coli (sJMP3075) with attTn7::PrpoE-mRFP reporter (Tn7 from this study
pJMP3748; rpoE promoter sequence from E. coli) and rpoE OE
vector (pJMP3853), aprR, kanR

sJMP12083 A. baumannii AB5075 (sJMP3518) with attTn7::PabstBR-empty (Tn7  this study
from pJMP12042); aprR

sJMP12085 A. baumannii AB5075 (sJMP3518) with attTn7::PabstBR-sfGFP (Tn7 this study

from pJMP12049); aprR

TampR, ampicillin resistant; aprR, apramycin resistant; kanR, kanamycin resistant; hygR, hygromycin
resistant; dap-, requires diaminopimelic acid.
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Plasmid # Description Construction/notes’ Source
pJMP0631 Tiny Tn7 vector pTinyTn7 plasmid, R6k ori vector with Tn7 transposon Hall et al.
with kanR cassette; ampR, kanR (56)
pJMP1039 pTn7C1 Tn7 transposase expression; ampR Peters et al.
9),
Addgene:
119239
pJMP2748  vector that sfGFP is on this vector for amplification; ampR, gentR Ward et al.
contains GFP (27)
pJMP3067 pTrc99a pTrc99a expression plasmid, pBR322 ori expression Rhodius et
vector containing IPTG-inducible trc promoter; ampR al. (49)
pJMP3262 pJQ200SK with pJQ200SK, gent-sacB vector containing E. coli p15A Quandt et
p15A ori origin of replication; gentR al. (57),
Addgene:
78497
pJMP3341 Tiny Tn7 with Tiny-Tn7 plasmid; HiFi assembly to delete Ncol sites from this study
Ncol site pJMP631 with 01255/1258 and 01256/1257 amplified
removed from pJMP631; ampR, kanR
pJMP3347 pSGAb-km with plasmid containing pWH1266 A. baumannii origin of Wang et al.
pPWH1266 ori replication; kanR (58),
Addgene:
121999
pJMP3352 Old Ptrc-EV overexpression plasmid containing pTrc99a expression this study
expression system, E. coli R6K gamma origin, A. baumannii
vector, R6k pWH1266 origin; (requires pir to replicate in E. coli); kanR
version
pJMP3361 Old Ptrc-GFP overexpression plasmid containing Ptrc promoter this study
expression expressing GFP, E, coli R6K gamma origin, A. baumannii
vector, R6k pWH1266 origin; HiFi assembled sfGFP gene amplified
version from pJMP2748 with 0JMP1253/0MP1254 into pJMP3352
cut with Ncol/BamHlI; (requires pir to replicate in E. coli);
kanR
pJMP3407 Old Pabst-EV overexpression plasmid containing Pabst promoter, E. this study
expression coli R6K ori, A. baumannii pWH1266 ori; constructed by
vector, R6k PCR amplifying pJMP3352 with 0JMP2040 and
version 0JMP2041, and HiFi assembling with gblock 0JMP2039
and pJMP3352 digested with EcoRlI (used larger piece
from digest via gel purification); (requires pir to replicate
in E. coli); kanR
pJMP3434  Old Pabst-GFP overexpression plasmid containing Pabst promoter this study

expression
vector, R6k
version

expressing GFP, E. coli R6K gamma origin, A. baumannii
pWH1266 origin; HiFi assembled sfGFP gene amplified
from pJMP2748 with 0JMP1253/0MP1254 into pJMP3407
cut with Ncol/BamHlI; (requires pir to replicate in E. coli);
kanR
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pJMP3649 Ptrc EV kan - Ptrc OE empty vector with p15A(ACYC) and pWH1266 this study
replicative vector  origins; constructed by digesting pJMP3352 with
used in this study Ascl/Pmel, and HiFi assembling with PCR product of
0JMP2134 and 0JMP2135 amplified from pJQ200SK;
kanR
pJMP3650 Ptrc GFP kan - Ptrc-GFP expression vector with p15A(ACYC) and this study
replicative vector pWH1266 origins; constructed by digesting pJMP3361
used in this study with Ascl/Pmel, and HiFi assembling with PCR product of
0JMP2134 and 0JMP2135 amplified from pJQ200SK;
kanR
pJMP3651 Pabst EV kan - Pabst OE empty vector with p15A(ACYC) and pWH1266 this study
replicative vector  origins; constructed by digesting pJMP3407 with
used in this study Ascl/Pmel, and HiFi assembling with PCR product of
0JMP2134 and 0JMP2135 amplified from pJQ200SK;
kanR
pJMP3652 Pabst GFP kan - Pabst-GFP expression vector with p15A(ACYC) and this study
replicative vector pWH1266 origins; constructed by digesting pJMP3434
used in this study with Ascl/Pmel, and HiFi assembling with PCR product of
0JMP2134 and 0JMP2135 amplified from pJQ200SK;
kanR
pJMP3653 PabstBREV kan- PabstBR OE empty vector with p15A(ACYC) and this study,
replicative vector pWH1266 origins; constructed by digesting pJMP4481 Addgene:
used in this study with Ascl/Pmel, and HiFi assembling with PCR productof 222348
0JMP2134 and 0JMP2135 amplified from pJQ200SK;
kanR
pJMP3654 PabstBR GFP kan PabstBR-GFP expression vector with p15A(ACYC) and this study,
- replicative pWH1266 origins; constructed by digesting pJMP4491 Addgene:
vector used in with Ascl/Pmel, and HiFi assembling with PCR product of 222349
this study 0JMP2134 and 0JMP2135 amplified from pJQ200SK;
kanR
pJMP3664 PabstBREV apr-  Apramycin version of pJMP3653 (PabstBR-empty vector); this study,
replicative vector  digested pJMP3653 with Xhol, HiFi assembled with Addgene:
used in this study gblock 0JMP1946; aprR 222350
pJMP3665 PabstBREV hyg-  Hygromycin version of pJMP3653 (PabstBR-empty this study,
replicative vector  vector); digested pJMP3653 with Xhol, HiFi assembled Addgene:
used in this study with gblock 0JMP2117; hygR 222351
pJMP3666 PabstBR GFP apr Apramycin version of pJMP3654 (PabstBR-empty vector); this study,
- replicative digested pJMP3654 with Xhol, HiFi assembled with Addgene:
vector used in gblock 0JMP1946; aprR 222352
this study
pJMP3667 PabstBR GFP hyg Hygromycin version of pJMP3654 (PabstBR-empty this study,
- replicative vector); digested pJMP3654 with Xhol, HiFi assembled Addgene:
vector used in with gblock 0JMP2117; hygR 222353
this study
pJMP3748  Tn7 PrpoE-mRFP Integrative expression vector with PrpoE-mRFP reporter this study
reporter vector on Tn7 transposon; derived from pJMP8602 by adding
PrpoE in front of mRFP reporter using oligos 0JMP2369
and 0JMP2370; ampR, aprR
pJMP3853 PabstBR rpoE OE PabstBR-RpoE expression vector, parent pJMP3653; HiFi  this study
vector kan assembled rpoE gene amplified from E. coli sIMP3075
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pJMP4003 PEVS104 helper pEVS104(R6K ori, KanR, Tra+); kanR Stabb and
plasmid Ruby (59)
pJMP4481 Old PabstBR-EV Overexpression plasmid containing PabstBR promoter, E.  this study
expression coli R6K ori, A. baumannii pWH1266 ori; constructed by
vector, R6k site-directed mutagenesis using pJMP3407 and
version 0JMP2167; (requires pir to replicate in E. coli); kanR
pJMP4491 Old PabstBR- Overexpression plasmid containing PabstBR promoter this study
GFP expression expressing GFP, E. coli R6K gamma origin, A. baumannii
vector, R6k pWH1266 origin; HiFi assembled sfGFP gene amplified
version from pJMP2748 with 0JMP1253/0MP1254 into pJMP4481
cut with Ncol/BamHlI; (requires pir to replicate in E. coli);
kanR
pJMP8602 Old vector Tn7 expression vector with mRFP reporter on Tn7 Hall et al.
containing Tn7 transposon; kanR (56)
base
pJMP12042 Tn7 PabstBR EV Integrative expression vector with PabstBR empty vector this study,
apr - integrative on Tn7 transposon; constructed by amplifying pJMP3653  Addgene:
vector used in with 0JMP2539 and 0JMP2540, pJMP8602 with 0JMP2541 222354
this study and 0JMP2542, pJMP3352 with 0JMP2543 and 0JMP2544,
and HiFi assembling with pJMP3539 digested with
Spel/Notl; ampR, aprR
pJMP12049 Tn7 PabstBR GFP Integrative expression vector with PabstBR-GFP on Tn7 this study,
apr - integrative transposon; constructed by digesting pJMP12042 with Addgene:
vector used in Ncol/BamHI, and HiFi assembling with PCR product of 222355
this study 0JMP1254 and 0JMP2078 amplified from pJMP2748;
ampR, aprR
pJMP12068 Tn7 PabstBR EV Kanamycin version of pJMP12042 (Tn7-PabstBR-empty this study,
kan - integrative vector); HiFi assembled PCR product of pJMP3653 with Addgene:
vector used in 0JMP0193 and 0JMP0194 into pJMP12042 digested with 222356
this study Xhol; ampR, kanR
pJMP12089 Tn7 PabstBR EV Hygromycin version of pJMP12042 (Th7-PabstBR-empty this study,
hyg - integrative vector); digested pJMP12042 with Xhol, HiFi assembled Addgene:
vector used in with gblock 0JMP2117; ampR, hygR 222357

this study

TampR, ampicillin resistant; aprR, apramycin resistant; gentR, gentamycin resistant; kanR, kanamycin

resistant
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Oligo #

Sequence (5’to 3’)

Usage

0JMP0193

TCCTGAACGGCCATAAGAAC

amplifying kanR marker for
swapping A

0JMP0194

GAGCGCTTTTGAAGCTGATG

amplifying kanR marker for
swapping B

0JMP1253

CGGATAACAATTTCACACAGGAAACAGACCATGAGCAAAGGAGA
AGAACT

amplify GFP A

0JMP1254

TGCATGCCTGCAGGTCGACTCTAGAGGATCTTTGTAGAGCTCATC
CATGC

amplify GFP B

0JMP1255

TTCGGCAAGCAGGCATCGCCGTGGGTCACGACGAGATCCT

remove Ncol sites from
pJMP631 A

0JMP1256

GAGGATCTCGTCGTGACCCACGGCGATGCCTGCTTGCCGA

remove Ncol sites from
pJMP631 C

0JMP1257

CTGACATGGGAATTAGCCACGGCATCACAGTATCGTGATG

remove Ncol sites from
pJMP631 D

0JMP1258

ATCACGATACTGTGATGCCGTGGCTAATTCCCATGTCAGC

remove Ncol sites from
pJMP631 B

0JMP1946

TCCTGAACGGCCATAAGAACGAAGGCTGTCTGTTGAACTCTCGA
GCCTTGTCGCCTTGCGTATAATATTTGCTCATGGACGCACACCGT
GGAAACGGATGAAGGCACGAACCCAGTTGACATAAGCCTGTTCG
GTTCGTAAACTGTAATGCAAGTAGCGTATGCGCTCACGCAACTGG
TCCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGG
CGGTTTTCATGGCTTGTTATGACTGTTTTTTCGTACAGTCTATGCCTC
GGGCATCCAAGCAGCAAGCGCGTTACGCCGTGGGTCGATGTTT
GATGTTATGGAGCAGCAACGATGTCATCAGCGGTGGAGTGCAATG
TCGTGCAATACGAATGGCGAAAAGCCGAGCTGATCGGTCAGCTT
CTCAACCTTGGGGTTACCCCCGGCGGTGTGCTGCTGGTCCACA
GCTCCTTCCGTAGCGTCCGGCCCCTCGAAGATGGGCCACTTGG
ACTGATCGAGGCCCTGCGTGCTGCACTGGGTCCGGGAGGGAC
GCTCGTCATGCCATCGTGGTCAGGTCTGGACGACGAGCCGTTCG
ATCCTGCCACGTCGCCCGTTACACCGGACCTTGGAGTTGTCTCT
GACACATTCTGGCGTCTGCCAAATGTAAAGCGCAGCGCCCATCC
ATTTGCCTTTGCGGCAGCGGGGCCACAGGCAGAGCAGATCATC
TCTGATCCATTGCCCCTGCCACCTCACTCGCCTGCAAGCCCGGT
CGCCCGTGTCCATGAACTCGATGGGCAGGTACTTCTCCTCGGCG
TGGGACACGATGCCAACACGACGCTGCATCTTGCCGAGTTGATG
GCAAAGGTTCCCTATGGGGTGCCGAGACACTGCACCATTCTTCA
GGATGGCAAGTTGGTACGTGTCGATTATCTGGAGAATGACCACTG
CTGTGAGCGCTTTGCCTTGGCGGACAGGTGGCTCAAGGAGAAC
AGCCTTCAGAAGGAAGGTCCAGTCGGTCATGCCTTTGCTCGGTT
GATCCGCTCCCGCGACATTGTGGCGACAGCCCTGGGTCAACTG
GGCCGAGATCCGTTGATCTTCCTGCATCCGCCAGAGGCGGGAT
GCGAAGAATGCGATGCCGCTCGCCAGTCGATTGGCTAACAATTC
GTTCAAGCCGAGATCTCGAGCATCAGCTTCAAAAGCGCTC

apramycin (aprR) gblock

0JMP2039

AGCCATCGGAAGCTGTGGTATGGCTGTGCAGGTCGTAAAGACGT
CTCATTAATCAGATAAAATATTATAAATGTGAGCGGATAACAAGATAC
TGAGCACATCAGCAGCACACAGGAAACAGACCATGGAATTCGAG
CTCGGTACCCGGGGATCCTCTAGAGTCGACC

making Pabst replicative
vector gblock



0JMP2040

TGATACCTCTGGCTCAGCG
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making Pabst replicative
vector A

0JMP2041

TTTACGACCTGCACAGCCAT

making Pabst replicative
vector B

0JMP2117

TCCTGAACGGCCATAAGAACGAAGGCTGTCTGTTGAACTCTCGA
GCCTTGTCGCCTTGCGTATAATATTTGCTCATGGACGCACACCGT
GGAAACGGATGAAGGCACGAACCCAGTTGACATAAGCCTGTTCG
GTTCGTAAACTGTAATGCAAGTAGCGTATGCGCTCACGCAACTGG
TCCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGG
CGGTTTTCATGGCTTGTTATGACTGTTTTTTCGTACAGTCTATGCCTC
GGGCATCCAAGCAGCAAGCGCGTTACGCCGTGGGTCGATGTTT
GATGTTATGGAGCAGCAACGATGACCCAAGAAAGCCTGCTGCTG
CTGGATCGTATTGATAGTGATGATAGCTATGCAAGCCTGCGCAATG
ATCAAGAATTTTGGGAACCGCTGGCACGTCGTGCACTGGAAGAA
CTGGGTCTGCCGGTTCCGCCTGTTCTGCGTGTTCCGGGTGAAAG
CACCAATCCGGTTCTGGTTGGTGAACCTGATCCTGTTATTAAACTG
TTTGGTGAACATTGGTGTGGTCCGGAAAGCCTGGCAAGCGAAAG
CGAAGCCTATGCAGTTCTGGCAGATGCACCGGTTCCGGTTCCTC
GTCTGTTAGGTCGTGGTGAACTGCGTCCTGGTACAGGTGCATGGC
CGTGGCCGTATCTGGTTATGAGCCGTATGACCGGCACCACCTGG
CGTAGCGCAATGGATGGCACCACCGATCGTAATGCACTGCTGGC
ACTGGCACGTGAACTGGGACGTGTTCTGGGTCGTCTGCATCGTGT
TCCGCTGACCGGTAATACCGTTCTGACACCGCATAGCGAAGTTTT
TCCGGAACTGCTGCGTGAACGTCGTGCCGCAACCGTTGAAGATC
ATCGTGGTTGGGGTTATCTGAGTCCGCGTCTGCTGGACCGTCTGG
AAGATTGGCTGCCGGATGTTGATACCCTGCTGGCAGGTCGCGAA
CCGCGTTTTGTTCATGGTGATCTGCATGGCACCAACATTTTTGTTG
ATCTGGCAGCAACCGAAGTTACCGGTATTGTTGATTTCACCGATGT
TTATGCCGGTGATAGCCGTTATAGCCTGGTTCAGCTGCATCTGAAT
GCATTTCGTGGTGATCGTGAAATTCTGGCAGCCCTGCTGGATGGT
GCACAGTGGAAACGTACCGAAGATTTTGCCCGTGAACTGCTGGC
CTTTACCTTTCTGCATGATTTTGAAGTGTTTGAAGAAACACCGCTG
GATCTGAGCGGTTTTACCGATCCGGAAGAATTAGCACAGTTTCTGT
GGGGTCCGCCTGATACCGCACCGGGTGCATAATAACAATTCGTT
CAAGCCGAGATCTCGAGCATCAGCTTCAAAAGCGCTC

hygromycin (hygR) gblock

0JMP2134

GCCTTCCGTTTGGGCCTAGAATTCCGGTTTAACAGGGAAGTGAGA
GGGC

swappingto p15Aori A

0JMP2135

TGGCTTGCAGCCCTTATGTCCTCAGGCGCGCACAAAACAGCAG
GGAAGC

swappingto p15Aori B

0JMP2167

CAAGAAGATCATCTTATTAATCAGATAAAATATTGACAATGTGAGCG
GATAACAAG

making PabstBR
Quikchange primer

0JMP2369

CTAGAAACAAAAACAGATGCGTTACGGAACTTTACAAAAACGAGA
CACTCTAACCCTTTG

PrpoE cloning A

0JMP2370

TCGTCAAAGGGTTAGAGTGTCTCGTTTTTGTAAAGTTCCGTAACGC
ATCTGTTTTTGTTT

PrpoE cloning B

0JMP2539

CACGCCGCTTTTTTTACGTCTGCAGACTAGTCAGGCAGCCATCG
GAAGCT

amplify MCS A

0JMP2540

TGTCGACTAGGCCATGATGCTCATTCTGTGAAAAGGCCATCCGTC
AGGAT

amplify MCS B

0JMP2541

CACAGAATGAGCATCATGGC

amplify Tn7 cassette A

0JMP2542

GGGTCAGTGAGCGAGGAAG

amplify Tn7 cassette B
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0JMP2543  TTTAAAACTTCATTTTTAATTTTTGCGGCCGATCTGAAGATCAGCAG  amplify R6k and oriT A
TTC

0JMP2544  GGGCTCTTCCGCTTCCTCGCTCACTGACCCTATCAGAGCTTATCG amplify Rék and oriT B
GCCAG
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Figure 4.S1. Conjugation and transposition efficiencies. (A) Dot plot of conjugation efficiency of
the replicative vector to the recipient strain (A. baumannii ATCC 17978 or E. coli BW25113) after ~3-
hour incubations. Bars represent mean efficiencies (n=3 biological replicates). Dashed line is
drawn at the limit of detection, defined by the maximum number of colony-forming units (CFUs)
observed on non-selective plates in each experiment. (B) Dot plot showing transposition efficiency
of the Tn7 transposon into the attn site of A. baumannii ATCC 17978 or E. coli BW25113 after ~4-
hour incubation with donor strains, one carrying the Tn7 transposon vector and another carrying the
Tn7 transposase vector. Bars represent mean efficiencies (n=3 biological replicates); dashed line
shows limit of detection. (C) Table showing instances of carbenicillin-resistant (CarbR)

transconjugants of 40 isolates tested for Tn7 co-integrates in A. baumannii and E. coli.
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Figure 4.51
A Plasmid transfer - biparental mating B Tn7 integration - triparental mating
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Figure 4.S2. Titration of P..s:sr €xpression. Expression from (A) the replicative plasmid vector or (B)
the Tn7 transposon. Plots shown are normalized sfGFP levels expressed from Ppsisr across IPTG
concentrations for A. baumannii ATCC 19606 and A. baumannii AB5075. Error bars represent
standard deviation (n=3 biological replicates for replicative vector, n=6 biological replicates for Tn7

transposon).
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Figure 4.S2
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CHAPTER 5

Chapter for the Public: A Journey through the Genetics of a Drug-Resistant Bacterium

| wrote this chapter as part of the Wisconsin Initiative for Science Literacy Award for

Communicating PhD Research to the Public.
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Introduction

As graduate students and scientists, we are traditionally trained to communicate primarily with other
experts in our field, focusing on a niche audience. As a result, academic research can sometimes be
insular, with researchers working in isolation within very specialized areas. However, to truly advance
science, solve complex problems, and create meaningful real-world change, we need to break out of
these silos and engage with diverse perspectives and disciplines. Clear communication not only
inspires collaboration but also encourages more people to join and support science, contributing to

a better and more inclusive scientific future.

My goal for this chapter is to share my six years of graduate work with the people in my life and
beyond, who come from all walks of life, and hopefully spark an interest in microbiology. Many of

these people may not consider themselves scientists but have the potential to be, or already are.

I’'m thankful for the Wisconsin Initiative for Science Literacy (WISL) and Professor Bassam
Shakhashiri, for giving me the opportunity to write this chapter, and Cayce Osborne and Elizabeth

Reynolds for their writing guidance and editing assistance.
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Discovering the World of Superbugs

While working towards my undergraduate degree in Biochemistry and Genetics at Texas A&M
University, | had the opportunity to perform research in the lab of Dr. Ry Young. People often equate
viruses and bacteria when thinking about infectious diseases, but my undergraduate research taught
me that there are distinct differences. Bacteria, like E. coli or Salmonella, are single-celled
microorganisms that can live, survive, and multiply independently. In contrast, viruses, like those
causing the flu or common cold, require a host to infect. They hijack host cell machinery to multiply
and eventually escape back into the environment to reinfect others. In the Young lab, | studied viruses
that only infect bacteria, called bacteriophages or ‘phages’ for short. During my time there, members
of the lab were asked to isolate phages as an experimental treatment for a patient with an
immediately life-threatening bacterial infection that was unresponsive to any antibiotics or

treatments. These phages targeted and

killed the bacteria causing the infection
bacteriophage

and helped save the patient’s life.”

This experience was my first real
exposure to superbugs—disease-
causing bacteria resistant to all known
antibiotics that pose a significant threat

to global public health. These

virus pathogens have evolved to withstand
Figure 5.1 A bacterium and viruses to scale compared to ared
blood cell. Bacteria are typically 1-5 micrometers, or microns, in

length, where viruses are typically 0.02-0.5 microns. Red blood
cellsin Comparison are ~25 microns. treatments ineffective and leading to

multiple antibiotics, rendering standard

11, Steffanie A. Strathdee, Teresa Barker, and Thomas L. Patterson, The Perfect Predator: A Scientist’s Race to Save Her
Husband from a Deadly Superbug: A Memoir (New York, NY: Hachette Books, 2020).
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persistent, hard-to-treat infections. The overuse and
misuse of antibiotics have accelerated this resistance,
resulting in bacteria that are nearly impossible to treat with
existing drugs. According to the World Health Organization

(WHO), antibiotic resistance is one of the biggest threats to

2

global health, food security, and development today.

Figure 5.2 A cartoon of a superbug.This ) ] ]
bacterium is depicted as super-resistant ~ Superbug infections can cause severe illness, longer

to antibiotic treatment.
hospital stays, increased mortality rates, and higher

healthcare costs. The rise of superbugs underscores the urgent need for new antibiotics and

innovative treatment strategies to combat these resilient pathogens and safeguard public health.

| was inspired by my time in the Young Lab to pursue a PhD in Microbiology and further study these
superbugs and their genetics. My thesis work in Dr. Jason Peters’ lab, here at the University of
Wisconsin-Madison, focuses on Acinetobacter baumannii or A. baumannii—the same bacteria that
caused that deadly infection treated with Young Lab phages. By studying A. baumannii genetics and

physiology and how it responds to antibiotics, our lab hopes to eventually develop better treatments.

The Good, The Bad, and The Neutral Bacteria: Where does A. baumannii fit in?

Not all bacteria are harmful. ‘Good’ bacteria in our intestines aid in digesting foods, producing
vitamins, and even protecting us from infectious bacteria. Soil and compost bacteria help break
down leaf litter and waste, while others help plants get nutrients by growing in their roots. These

microorganisms are everywhere and play important roles in human health, agriculture, and more.

2World Health Organization. WHO bacterial priority pathogens list, 2024: Bacterial pathogens of public health importance
to guide research, development and strategies to prevent and control antimicrobial resistance. World Health
Organization, 2024.
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In contrast, some bacteria are ‘neutral’ and free-living in the environment, not designed for human
infection or benefit. Yet, these neutral bacteria can sometimes cause serious infections in
individuals with weakened immune systems—these are known as opportunistic pathogens.® A.
baumannii is one such pathogen. It can take advantage of the weakened defenses of
immunocompromised individuals, such as those undergoing chemotherapy, patients with serious
wounds or illnesses, or patients with chronic autoimmune diseases. Infections caused by A.
baumannii can lead to severe conditions such as pneumonia, bloodstream infections (bacteremia),
and septic shock. Commonly found in soil and water, Acinetobacter species have evolved to grow
under avariety of conditions and protect themselves from harsh environments. This resilience makes

A. baumannii a formidable pathogen, particularly in healthcare settings where it can infect patients

Bacteria can be...
beneficial infectious/harmful neutral

Acinetobacter "

baumannii \" @€ opportunistic pathogens

Figure 5.3 Good, bad, and neutral bacteria. Depiction of beneficial or ‘good’ bacteria, infectious/harmful
bacteria, and bacteria which are typically neutral and do not benefit or infect other organisms. An arrow
depicts how opportunistic pathogens, which are typically neutral, can become infectious or harmful to
immunocompromised individuals. Acinetobacter baumannii is one of these opportunistic pathogens.

8 Wassenaar, Trudy M. 2012. Bacteria : The Benign, the Bad, and the Beautiful. Hoboken, N.J: Wiley-Blackwell.
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with weakened immune systems and survive on hospital surfaces for long periods without nutrients

or water.

Figure 5.4 Antibiotic resistance
mechanisms of A. baumannii. These
include efflux pumps (green) that pump out
antibiotics, proteins (yellow) that degrade or
break down antibiotics, and changes to the
target (pink) to prevent antibiotic binding.

The Challenge of Antibiotic Resistance

The difficulty in treating A. baumannii infections lies in its
remarkable ability to develop resistance to antibiotics.
Antibiotics typically work by targeting essential
processes that bacteria need to survive, like DNA
replication or production of the envelope that surrounds
and encapsulates the cell. However, A. baumannii has
evolved several mechanisms to evade these drugs. It can

produce molecules that degrade antibiotics, pump out

antibiotics before they can take effect, and alter its cellular targets to reduce drug binding. These

survival tactics, coupled with its ability to acquire antibiotic resistance genes from other bacteria,

have led to the emergence of multidrug-resistant superbug strains.*

Understanding the genetic and molecular basis of A. baumannii's resistance mechanisms is crucial

for developing new strategies to combat these infections. My research focuses specifically on genes

involved in those essential processes necessary for the bacteria to survive, which are often the target

for antibiotics. By pinpointing these essential genes, | hope to learn more about A. baumanniibiology,

find new ways to disrupt the bacteria’s defenses, and develop more effective treatments.

4 Kyriakidis, loannis, Eleni Vasileiou, Zoi Dorothea Pana, and Athanasios Tragiannidis. 2021. “Acinetobacter Baumannii
Antibiotic Resistance Mechanisms.” Pathogens 10 (3): 373. https://doi.org/10.3390/pathogens10030373.
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The Scientist’s Toolkit: how (and why) do we study A. baumannii genetics?

To understand and combat superbugs like A. baumannii, researchers use a variety of techniques
from genetics and molecular biology - like DNA sequencing to determine the genetic code, PCR
(Polymerase Chain Reaction) to amplify specific DNA segments, and gene cloning to introduce DNA
copies or new DNA into a cell. We can use these techniques to create bacterial mutants that have
undergone changes or mutations in their DNA, which allow us to study how specific genes contribute

to A. baumannii’s ability to cause disease, survive in hostile environments, or resist antibiotics.

DNA RNA proteins

— > gene
_> ) product

transcription translation \ p,
(RNA polymerase) (ribosomes)

Figure 5.5 The Central Dogma of Biology. This illustrates the flow of genetic information within a biological
system, where DNA or genetic material is transcribed by RNA polymerase into RNA, which is then translated
by ribosomes into large molecules called proteins that perform functions in the cell. Changing or mutating
the DNA affects everything downstream, causing cellular differences that can be seen or measured.

In the lab, my colleagues and | use additional CRISPR tools to create A. baumannii essential gene
mutants. CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats, after the DNA
sequences that first pointed scientists to this naturally occurring system) is a revolutionary genetic
engineering tool that allows scientists to make precise changes to the DNA of living organisms. It
works like a pair of molecular scissors that can cut DNA at specific locations, allowing for the
addition, removal, or alteration of genetic material. However, because these genes are essential,

cutting them with CRISPR kills the bacteria, preventing further studies.
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CRISPRI, or CRISPR interference, is a variation of the CRISPR technique.® CRISPRi does not cut DNA
and is more like a broken pair of scissors. Imagine trying to cut paper with scissors that have blunt,
non-cutting blades. You can still ‘grab’ the paper, but you can't cut it. Similarly, CRISPRi uses a
modified version of the CRISPR system that binds to a gene without cutting the DNA. This method
blocks gene expression, lowering the number of gene products made, almost like a genetic dimmer
switch. This approach causes the bacterial cells to be sick but does not totally kill them when we
target essential genes, allowing us to conduct more experiments and learn more about essential

gene functions. We call these CRISPRi mutants “knockdowns.”

CRISPR tools Traditional CRISPR: knockout

Cas9 cuts
the DNA

+

target-specific guide sequence Cas9 protein

The gene no longer works.
This stretch of DNA can be replaced.

+ CRISPRi: knockdown
An inactive Cas9
(dCas9) sits on

the DNA but
cannot cut

The guide directs Cas9
to the gene with

the matching DNA

sequence

(101 00 W e T
N
O

target DNA

Most (but not all) production from
this gene is physically blocked

Figure 5.6 CRISPR tools. This involves a guide RNA and the protein Cas9. We can engineer the guide
sequence to match any DNA target of interest. The guide will direct Cas9 to matching sequences, where it will
cut the DNA and inactivate genes. In some systems, new DNA sequences can be inserted. In our
experiments, using normal CRISPR would kill the bacteria we want to study. Instead, we use CRISPRi, which
uses a deactivated Cas9 (dCas9). Instead of cutting, this dCas9 will sit on the DNA and block transcription of
the gene.

5 Qi, Lei S., Matthew H. Larson, Luke A. Gilbert, Jennifer A. Doudna, Jonathan S. Weissman, Adam P. Arkin, and Wendell A.
Lim. 2013. “Repurposing CRISPR as an RNA-Guided Platform for Sequence-Specific Control of Gene Expression.” Cell
152 (5): 1173-83. https://doi.org/10.1016/j.cell.2013.02.022.
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| teamed up with other members of our lab to use CRISPRi to make a pooled collection of A.
baumannii mutants, each with a different essential gene knocked down. This collection, known as a
genetic ‘library’, allows us to study over 400 genes at once. By observing how well these mutants
grow, we could identify which genes are crucial for the bacteria's survival. For example, if a mutant
grows poorly or dies, it suggests that the gene we knocked down isimportant for the bacteria to thrive.
Additionally, by treating the library with antibiotics, we can see which mutants are most affected. For
instance, if a particular mutant becomes more susceptible to penicillin-like drugs, it indicates that
the targeted gene plays a role in penicillin resistance. This helps us determine which genes are
specifically involved in antibiotic resistance and could be targeted by new drugs. Studying over 400
genes at once, in multiple

conditions, generates a A. baumannii essential gene knockdown library

activate CRISPRi
and grow

—

lot of scientific data!
While this data is a

treasure trove of genetic

information, | could not unique DNA sequence

for their CRISPRi guide

possibly study all of it in- J'

© @
O @ O Each mutant has a
@

Extract and sequence the unique

@
depth within a single PhD.
Instead, | focused on DNA region
some key findings from

v v

these experiments that | m Use the sequences to | 0 |

illsh h 10 count mutants. 100

Wit share here. 10 | Which have fewer copies 10
after turning on CRISPRi?

9

Figure 5.7 Experimental setup to find the essential genes most important
for A. baumannii survival. Our group looked for knockdowns that were the
most depleted after turning on the CRISPRiI system.
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Finding the best targets: the most vulnerable essential genes

For the first part of this project, our team grew the bacteria in our A. baumannii essential gene library,
turning on the CRISPRI system and incubating the mutants in culture tubes filled with nutrient-rich
liguid. We collected samples from before and after growth and used DNA sequencing to determine
the composition of mutants in our samples, looking for gene knockdowns that were sicker compared
to the other mutants in the mix. From this experiment, we discovered that A. baumannii cells became
very sick when we knocked down genes for tRNA synthetases, which are needed for the cell to
properly make proteins. Importantly, tRNA synthetases can be targeted with mupirocin, an antibiotic
not currently prescribed for A. baumannii infections. Although mupirocin is used for different
bacterialinfections, our data suggested it could potentially treat A. baumannii as well. Our team also

identified other genes that when targeted or knocked down also made A. baumannii sick.

Our team was surprised to find that the gene causing the largest and most significant growth defect
was unidentified, its function unknown despite its crucial role in the bacteria’s survival. Upon further
investigation into the gene, | discovered that it was a phage repressor. Phages - those bacterial
viruses | had studied in my undergraduate work - can have two lifestyles: a lytic lifestyle, where they
replicate and then burst the host cell to escape and reinfect, and a lysogenic lifestyle, where they
integrate their own DNA into the host’s and lie dormant until later. This phage repressor was part of
one of these lysogenic phages and was actively maintaining the phage’s dormant lifestyle.® Targeting
this phage repressor with CRISPRi caused the phage to switch to the lytic lifestyle, expressing toxic
genes that killed the host A. baumannii cells. Phages that target and stow away in A. baumannii are

surprisingly common, and this finding opens the door to discovering proteins produced by these

6 Britannica, T. Editors of Encyclopaedia. "bacteriophage." Encyclopedia Britannica, May 31, 2024.
https://www.britannica.com/science/bacteriophage.
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Figure 5.8 The two main lifestyles of bacteriophages. In the lytic cycle, phages infect bacteria, replicate,
and then burst open or lyse the host to release new phage progeny. This requires phages to carry genes that
can kill their bacterial host from the inside. Some phages have an alternate lifestyle known as lysogenic, in
which they integrate their DNA into the bacterial genome. They remain dormant and pass on as the bacteria
divides until they are triggered by DNA damage or other stress that causes them to switch lifestyles, like an
“eject” button. The phage repressor in our screen was keeping the phage infecting our A. baumannii strain in
the lysogenic lifestyle. By knocking it down, we essentially hit the “eject” button and killed the A. baumannii
host.

phages that are exceptionally good at killing A. baumannii. activate CRISPRI
and grow

Engineered versions of these proteins could potentially be /

used as future treatments for infection.

Genes in antibiotic resistance \

| then wanted to see how A. baumannii essential genes activate CRISPRi
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with antibiotics 2-'-

Figure 5.9 Genes in antibiotics. |
compare the library grown with
antibiotics to the library grown
without them to find genes
especially sensitive to antibiotics.

interact with antibiotics. To do this, | grew this library of A.
baumannii mutants again, but this time with low levels of

antibiotics added. | tested 45 different antibiotics in separate
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tubes, looking specifically for gene knockdowns that became sicker, or died, in antibiotics. This

would indicate that these genes are needed for drug resistance.

| discovered that knocking down genes involved in lipooligosaccharide (LOS) transport caused A.
baumannii to be sensitized to a wide array of antibiotics. LOS makes up the outermost layer of the
envelope that surrounds and protects A. baumannii cells. This LOS layer, the outer membrane, acts
as a crucial barrier, preventing harmful substances - like antibiotics — from entering the bacterial cell.

The LOS transport system functions like a shuttle, moving LOS from its production site inside the cell

Normal LOS transport Disrupted LOS transport
Normal cell envelope Weakened cell envelope

LOS transport
knocked down

5

rd

or targeted by
antibiotics

> W)
4.\\ //i-

outer membrane

outer membrane

inner membrane inner membrane

Figure 5.10 A. baumannii’s cell envelope, which separates the inside of the cell from the outside, has an
inner membrane and an outer membrane. The outer membrane contains LOS that forms a tight barrier to
antibiotics. These cartoons depict the cell envelope with normal LOS transport (left) or with disrupted LOS
transport (right). LOS is typically transported to the outer membrane by the LOS transport machinery (teal).
When LOS transport is knocked down or targeted with antibiotics, LOS builds up in the inner membrane and
inside the cell. The inner membrane is weakened by the unexpected backup of LOS, and the outer membrane
is missing its important outer component, allowing other antibiotics to pass through both barriers.



260

to its proper place in the outermost layer. | found that knocking down the LOS transport system
causes a traffic jam of LOS in the cell. Surprisingly, this backup doesn’t just disrupt the destination
of LOS (the outer membrane) but also the stop along the way (the inner membrane), allowing
antibiotics to get through both barriers and reach the cell’s interior more easily. This finding is
especially important in the context of other scientists’ work. Recently, new drugs have been
developed that specifically target this LOS transport system.” My discovery suggests that these
drugs, which also cause an LOS backup, could actually enhance the effectiveness of other
antibiotics, helping them reach their targets. This tells us that these new drugs targeting LOS
transport could be extremely useful in combination therapies — where clinicians prescribe multiple
antibiotics together for patient infections — and work simultaneously with existing antibiotics to

create a more powerful strategy to combat A. baumannii infections.

Connecting the dots with gene functions

Mapplng gene connections These types of experiments generate large

Edges connect similar genes.

“ s amounts of data; for each of the 400+ gene
Lengths show how similar the

genes are. knockdowns, | know if they are sensitized,

| 1\
_I_ more resistant, or have no change when
N/

treated with 45 different antibiotics.

node or gene Because of the sizable number of

Figure 5.11 Mapping gene connections. | used this large
dataset to draw an essential gene network for A.
baumannii, where each node is a gene. Genes are
connected by lines or edges when they behave similarly. across the antibiotics. Some of the genes in
Lengths of those edges are related to how similar the

genes are. Connected genes are likely to be involved in the

same cellular processes.

observations, patterns start to emerge

7 Pahil, Karanbir S., Morgan S. A. Gilman, Vadim Baidin, Thomas Clairfeuille, Patrizio Mattei, Christoph Bieniossek, Fabian
Dey, et al. 2024. “A New Antibiotic Traps Lipopolysaccharide in Its Intermembrane Transporter.” Nature 625 (7995): 572—
77. https://doi.org/10.1038/s41586-023-06799-7; Zampaloni, Claudia, Patrizio Mattei, Konrad Bleicher, Lotte Winther,
Claudia Thate, Christian Bucher, Jean-Michel Adam, et al. 2024. “A Novel Antibiotic Class Targeting the
Lipopolysaccharide Transporter.” Nature 625 (625): 1-6. https://doi.org/10.1038/s41586-023-06873-0.
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Figure 5.12 An A. baumanniiessential gene network created
using this dataset. Genes that are the same color are involved in

the same well-known processes and are mostly interconnected.

Uncolored genes fall into an “other” category.

connections, | was able to identify the
functions of several previously unknown

genes.

| additionally focused on a group of genes
involved in cell shape and cell division. Cell
shape and cell division are closely related

processes in bacteria. Cells grow lengthwise
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our essential gene library behave
similarly to each other when they are
knocked down- that is, the
knockdown mutants react in the
same way across all the antibiotics.
Genes with similar patterns have
similar functions, or are working
towards the same end goal in the
cell.® | visually represented these
similarities in a network, which is like
a map of genes, that shows which
genes are closely related and interact

with each other. By analyzing these

unique A. baumannii genes

known cell shape and
division genes

Figure 5.13 The cell division genes from the larger
before cell division, during which the cell essential gene network. Unique A. baumannii genes are
circled in orange and are clearly connected to known cell

splits into two daughter cells. This processis  division genes (yellow).

8 Peters, Jason M., Alexandre Colavin, Handuo Shi, Tomasz L. Czarny, Matthew H. Larson, Spencer Wong, John S.
Hawkins, et al. 2016. “A Comprehensive, CRISPR-Based Functional Analysis of Essential Genes in Bacteria.” Cell 165 (6):

1493-1506. https://doi.org/10.1016/j.cell.2016.05.003.
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tightly regulated to ensure that each
new cell receives the correct genetic

material and maintains the proper

ftsZ - known division
gene knockdown (+)

_ ) normal cells (-)
shape and size.® While the process of

cell division has many commonalities
across bacterial species, | found that A.

baumannii has unique genes for cell

shape and division machinery that are  Knockdowns of A. baumannii-specific division genes

Figure 5.14 Microscopy of the knockdowns of unique division
genes in A. baumannii. The top left shows a known division
gene knockdown. These cells cannot divide and form long
baumannii has a unique potato-like strings, compared to normal cells (top right), which are short

and almost rounded. Knockdowns of these A. baumannii-
shape, and myresearch shows that this specific division genes are also elongated and chained,

confirming that these genes are needed for proper division. The
different machinery for cell division Smalllineinthe bottom rightindicates 5 microns.

distinct from other species. A.

could be the explanation. | used microscopy to confirm that these A. baumannii-specific genes were
indeed involved in division, observing that knocking down these genes significantly prevented the
cells from dividing. Cell division is an important target for antibiotics, such as beta-lactams (like
penicillin), but clinical strains of A. baumannii are often resistant to the drugs currently available. This
discovery opens avenues for developing new, effective antibiotics that target these unique cell

division genes.

New weapons in the arsenal: from genetics to therapeutics

My thesis research, using CRISPRi to investigate essential genes in A. baumannii, revealed important
insights into the bacterium's unique biology and weaknesses. This work is part of a broader trend in

genetic research that's opening new doors for drug development against superbugs. By

® Margolin, William. 2009. “Sculpting the Bacterial Cell.” Current Biology 19 (17): R812-22.
https://doi.org/10.1016/j.cub.2009.06.033.
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understanding how bacteria resist antibiotics and survive in harsh conditions, scientists can find new
strategies to target and treat bacterial infections. For instance, by identifying genes that are
particularly sensitive when knocked down, our lab pinpointed specific weaknesses that can be used
to develop new drugs. These discoveries pave the way for creating new antibiotics to target these
critical pathways. | also showed that targeting one pathway can make other antibiotics more

effective, potentially guiding future combination therapies for these infections.

This research, which combines large-scale, 'one-step' genetic screening with antibiotic testing, not
only has the potential to lead to more effective treatments against multidrug-resistant bacteria, but
also exemplifies collaborative scientific efforts. Researchers across academic institutions,
pharmaceutical companies, and biotech startups are working together and using these techniques
to develop powerful new tools in the fight against antibiotic-resistant infections. With a continued
focus on exploring and targeting the ways bacteria survive, infect, and resist antibiotics, we can

hopefully overcome multidrug resistance and one of the biggest public health challenges of our time.

Reflections on the PhD journey

My thesis research, presented here, was the backbone of my PhD. I’ve only shared a small part of our
findings here as there was far more work (and struggle) beneath the surface: learning how to ask the
right questions, designing experiments to answer them, and handling the large amounts of data these
experiments generated. Over the past six years, I’'ve learned to manage, analyze, and interpret vast
and confusing data, turning it into coherent stories and visual presentations. Research doesn’t
happen in a vacuum either. One of my favorite aspects of my thesis project has been collaborating

with others who have complementary skills and discussing my research and experiences with peers.

While my thesis research was a major focus during my PhD, it was far from the entirety of my graduate

experience. Alongside my research, | embraced various roles that broadened my perspective and
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skills. | became actively involved in my
graduate program's committees,
collaborating with students, staff, and
faculty to plan annual student retreats
and recruitment and address important
program issues like diversity, equity,
and inclusion. | delved into the world of
entrepreneurship and the intersection

of science and business through the

Morgridge Entrepreneurial Bootcamp

A .

and through the Biotechnology Training Figure 5.15 The PhD journey. My thesis project is only one
aspect of my time in graduate school. My experiences outside

Program (BTP). Through BTP, | interned of the lab helped me build additional soft skills, meet students
' ’ in other programs, and work with professionals outside of UW-

Madison.
with the Air Force Research Labs, adison

offering me a glimpse into US government research. In more recent years, I’'ve become an active
member of WiSolve Consulting Group, a nonprofit run by UW-Madison graduate students and
postdocs, helping local startups address challenges through market research, grant writing, and
more. I’ve even had the chance to fundraise and organize major events for fellow graduate students,
like UW-Madison Life Sciences Career Day and the Midwest Healthcare Case Competition. These
experiences provided unique opportunities that only a graduate student could have, and greatly
enriched my personal and professional development. | strongly encourage anyone pursuing a PhD to

seek out experiences like this as well. For me, they have been invaluable.

All these experiences have led me down a slightly different path than l initially planned when | started
graduate school. | found that | genuinely enjoyed computational analyses, giving presentations, and

meeting and chatting with diverse teams far more than spending time at the lab bench in my lab coat.
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After my PhD, | will be starting a position as a management consultant, applying the skills I've gained
in graduate school to areas outside of science experiments. While my thesis project focused on a
specific scientific question and allowed me to become an expert in that niche, | now look forward to
broadening my experiences across various business sectors. Nevertheless, microbiology, especially

bacteria and bacteriophages, will always hold a special place in my heart.
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CHAPTER 6

Conclusions and future directions
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Conclusions

The objective of this thesis was to utilize advanced systems-level approaches to investigate and
characterize essential genes in Acinetobacter baumannii. Despite its clinical significance, the
genetic landscape of A. baumannii, especially its essential genes, remains largely unexplored.
Initially, the focus of the field was predominantly on non-essential genes due to the limitations of
transposon-based tools used in systems-level studies of this pathogen. My research addresses this
knowledge gap by employing a CRISPRi essential gene knockdown library to examine gene
vulnerabilities, drug-gene interactions, and gene functions within the unique biological context of A.
baumannii. My findings provide significant phenotypic data and analytical tools, serving as a

valuable resource for exploring A. baumannii essential biology in therapeutic interventions.

In Chapter 2, we constructed and validated an essential gene CRISPRi library in A. baumannii ATCC
19606, identifying essential genes and pathways sensitive to knockdown, including NDH-1 (nuo),
highlighting potential targets for antibiotic development. We also developed models examining the
relationship between gene knockdown and fitness, which elucidate how gene product levels
impact function and resistance phenotypes at sub-inhibitory antibiotic concentrations.
Additionally, we discovered that tRNA genes influence carbapenem sensitivity and uncovered

anticorrelated phenotypes underlying the synergistic interaction between rifampicin and colistin.

| expand on this in Chapter 3 by establishing a comprehensive dataset of chemical-gene
interactions using the same library, revealing that the vast majority of essential genes interact with
at least one chemical condition. Notably, | found that lipooligosaccharide transport is crucial for
generalized antibiotic resistance, as inhibiting this transport increases membrane permeability and
drug sensitivity. This finding is particularly relevant in the context of recently discovered Lpt-

targeting drugs and their potential for combination therapeutics. | also identified poorly
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characterized genes unique to A. baumannii that may play roles in its distinctive biology and used
an essential gene network to functionally connect many of these genes to pathways such as cell
division. Finally, | develop a method to analyze this dataset by combining cheminformatics with
genetic pathway effects, observing that phenolic monoterpenes appear to have unique
mechanisms of action and that tetracycline class antibiotics exert different effects on A.

baumannii.

Chapter 4 introduces and characterizes a suite of novel expression vectors designed for studying A.
baumannii essential genes. These vectors, used in Chapter 3 for the expression of cell division
genes and fluorescent constructs, include a novel promoter that allows for controlled gene

expression in A. baumannii and E. coli, facilitating genetic studies.

Chapter 5 summarizes my graduate work for a general audience, as part of the Wisconsin Initiative
for Science Literacy. This chapter aims to communicate important concepts and findings from this
thesis to those not specifically trained in science, bridging the gap between scholarly work and
public knowledge. Through this chapter, | strive to make the complexities of microbiology and my
research accessible, to foster a greater appreciation and understanding of the ongoing efforts to

combat antibiotic-resistant pathogens.

The findings presented in this thesis advance our understanding of A. baumannii genetics from a
binary focus on essentiality to a more nuanced comprehension of genetic vulnerability. We created
and validated a CRISPRi knockdown library as a robust tool for studying A. baumannii biology. Our
analyses in Chapters 2 and 3 detail the general fitness of essential genes upon knockdown and
their chemical-specific vulnerabilities across more than 45 different conditions. Remarkably, over

93% of essential genes exhibited at least one significant chemical interaction, with over 5000 total
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significant interactions. These datasets are invaluable for further characterizing the 400+ essential

genes in A. baumannii.

The roles of mobile genetic elements (MGEs) are particularly intriguing. In Chapter 2, we identified
G0O593_00515, a phage repressor, as the most vulnerable gene in A. baumannii 19606. In Chapter
3, we found a transposon-associated regulatory gene and another Arc-type phage repressor unique
to A. baumannii, with strong phenotypes or associations with global regulation and DNA damage.
Considering the significant role MGEs play in antibiotic resistance in A. baumannii, and their
diversity and ubiquity, there are compelling questions regarding whether MGEs could be
therapeutically exploited. These elements often contain endolysins or toxic genes and cause global

regulatory effects that could potentially be leveraged.

While findings in Chapters 2 and 3 identify novel genes and provide functional phenotyping, the
exact mechanisms for many of these genes within their respective pathways remain unclear. For
instance, NDH-1 contributes to overall fitness, colistin sensitivity, and rifampin resistance in
Chapter 2. In Chapter 3, cytochrome bo; oxidase is identified as having multiple significant
phenotypes, particularly in contributing to tigecycline resistance. The nuances of electron transport

and remodeling in A. baumannii, frequently appearing in our datasets, warrant further investigation.

Taken as a whole, this thesis presents a suite of biological and computational tools for studying A.
baumannii. The CRISPRI library and expression vectors developed here establish a foundation for
future genetic studies in this organism, a non-model pathogen with limited genetic tools compared
to more extensively studied organisms. The fitness data presented constitutes a significant
phenotypic resource for future research. Additionally, we developed multiple computational tools
to manage and interpret this data, which will be valuable for future applications. The data analysis

pipeline created for handling sequencing data, interpreting sgRNA counts, and modeling
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knockdown responses validates the effectiveness of mismatch guide predictions and links
transcriptional levels to fitness effects. Our chemical analyses offer a framework for understanding
genetic perturbations in the context of chemical structures. In conclusion, this thesis lays a robust
groundwork for advancing our understanding of A. baumannii and informs future research efforts
aimed at uncovering specific bacterial physiology and developing effective therapeutic strategies

against this formidable pathogen.

Future directions

Mobile genetic elements and their regulation of host lysis in A. baumannii ATCC 19606

We identified regulators of mobile genetic elements as particularly vulnerable in A. baumannii ATCC
19606 (GO593_00515 in Chapter 2) and critical for fitness under chemical stress (GO593_15125 and
GO0593_11615 in Chapter 3). Knocking down these repressors led to decreased fitness, suggesting
toxic genes within their respective mobile genetic elements may be expressed. Intact phages
typically contain lysis cassettes, which often include endolysins or holins — enzymes that degrade
the host cell wall or form pores, leading to cell lysis (1). Future work could identify which genes, when
expressed, cause host cell lysis. Specifically, we could use bioinformatic tools, such as MGEfinder
(2), to better identify MGEs and search within predicted MGEs for proteins with domains
characteristic of endolysins (3) or other toxic proteins (4). Using expression vectors in A. baumannii
(see Chapter 4), we can express proteins of interest to identify genes that cause cells to lyse or cease

growth after induction.

Additionally, | discovered that the prophage containing GO593_00515 is excised from the genome at
some frequency in the ATCC 19606 strain. However, it remains unclear if phage progeny are being
synthesized and assembled. Quantitative PCR (gPCR) can be utilized to quantify any increase in

phage locus copies following knockdown (5), and improved purification techniques and electron
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microscopy could be used to detect phage particles (6). If phage production is confirmed, further
characterization of this phage could be performed using bioinformatic tools and screening across a
wider variety of A. baumannii strains to identify the host range. Additionally, RNA-seq in WT and after
induction of knockdown of GO593_00515 could provide important information on what, if any, of

these phage genes are expressed under normal growth conditions and how this phage is regulated.

LexA-like proteins as newly discovered regulation of phage lysogeny

Acinetobacter species lack LexA, a canonical DNA damage response (or SOS response) regulator,
instead employing the combined actions of a repressor protein UmuDAb and a small regulator
protein DdrR (7, 8). We identified GO593_11615 in A. baumannii ATCC 19606 as a phage-associated
regulator that has a LexA-like domain, suggesting it may carry a LexA analog to compensate for the
absence of native LexA, which other phages exploit as a signal to switch to the lytic cycle during
host DNA damage. Data in Chapter 3 showed that knocking down GO593_11615 caused fitness
defects both upon induction of the CRISPRi system and in levofloxacin, a DNA-damaging antibiotic,
suggesting that depletion of the phage regulator may be inducing the lytic cycle. To identify what
genes are upregulated upon induction of GO593_11615 knockdown and determine the role of the
repressor in overall phage regulation, we could perform RNA-seq to measure transcriptional
changes (9, 10). In addition, we could perform ChlIP-seq (Chromatin Immunoprecipitation
sequencing)—a technique that identifies DNA binding sites by crosslinking protein-DNA
interactions, shearing the DNA, immunoprecipitating the protein of interest, and sequencing the
associated DNA fragments (11)—to identify direct binding sites of GO593_11615. Combining RNA-
seq and ChlIP-seq data (12) allows for thorough promoter and DNA-binding sequence analyses to

provide important information about downstream GO593_11615 regulation.
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Typically, the protein RecA induces cleavage of LexA in response to DNA damage to initiate the SOS
response, and it is possible that A. baumannii RecA or other SOS response proteins induce
cleavage of GO593_11615. A previous study in A. baumannii ATCC 17978 found that DdrR interacts
with one putative LexA-like phage repressor but not with another in the same strain (7). This study
also showed that activated RecA* (A. baumannii RecA in complex with ATP and ssDNA) was unable
to induce self-cleavage of these phage repressors, suggesting RecA* may only recognize the
repressor bound to DNA, similar to RecA-mediated cleavage of an E. coli phage repressor (13). We
could similarly test whether GO593_11615 interacts with the A. baumannii SOS response by testing
for binding between GO593_11615 and activated RecA or DdrR with a pull-down assay in cells or
with purified components using surface plasmon resonance as previously described (14). We could
test for cleavage of GO593_11615 in vitro as previously described (7, 13). The proposed RNA-seq
and ChlP-seq experiments may identify DNA binding sequences, enabling additional

autoproteolysis assays with DNA-bound GO593_11615.

Although phage repressors with LexA-like domains have been identified in the lab strains A.
baumannii ATCC 19606 and ATCC 17978, the evolution of this possible phage regulation
mechanism has not been well-characterized. Our analyses in Chapter 3 revealed that this phage
repressor has orthologs in ~25% of Gammaproteobacteria. However, further analyses are needed
to better describe coevolution among hosts and host-encoded LexA to determine whether LexA-like
phage regulators are more prevalent in species lacking the canonical LexA. Such studies could

highlight a possible evolutionary path for phages that utilize these regulators.

LptCas and its role in Lpt-targeting antibiotics

LptC is one of the periplasmic proteins of the lipopolysaccharide transport system (Lpt), responsible

for transfer of lipopolysaccharides (LPS) — or in A. baumannii, lipooligosaccharide (LOS) — between



273

the Lpt inner and outer membrane complexes (15). In Chapter 3, we found that LptC from A.
baumannii (LptCap) had few hits from our orthology search in Gammaproteobacteria, even though
the Lpt pathway was generally highly conserved. Indeed, the primary sequence of LptCa, diverged
heavily although structural prediction of LptCa, was highly confident in its identity. Recently, novel
antibiotics targeting Lpt in A. baumannii have been well-characterized (16, 17), but these
macrocyclic peptide antibiotics have poor activity in non-Acinetobacter species, likely due to
differences in the Lpt proteins (e.g., A. baumannii LptFG are <25% identical to their E. coli

counterparts) (16).

To better understand Lpt differences and to potentially identify other target species for these
antibiotics, we could perform a thorough evolutionary analysis of these genes. While LptC had few
orthologs in our initial search, other Lpt proteins were considered highly conserved across
Gammaproteobacteria. By examining the evolution of these genes combined with structural
prediction software, we could potentially identify species where Lpt is somewhat similar, using
species known to be resistant to macrocyclic peptides (e.g., E. coli, P. aeruginosa, K. pneumoniae)
as a baseline. It is likely that there are other species in the Moraxellales order against which these
drugs are effective, and we could further characterize whether there are direct relationships between

Lpt machinery, structure, and the components they transport (i.e., LOS vs LPS).

Additionally, Pahil et al. found the inner membrane complex of Lpt, LptB,FG, bound E. coli LPS
despite the structural differences affecting macrocyclic peptide binding (16). To test whether Lpt
from A. baumannii could functionally replace that of E. coli, we could delete the Lpt genes from E.
coli and attempt to complement them with the corresponding A. baumannii Lpt genes to better
understand the functional differences between these complexes. Multimeric protein predictions
using AlphaFold Multimer (18) or AlphaFold3 (19) could inform whether individual Lpt proteins could

be substituted before testing them experimentally. This would provide more information about the
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functionality and species-specificity of these components. If successful, we could evaluate the
activity of macrocyclic peptides against E. coli with A. baumannii Lpt to reveal whether Lpt structural

differences alone prevent drug activity or if there are other contributing factors.

HolD., subunit interactions and role in DNA Polymerase activity

In bacteria, DNA polymerase lll is responsible for DNA synthesis and replication. For DNA
replication to occur, DNA polymerase must be properly tethered to the template DNA with the
clamp-loading complex, composed of the beta sliding clamp - a ring-shaped protein complex that
encircles the DNA - and the clamp loader, which hydrolyzes ATP to assemble the beta sliding clamp

onto primed DNA (20, 21).

We found that the psi subunit (HolD) of DNA polymerase lll is highly divergent in A. baumannii at the
sequence level. Because of this divergence, it was unable to be identified by feature-aware ortholog
analyses (22). However, previous work identified homologs of HolDa, as the likely psi subunits for
Acinetobacter species (23). Additionally, structural prediction software (24) identified the A.
baumannii protein as HolD with high confidence, and we mapped the predicted A. baumannii HolD
(HolDay) structure to the structure of E. coli HolD (HolDg.,) to confirm the similarities in structure.
The most striking difference between the predicted structure of HolDa, and the HolDg., crystal
structure was that an additional unstructured loop region in HolDa,, which could affect interactions

or binding with other DNA polymerase subunits.

To further investigate, we could model HolDa, with the other clamp-loading complex subunits from
A. baumannii using multimeric protein prediction software (18, 19) to compare predicted
interactions to those in E. coli. The multimeric protein prediction may resolve the unstructured loop
to provide more information about its function. In conjunction, we would attempt to purify these

proteins and solve the structure of the clamp-loading complex.
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Furthermore, we would test if HolD,, expression from a replicative plasmid or integrating Tn7 vector
could complement a deletion of the native HolD in E. coli and vice versa. Since these proteins are
essential in both species, unsuccessful complementation should result in non-viable cells from the
HolD deletion strains. Complementation or the lack thereof would provide important functional
information about HolD in these organisms, and whether the functional interactions of these
proteins differ significantly. Understanding why HolD is divergent and what specific functions it
plays in DNA synthesis in A. baumannii could elucidate important differences in an essential
process, which plays a direct role in growth and pathogenicity and could affect efficacy of

antibiotics targeting this pathway.

Further characterization of cell wall synthesis and cell division genes in A. baumannii
In the A. baumannii essential gene network in Chapter 3, | identified three poorly characterized
genes of interest — blhA, smc2, and spor — associated with cell division and cell wall synthesis. |

propose multiple experiments to further characterize the roles of these genes.

| showed that BlhA could be fluorescently tagged with sfGFP and appeared to be localized to the
septum, or site of division in A. baumannii. The question remains whether BLhA functionally
interacts with the divisome, the protein complex responsible for coordinating bacterial cell division
and cell wall synthesis at the septum. Following previously described protocols (25), we could
perform a pulldown assay with BLhA, with a His-tag or other tag for affinity purification, to identify
interacting partners. In addition, we can perform bacterial two-hybrid assays (26) to validate hits
from the pulldown assay or test for interactions with known A. baumannii divisome-associated
proteins—such as AdvA (27, 28) or BonA (29)—or with highly conserved divisome proteins, such as
FtsZ or FtsA (30). This experiment would provide insights into the role BlhA plays in cell division and

confirm any direct interactions with the divisome complex.
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Overexpression of Smc2 revealed chained cells with impaired division, and fluorescently tagged
Smc2 appeared to form elongated aggregates from either localization or because of toxic
overexpression of the protein. However, these microscopy experiments were done with cells fixed
at mid-log, with a single concentration of inducer for expression from replicative plasmids. It is
possible that Smc2 dynamics were obscured due to the methods we employed or because protein
levels are crucial; the possibility of cell-to-cell variation of replicative plasmid copy could affect the
phenotypes | observed. To better characterize the effects of Smc2 protein levels on cell division, |
propose expressing Smc2 or Smc2::sfGFP from an integrative vector under control of an IPTG-
inducible promoter (see Chapter 4), varying the level of induction to control the increase of Smc2
expression. Additionally, we could express Smc2::sfGFP under control of its native promoter, and—
as long as essential functions remain unimpaired—create a clean deletion of the native smc2 as
previously described (31). In conjunction with knockdown of Smc2::sfGFP, titrated with mismatch
guides, we could perform parallel live-cell time-lapse fluorescence microscopy experiments. This
should allow us to visualize phenotypic effects of both knocking down and increasing Smc2 levels

in conjunction with protein dynamics and localization throughout division.

Smc2 is named because of similarities to Structural maintenance of chromosomes (SMC) proteins,
which are highly conserved across all domains of life and are important for organizing and
segregating chromosomes (32, 33). In eukaryotic cells, SMC proteins are found as heterodimers of
six core SMC proteins, but these proteins are not typically found in prokaryotes (34). Most bacteria
have a single SMC complex, comprising of a homodimer of SMC (also known as MukB) interacting
with two accessory subunits, ScpA and ScpB (MukE and MukF in E. coli) (35). A. baumanniihas a
separate gene encoding for the orthologous SMC/MukB protein (smc) that was called non-essential
by previous Th-seq screens (27, 36, 37) as well as orthologs for scpA and scpB. Phenotypes upon

deletion of smc, scpA, and/or scpB along with pulldown assays of Smc2 would point to Smc2
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interactions with this highly conserved complex. Alone, the structure of Smc2 could not be
predicted using Alphafold (24) or Phyre2 (38), but multimeric protein structural predictions (18, 19),
including homo- or hetero-oligomerization (39-41), with Smc2 or SMC2 with SMC, ScpA, and/or
ScpB may provide information. To determine if Smc2 — or Smc2 in complex with other proteins —
binds DNA or has DNA condensation activity, we could additionally perform DNA electrophoretic

mobility shift assays (EMSA) and microfuge DNA aggregation assays, respectively (42).

Finally, | propose further experiments to determine the role of sporin A. baumannii. Due to high
conservation of the SPOR domain, another study suggested that this gene is ftsN, concluding that
the protein interacts with AdvA in the divisome (28). However, the region required for function in E.
coli FtsN (FtsNec,) is not conserved in this SPOR-domain-containing protein (SPOR), and itis
unclear if these two proteins perform the same function. | propose creating mutants for all regions
of the SPOR-domain protein, similar to the approach used with FtsN in E. coli (43), to identify the
region necessary for its function. As SPOR is essential, truncations or mutations in the essential
functional regions would lead to non-viability. Time-lapse microscopy or even super resolution
microscopy (44) with the fluorescently tagged SPOR construct and functional domain fusions, if
possible, can be used to track localization and movement throughout cell division. Comparing the

data to that from E. coli FtsN (43, 45) would help uncover the role of SPOR in A. baumannii.

Tetracycline-class antibiotic efficacy and the electron transport chain

Our chemical genomics screen showed that tetracycline, minocycline, and tigecycline had
divergent effects on A. baumannii essential genes despite being within the same antibiotic class.
Notably, knockdowns of cytochrome bo; oxidase genes (cyo) were uniquely sensitive to tigecycline,
whereas knockdowns of ATP synthase genes (atp) showed increased resistance to both tigecycline

and tetracycline, but not minocycline. Cytochrome bo; oxidase serves as the terminal oxidase in
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the A. baumannii electron transport chain, while ATP synthase utilizes the proton motive force
(PMF) generated by the electron transport chain to produce energy. As an obligate aerobe, A.
baumannii depends on these aerobic respiration complexes for ATP production. Although itis
known that tetracycline uptake and efflux can exhibit specificity (46), the direct impact of

cytochrome bo; oxidase and ATP synthase remains unclear.

First, we could examine the role of efflux pumps that recognize tetracycline-class antibiotics. One
explanation for these phenotypes is that cyo and atp knockdowns affect efflux pump activity, which
are often PMF- or ATP-dependent. Because efflux pumps in A. baumannii have been extensively
characterized (47-49), we could determine if the minimum inhibitory concentrations (MICs) of
tetracycline-class antibiotics with cyo and atp knockdowns differ in strain backgrounds with
systematically deleted tetracycline efflux pumps. Beyond effects on efflux, uptake of tetracyclines
is known to be affected by membrane potential (46, 50); to test this, we would need to accurately
measure membrane potential for cyo and atp knockdowns. While | present preliminary data for the
effect of these knockdowns on membrane potential and ATP levels (see Appendix C), the exact
effects remain uncertain. Experiments with alternative fluorescent probes to assess membrane
potential (51) or measurements of external pH (52) would more precisely determine degree of
impact on membrane potential and proton-motive force. Additionally, liquid chromatography-mass
spectrometry (LC-MS) approaches allow for direct measurement of extracellular drug
concentration, enabling exact measurement of drug uptake (53), which would further clarify uptake

and efflux of these tetracyclines in cyo or atp knockdowns.

We also observed that, based on effects on essential gene pathways, tigecycline clustered with
phenazine and myricetin, which are known to affect oxidative phosphorylation and cause oxidative
stress (54-57). To determine if oxidative stress links cyo knockdowns with tigecycline sensitivity and

to better understand the role of cytochrome bo; oxidase, we can measure redox potential (58),
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reactive oxygen species (ROS) (59), and oxygen uptake kinetics (60) with or without tigecycline in

WT A. baumannii and in cyo knockdowns.

Beyond the three tetracycline-class antibiotics in this screen, we could additionally screen this
essential gene library against a wider range of tetracycline derivatives (61) or similar small
molecules. This, combined with MIC assays, would lead to a more comprehensive understanding
of the minor changes in tetracycline chemical structures causing differences in efficacy and impact

on A. baumannii.

Broadening applications: full genome libraries and small molecule screens

Finally, the tools developed in Chapters 2 and 3 lend themselves to dissecting broad swaths of
chemical-gene interaction space, despite the limitations of this essential gene CRISPRi library and
the chemical set used (e.g., polar effects and varying representation from chemical classes).
Expanding to a full genome CRISPRi knockdown library or creating targeted overexpression or
knockout libraries using CRISPR-associated transposon systems (62) in A. baumannii for chemical
genomics would provide far more comprehensive genetic data, increasing the potential for

discovering new drug targets and allowing for a more complete look at A. baumannii biology.

With careful considerations for library size and sequencing coverage (63) —the approaches
presented here could additionally be adapted for high-throughput small molecule screens, utilizing
thousands of organic compounds. This would enable us to observe the effects of an even wider
range of chemicals, facilitating the identification of novel drug-gene interactions as well as allowing
for far more comprehensive analysis of relationships between chemical structures and impact on
A. baumannii genetic pathways. Using this approach, we could potentially find drugs with unique
mechanisms of action that would be missed under classical approaches that prioritize efficacy

over unigueness.
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Finally, while this thesis focuses on A. baumannii due to its clinical relevance, these libraries and
high-throughput molecule screens could be adapted for many different bacterial species. The tools
developed here would still be applicable for resulting data analyses, thereby expanding the scope
of research and enhancing our ability to investigate bacterial biology and drug interactionson a

broad scale.
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APPENDIX A

Heterogeneity in A. baumannii lab strains and implications for molecular studies

| performed transposition and microscopy experiments and wrote this appendix. Ryan Ward

assisted with conjugation experiments with Tn5 donor strains.
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Introduction

Acinetobacter baumannii exhibits extensive genomic and phenotypic heterogeneity between
strains (1), with a relatively small core genome (an estimated 16.5%, while 25% of the genome is
unique to each strain) and an open-pan genome—the capacity to acquire new genes is so great that
predicting the size of the entire set of genes within the species is not possible (2). This
heterogeneity underlies the divergence between the non-multidrug-resistant laboratory strains of A.
baumannii, ATCC17978 (17978) and ATCC19606 (19606), and contemporary clinical isolates (3). In
fact, American Type Culture Collection (ATCC)-derived laboratory stocks of 17978 are mixed

populations of two variants, one with an acquired 44-kb accessory locus (4).

The extensive heterogeneity between strains of A. baumannii can present considerable difficulties
for genetic and molecular biology studies. For example, transposon mutagenesis is a crucial tool
for studying gene function and essentiality; however, the variations between strain makes
identifying a core ‘essentialome’ challenging. Indeed, essentiality calls from high-coverage
transposon mutant sequencing (Tn-seq) in AB5075 (5) —the model A. baumannii strain for
multidrug resistance and pathogenesis—differ from those in similar 17978 Tn-seq experiments (6-
8). 17978 and AB5075 each contain 200-300 genes for which there are no orthologs in the other
strain, and of the ~3500 orthologous genes, ~5% of calls differ (7). One transposon mutagenesis
screen was performed in 19606 but did not establish the extent of coverage or gene essentiality as
high-throughput sequencing was not utilized (9). Strain-to-strain variation can also impact the
functionality and efficiency of genetic tools across different strains. A. baumannii strains can vary
significantly in antibiotic resistance profiles (affecting selection markers) (10), natural competence
levels, and DNA methylation in conjunction with restriction-modification systems that impact

transformation (11).
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Furthermore, phenotypic heterogeneity has been observed not only between distinct strains but
also within a single clonal strain. For instance, multidrug-resistant strain AB5075 produces two
phenotypic variants that form either opaque or translucent colonies that interconvert at high
frequency (12, 13). These variants produce multiple significant phenotypic differences, including
cell morphology, surface motility, biofilm formation, antibiotic resistance and virulence (12, 14).
Strikingly, translucent variants produce larger cells during log-phase growth and are significantly
elongated compared to opaque variants at early stationary phase (12). Opaque variants are also
highly virulent and can cause disease in mice models (15), while translucent variants are avirulent
and more readily form pronounced biofilms and release outer membrane vesicles (13). While exact
mechanisms behind this phase-variable switch are unknown, the two types have distinct genomic
expression profiles and switching is stimulated by high cell density and quorum sensing signals
(12), driven in part by multiple transcriptional regulators (15-17), a two-component system (18), an
efflux pump (19), and a predicted small RNA (20). While this phase variation has been well-
characterized in AB5075, the model A. baumannii strain for multidrug resistance and pathogenesis,
17978 does not appear to produce colony variants (12), and little is known about phase variation in

19606.

In this appendix, | highlight major differences between the lab strains 17978 and 19606 that impact
genetic studies. | demonstrate that transposon mutagenesis systems and methods used in 17978
are inefficient in 19606, and that 19606 exhibits cell morphology heterogeneity dependent on
growth conditions, likely due to phase variation switching. These findings underscore the
importance of considering strain-specific characteristics in the design and interpretation of genetic

experiments in A. baumannii.
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Results

Random transposon mutagenesis is less efficient in 19606 than in 17978

We first tested transposon mutagenesis efficiency in 19606 through conjugation with DAP- E. coli
donor cells (E. coli K-12 WM6026) carrying Tn5 (21) or mariner (6, 22) systems. We additionally
tested transposon efficiencies in 17978—though the mariner system was developed for Th-seq in
this strain—and two common E. coli K-12 strains, DH10B and BW25113, as model organism
controls. We found that neither Tn5 nor mariner produced transconjugants in 19606, but that we
recovered transconjugants in 17978 and E. coli strains at rates of ~10*-6 and ~10"-3, respectively
(Fig A.1). Because 17978 reaches a higher cell density at stationary phase than 19606 (23),
increasing the amount of donor or allowing a longer incubation time for conjugation could resolve
the differences in efficiencies between 17978 and 19606. | tested higher ratios of recipient to donor
and different incubation times with the mariner transposon donorin 17978 and 19606 and
calculated efficiency of transposition. While transposon mutants were recovered in 19606,
efficiencies remained 2-3 orders of magnitude lower than in 17978 (Fig A.2). Donor-recipient ratios
and incubation time did not appear to make a substantial difference in transposition efficiency, but

more robust experimental setups are required to validate this observation.

19606, but not 17978, shows growth phase-dependent variation in cell morphology

To further characterize differences between 19606 and 17978, | looked for heterogeneity in cell
shape and size that could point to phase variation of 19606. | grew the strains to stationary phase
(~17 hours) either by incubating cells on agar plates or in liquid culture (17 hours). Microscopy of
these cells at stationary phase showed distinct morphological differences, with considerable
elongation of ATCC19606 after growth in liquid (Fig A.3). This elongated cell phenotype in 19606

was strikingly similar to that of AB5075 translucent variants in early stationary phase (12). However,
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Figure A.1. Efficiency of mariner or Tn5 in A. baumanniiand E. colilab strains. Dot plot
illustrating efficiency of mariner or Tn5 transposition (log-scale) in A. baumannii 17978 and 19606
and E. coliBW25113 and DH10B. Ten-fold serial dilutions were spotted onto plates and
transposition efficiency was measured as the ratio of colony-forming units (CFUs) with selection to
CFUs without selection. For all samples, the number of CFUs without selection was ~107. 19606

had no colonies with either transposon system, so transposition efficiency was zero.
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Figure A.2. Efficiency of mariner transposition under varying conjugation conditions in 17978
and 19606. Dot plot illustrating efficiency of mariner transposition (log-scale) in 17978 (left) and
19606 (right) with 1:1, 1:3, and 1:5 donor to recipient ratios and 2-hour vs overnight incubation for
conjugation (n=1). Ten-fold serial dilutions were spotted onto plates and transposition efficiency
was measured as the ratio of colony-forming units (CFUs) with selection to CFUs without selection.

For all samples, the number of CFUs without selection was ~107.
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Figure A.3. Microscopy of 19606 and 17978 cells at stationary phase Cell morphology of
ATCC19606 or ATCC17978 cells after 17 hours of growth on LB agar plates (left) orin 4 mL LB liquid
culture (right). Allimages were captured with a Nikon Ti-E inverted microscope with an Orca Fusion
BT digital CMOS camera (Hamamatsu) using NIS-elements. The ruler at the bottom right in all

images is 10 microns.
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growth to stationary phase on plates did not show this phenotype, possibly pointing to growth
conditions as a trigger for specific phase variation switches in this strain. Colony variants are not
seenin 17978 (12), and the strain did not display the differences in colony morphology seenin

19606 at stationary phase.

Discussion

These experiments highlight the differences between A. baumannii strains 19606 and 17978,
particularly in terms of transposon mutagenesis and phenotypic variation. Compared to 17978, the
transposition efficiency in 19606 using standard conjugation methods makes high-coverage
transposon library generation challenging (22). Although protocol modifications could potentially
improve transposition efficiency in 196086, intrinsic differences in DNA methylation and restriction
systems between the strains (11) may be limiting transposon plasmid uptake or transposition.
Electroporation is an alternative method of delivering the transposon system to diverse bacteria
and has been successfully utilized in other studies (5, 7), including in 19606 (9). Electroporation
and plasmid optimization could potentially circumvent some limitations, and further work

identifying if restriction systems are playing a role in this inefficiency would be informative.

Microscopy analysis revealed additional phenotypic differences in 19606, particularly at stationary
phase. The observed heterogeneity mirrors strain variant morphological differences seen in AB5075
(12); however, experiments to determine 19606 macrocolony phenotypes are needed to confirm
opaque or translucent phase variants. This heterogeneity poses challenges for the study of cell
membrane phenotypes beyond the mid-log growth phase and likely results in changes in global
gene expression (17, 24) that could affect expression of constructs in trans. Thus, microscopy
studies are likely more robust in 17978, and microscopy experiments in 19606 should be limited to

early mid-log or growth on solid media to maintain more homogeneity in cell size and shape.
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Specific growth condition factors known to influence phase variant switching in AB5075, like cell
density and nutrient availability (12), may underlie the phenotypic differences observed, as these
factors are vastly different between plates and liquid culture. The cell elongation seen in 19606 and
AB5075 also suggests a role of cell wall synthesis and cell division in the production of the
elongated variant. Expression of some cell wall components in 19606 are distinct from 17978, and
itis known that these differences are directly related to the ability to lose lipooligosaccharides
(LOS) in the outer membrane—19606 can survive without LOS, whereas 17978 cannot (25). This
potential connection between phase variant morphology and strain heterogeneity warrants further

investigation.

Overall, the experiments in this appendix identified crucial differences in the genetic manipulation
and phenotypic expression between 17978 and 19606. These findings are informative for selecting
appropriate type strains for specific experiments and raise important considerations regarding the

generalizability of research findings from either of these lab strains to the rest of the species.
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Materials and Methods

Strains are listed in Table A.1 and were grown in LB or LB +1.5% agar at 37°C. 30 pg/mL kanamycin
(kan) was used for selection. Diaminopimelic acid (DAP) was added at 300 pM to support growth of

E. coli dap- donor strains. Plasmids used are listed in Table A.2.

Transposon mutagenesis

100 pL of saturated overnight culture of donor and recipient strains were added to LB to a final
volume of 1 mL, pelleted at ~8,000 x g, washed twice with LB prior to depositing cells on a
nitrocellulose filter (Millipore HAWP02500) on an LB plate and incubating at 37°C, ~2 hours unless
otherwise specified. Recipient culture volumes were adjusted accordingly for ratio modifications.
Cells were removed from the filter by vortexing in 1 mL LB. Ten-fold serial dilutions were spotted

onto LB or LB-kan selection plates and grown at 37°C.

Microscopy at stationary phase
Overnight cultures of 19606 and 17978 and cell scrapes from plates resuspended in 1 mL LB were
normalized to OD~0.3. Cells were fixed and microscopy images were taken following methods

described in Chapter 3.



Table A.1. Strains used in this study.
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Strain Description’ Source
19606 Acinetobacter baumannii ATCC19606 ATCC
17978 Acinetobacter baumannii ATCC17978 ATCC
sIMP624 E. coli mating strain (derived from WM6026) Ward et al. (26)
with FRT inserted between mitB and srlA,
recA1
sJMP5039 sJMP624 with p5039 (Tn5 plasmid), kanR, This study
dap-
sJMP4057 sJMP624 with p4017 (mariner transposon This study
plasmid), kanR, dap-
"kanR = kanamycin-resistant; dap- = requires diaminopimelic acid
Table A.2. Plasmids used in this study.
Plasmid Description Source
p5039 (pKMW?7) Tn5 transposon vector library with >10 million ~ Wetmore et al. (21)
unique 20mer DNA barcodes, flanked by
common PCR priming sites
p4017 (pJNWE84) Vector carrying Himar1 mariner transposon Wang et al. (6); Kazi et al. (22)

and transposition machinery
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APPENDIX B

Effects of media and chemical concentrations on A. baumannii growth

| performed all the experiments shown here and wrote this appendix.



304

Introduction

Bacteria often prefer distinct environmental conditions and vary in their requirements for growth.
Thus, the choice of culture media in laboratory experiments is crucial for laboratory study and can
affect experimental outcomes (1). Use of defined media, with known quantities of all ingredients, is
beneficial in large-scale experiments that take place over many days or weeks because it reduces
batch-to-batch variation and increases reproducibility (2). As a non-fermenter, A. baumannii
cannot utilize glucose (3). Therefore, rich defined media often contain succinate as a carbon
source, especially as Pseudomonas species—in the same order as the Acinetobacter genus—use
succinate as a preferred carbon source (4). However, specific carbon utilization varies considerably
for Acinetobacter species and strains (5), and no standard rich defined media has been established

in the field.

For chemical genomics, which involves systematically screening chemical compounds against
genetic libraries to study bacterial chemical and gene interactions (6), it is important to have arich,
defined medium to maintain consistency across large experiments and to avoid additional
stressors that could confound fitness data. In chemical genomics screens, libraries are probed with
chemicals or antibiotics at subinhibitory concentrations, which enable study of more subtle
physiological responses to perturbations of essential cell processes (7). In this appendix, | present
growth data from A. baumannii in a rich defined media, establishing an optimal concentration of
added succinate as a carbon source for downstream experiments. Additionally, | tested the growth
of A. baumannii ATCC19606 in this medium with multiple chemicals at various concentrations,
utilizing area under the curve as a metric to define inhibition, establishing concentration ranges for

chemical genomics screens in this strain.
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Results

Effects of different media on A. baumannii growth in rich defined media

To establish an optimum defined media for growth of A. baumannii ATCC19606, | tested growth in a
common rich defined media (MOPS-based Rich Defined Medium or EZ RDM, Teknova) (8). EZRDM
is typically supplemented with 0.2% (w/v) glucose, but as A. baumannii cannot utilize glucose (3), |
additionally tested with 0.2% (w/v) succinic acid. To contrast, | included a defined minimal medium
(8), also supplemented with 0.2% succinic acid, and complex media—Lysogeny Broth (LB), made
from either premixed dehydrated media or from individual components (Fig B.1A). As expected, the
minimal media exhibited the slowest growth. Surprisingly, EZ RDM with 0.2% succinic acid
supported faster growth and reached a higher cell density compared to LB, and even EZ RDM with
0.2% glucose showed comparable growth. In the glucose medium, itis possible that A. baumannii
is utilizing other components of EZ RDM, such as amino acids, as a carbon source, or that residual

nutrients from initial growth in rich media prior to the experimental setup supported growth.

With the improved growth of EZ RDM with 0.2% succinic acid (~17mM), | then sought to find an
optimal concentration of supplemented succinate. To better match standards from Pseudomonas
succinate media, which utilize 1T0mM or 20mM succinate, | then tested a range of succinic acid
concentrations from 0mM to 100mM, utilizing LB with added succinic acid as a control (Fig B.1B). In
EZ RDM with 20 mM succinic acid, the strain showed a similar growth phenotype, and without an
added carbon source, showed a growth defect. Yet succinic acid at a higher concentration caused

growth to lag (25 mM) or be entirely inhibited, including adding succinic acid to LB.

| hypothesized that the succinic acid lowered the pH of the EZ RDM, despite the presence of MOPS
buffer in the media. Indeed, when made with sodium succinate, the pH of the media was ~7.5, but

with only 20 mM succinic acid, the pH dropped to ~5.2. A. baumannii is known to grow well in a pH



Figure B.1. 19606 growth curves in various media. (A) Growth over 15 hours in EZ RDM with
glucose or succinic acid at 0.2% w/v, LB mixed from components or purchased premixed, and
MOPS minimal media with 0.2% w/v succinic acid. (B) Growth over 15 hours in EZ RDM with
different concentrations of succinic acid or LB supplemented with 20 mM succinic acid. Lines

represent the mean biological replicates (N=3); ribbons are standard deviation.
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Figure B.1

A

Growth (OD,_,)

Growth (OD,,)

0.6

0.4

0.2

0.0

0.6

0.4

0.2

0.0

Complex and defined media growth

Condition

— EZ RDM+0.2% (w/v) glucose

—— EZ RDM+0.2% (w/v) succinic acid

— LB pre-mixed

— LB from components

—— MOPS minimal + 0.2% (w/v) succinic acid

0 5 10 15
Time (hours)

Rich media + succinic acid

Condition

~— EZ RDM + O0mM succinic acid
~— EZRDM + 100mM succinic acid
—— EZ RDM + 20 mM succinic acid
— EZ RDM + 25 mM succinic acid
—— EZ RDM + 50 mM succinic acid
—— LB+ 20 mM succinic acid

0 5 10 15
Time (hours)



308

range of 5-8 (9), suggesting that higher concentrations of succinic acid were inhibitory due to overly
acidic conditions. | next tried sodium succinate as a medium additive to increase succinate
concentration without a concomitant decrease in pH (Fig B.2A). All concentrations of sodium
succinate showed growth comparable to—or better than—LB. Interestingly, 20mM of succinic acid
showed a possible slight increase in growth but remained a nonoptimal choice due to

overwhelming the buffer solution in EZ RDM.

We then sought to test the application of EZ RDM with sodium succinate in an experimental setup.
By growing larger volumes of cell culture with an uninduced essential gene CRISPRi library (10)
rather than WT, we better represented actual experimental conditions. | found that cultures of the
library with 40 mM of sodium succinate achieved maximal cell density at stationary phase (Fig
B.2B). We defined EZ RDM supplemented with 40mM sodium succinate as AbRDM, using this

media in subsequent experiments.

Quantification of subinhibitory chemical concentrations

| then tested growth of 19606 in AbRDM with added chemicals at various concentrations to define a
range of subinhibitory concentrations for downstream chemical genomics. To achieve this, | sought
to determine a method of quantification for inhibition; previous studies of bacterial growth have
used metrics like lag time, carrying capacity (asymptote), growth rate (slope of the curve), average
doubling time, or more complex mathematical modeling (11-15) (Fig B.3A). However, initial growth
curves with antibiotics revealed varying phenotypes for growth inhibition where comparisons
including only slope, carrying capacity, or lag time across conditions would be inconsistent. For
example, nalidixic acid showed a substantial change in slope and carrying capacity but not lag time
with higher concentration (Fig B.3B). In contrast, increasing concentrations of tetracycline caused

longer lag times, but slopes remained similar and changes in carrying capacity were inconsistent
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Figure B.2. Growth in EZ RDM with sodium succinate. (A) Growth curves over 15 hours in EZRDM
supplemented with sodium succinate, with LB and EZ RDM with 20 mM succinic acid. Lines
represent the mean of biological replicates (N=3); ribbons are standard deviation. (B) Boxplot
depicting approximate cell density (ODeoo) of uninduced A. baumannii essential gene knockdown
library cultures (N=3 biological replicates) after 20 hours of growth. To calculate values, cultures

were diluted 1:10 and resulting measurements were multiplied by ten.
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Figure B.3. Effect of subinhibitory chemicals on growth. (A) Graphic depicting a bacterial growth
curve with common parameters. Growth data averages are shown for 19606 grown in varying
concentrations of (B) nalidixic acid, (C) tetracycline, or (D) fosfomycin to depict growth curve

variations. Lag time, slope, and asymptote values are not consistently representative of growth

defects from different antibiotics.
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(Fig B.3C). Additionally, standard sigmoidal curve modeling may falter with sharp, rather than
gradual, changes in growth rate, as observed with fosfomycin (Fig B.3D). Because of these
variations between antibiotics, we decided to use an empirical area under the curve (AUC) to define
growth and inhibition. The AUC method offers a robust alternative by integrating the entire growth
curve, and use of the trapezoidal method to estimate AUC avoids modeling to a mathematical
function that may differ in fit across samples. Comparison of the AUC to a control without inhibition
allows us to estimate a percent inhibition, and values for numerous chemicals and concentrations
are presented in Table B.1. Some chemicals tested were not reported here—with some used in later
experiments—due to a complete lack of inhibition at high concentrations (e.g., sodium tungstate,
PC190723) or lack of replicability of growth across days and/or concentrations. A single
concentration of colistin, a last-resort antibiotic used for clinical treatment, could display both
total inhibition and complete lack of inhibition across replicates, corroborating observed A.

baumannii heteroresistance to this drug at even low concentrations (16).
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Table B.1. Antibiotic concentrations and growth inhibition of A. baumannii ATCC19606.

Concentration?

s Standard

Antibiotic Solvent' (ug/?tl;]z:vlvei}:: Average mhlbmﬁ;j de.via’.cio.n. of
specified) inhibition

2.5 10.82 0.63

4 20.17 0.62

A22 DMSO 5 24.18 1.82
10 36.16 1.30

20 75.05 3.06

1 5.76 0.63

2 11.07 0.89

3 14.37 0.77

4 16.17 0.39

acriflavine DMSO 8 20.27 0.96
16 48.59 3.15

24 68.47 6.76

32 96.30 2.52

48 98.19 0.35

8 15.39 1.77

10 25.43 2.04

actinomycin D DMSO 12 27.72 1.29
14 31.35 0.33

16 34.14 0.79

1 7.81 0.89

1.25 13.43 0.95

1.5 26.21 1.64

amikacin water 175 35.35 145
2 43.23 1.08

4 94.63 1.78

8 98.37 0.06

16 97.71 0.26

10 1.31 0.89

20 2.04 0.40

amoxicillin DMSO 40 0.97 1.36
80 60.24 1.94

160 90.85 0.29

10 38.09 2.55

apramycin water 20 103.25 5.16

30 127.00 0.80
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40 127.02 0.85

50 128.98 0.77

0.2 16.24 0.52

0.4 25.50 0.33

0.6 30.56 0.92

0.8 36.14 0.57

azithromycin DMSO 1 29.58 0.99
1.125 33.50 0.45

1.25 36.82 0.54

1.375 40.11 0.10

1.5 41.52 0.24

2 -8.85 1.02

4 -1.49 2.52

aztreonam water 6 26.62 2.14
8 47.58 3.44

10 55.17 5.77

40 12.38 0.72

42.5 16.00 1.46

carvacrol DMSO 45 19.13 1.40
47.5 19.89 1.53

50 21.41 1.07

12.5 30.17 0.21

25 78.64 1.93

CCcCP DMSO 50 97.45 0.14
100 97.58 0.05

200 97.40 0.17

48 1.60 0.30

56 5.16 0.09

cefaclor water 64 7.15 0.23
72 17.83 0.56

80 27.10 0.85

5 4.67 0.62

7.5 39.90 1.41

cerulenin DMSO 10 65.13 0.83
12.5 72.60 2.43

15 75.19 4.99

1 -9.80 2.27

2 -4.41 1.91

chlorhexidine DMSO 3 -0.78 1.54
4 11.13 1.66

5 25.07 2.21
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5 8.38 0.49

10 23.74 1.41

chlorpromazine DMSO 12.5 26.13 1.17
25 46.90 0.75

50 98.88 0.20

0.1 10.79 0.90

0.2 17.40 0.35

ciprofloxacin water 0.3 25.91 0.22
0.4 48.36 0.25

0.5 66.07 0.34

6.25 7.33 0.45

12.5 7.03 0.62

copper (Il) sulfate water 25 -0.49 0.18
50 13.61 0.48

100 16.65 0.91

60 13.59 0.56

70 18.88 1.06

d-cycloserine water 80 29.60 1.50
90 32.76 0.68

100 37.87 1.57

6.25 -0.35 0.22

12.5 0.45 0.59

daptomycin water 25 5.16 0.51
50 9.04 0.29

100 10.80 1.84

0.063 23.10 0.43

0.125 51.56 0.74

doripenem water 0.25 75.51 0.93
0.5 80.29 0.26

1 88.93 0.65

31.25mM 12.87 0.31

62.5 mM 16.25 2.13

EDTA water 125 mM 20.33 1.18
250 mM 27.91 0.18

500 mM 40.63 0.41

10 20.97 1.52

20 25.92 0.53

ethidium bromide water 30 3210 0.0
35 35.51 1.04

40 37.50 0.75

45 42.10 0.57
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50 42.15 1.54

16 6.03 1.19

32 10.35 1.50

fosfomycin water 64 41.28 1.68
128 84.08 2.99

256 93.46 1.94

0.025 15.75 0.03

0.05 30.61 1.15

imipenem DMSO 0.075 45.23 1.10
0.1 53.13 1.15

0.125 59.88 2.36

50 3.22 0.75

75 10.42 3.95

indole DMSO 100 21.81 7.66
150 47.37 27.49

200 75.05 17.10

100 13.77 0.87

200 35.17 0.44

isoniazid water 250 70.83 0.91
300 64.05 19.44

400 63.50 0.49

0.016 7.26 1.95

0.031 10.34 2.20

levofloxacin DMSO 0.063 12.51 2.66
0.125 18.61 3.30

0.25 29.00 3.25

20 1.97 2.71

0.02 M sodium 30 9.10 2.79

lysozyme acetate buffer; 40 11.70 4.13
pH=4.6 50 18.66 1.68

60 17.45 2.39

6.25 21.85 1.42

12.5 25.52 0.35

mecillinam DMSO 25 32.57 0.85
50 44.07 0.89

100 63.02 1.00

0.05 4.31 0.61

0.1 9.92 1.10

meropenem DMSO 0.15 16.43 0.77
0.2 26.67 1.43

0.25 37.80 0.64
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62.5 29.24 1.58

125 35.31 0.47

mupirocin DMSO 250 40.98 0.21
500 41.00 1.28

1000 37.02 0.20

5 -3.07 2.49

7.5 2.46 0.99

10 6.07 0.98

myricetin DMSO 15 9.22 0.22
20 16.73 0.81

25 25.12 3.71

30 27.53 6.14

2 24.94 1.46

2.5 41.84 0.80

nalidixic acid water 3 45.49 1.07
3.5 73.67 4.47

4 78.95 4.74

0.625 4.60 1.07

1.25 8.79 0.54

novobiocin water 25 14.12 0.10
5 34.46 0.42

10 81.54 0.76

1 16.57 0.86

1.25 62.58 21.71

polymyxin B water 1.5 96.87 0.85
1.75 97.70 0.86

2 97.59 0.99

2.5 10.40 0.77

5 18.16 0.93

phenazine water 6 23.75 1.52
7.5 34.35 3.21

10 56.05 4.04

5 5.64 0.47

10 9.97 0.30

paraquat water 15 14.56 0.28
20 18.27 0.71

25 19.20 1.07

6.25 20.10 0.36

pyocyanin DMSO 12.5 39.23 0.92
25 77.74 2.94

50 68.77 0.19
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100 44.63 0.23

0.2 3.50 1.19

0.4 8.04 1.00

rifampicin DMSO 0.6 14.37 0.51
0.8 20.02 0.43

1 31.01 0.62

50 21.69 1.41

62.5 31.47 0.75

SDS water 75 34.18 1.06
87.5 34.34 1.24

100 35.62 0.20

0.625 75.93 0.96

1.25 76.38 0.97

sulbactam DMSO 2.5 79.06 0.66
5 85.21 1.13

10 82.42 0.52

0.125; 1 4.23 0.96

0.25; 2 2.63 0.26

tsizs:;itiflm' DMSO 0.5; 4 20.27 1.68
1;8 62.32 2.49

2;16 73.88 1.41

0.125 20.15 5.15

0.25 48.84 9.26

triclosan DMSO 0.5 86.23 4.12
1 88.93 1.65

2 94.51 0.09

0.25 18.35 1.85

0.5 30.14 1.67

tetracycline water 0.75 46.13 2.21
1 62.54 3.08

2 96.88 0.57

7.5 -0.87 1.18

15 2.99 0.74

30 9.41 1.49

50 13.52 2.03

thymol DMSO 60 26.79 2.88
70 54.86 10.14

80 78.23 11.06

90 81.82 14.54

120 80.10 11.48

tigecycline DMSO 0.016 11.10 3.03
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0.03 19.52 1.55

0.06 31.19 2.25

0.125 62.70 2.29

0.25 94.72 2.02

2 18.72 2.10

4 36.28 2.32

trimethoprim DMSO 8 61.41 6.18
16 90.88 1.15

32 94.55 2.65

1;5 10.47 0.33

_ _ 2;10 12.45 0.71
Sutl:c'amrf:ﬁg;;”;;le DMSO 3,15 16.31 0.34
4;20 19.88 0.80

5; 25 22.29 0.47

12.5 56.86 0.53

25 72.81 0.67

tannic acid DMSO 50 71.87 2.58
100 65.82 0.65

200 59.30 0.52

0.2 6.11 0.13

0.4 17.06 1.04

0.6 35.38 0.64

0.8 51.48 2.34

tobramycin water 1 71.16 0.58
1.25 88.54 1.78

1.5 93.34 1.88

1.75 97.33 0.61

2 97.92 2.69

1 17.22 0.82

2 20.65 0.69

3 21.94 0.85

4 22.26 0.70

TPEN DMSO 5 42.87 0.48
10 48.07 0.55

15 51.25 0.28

20 54.07 0.27

25 57.11 0.10

0.625 2.94 0.85

] 1.25 2.42 1.79
vancomycin water e 158 075
5 17.02 3.72
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10 35.00 5.24
30 50.25 0.71
40 58.30 1.22
50 63.53 0.97
60 67.67 0.64
70 71.57 1.04

'Solvents used to dissolve initial antibiotic stock and make dilutions. Working stocks added at ~1% of final

cultures.

2Final concentration of the antibiotic in culture, in ug/mL unless otherwise specified. Concentrations for each

component of combination antibiotics are listed in order, separated by a semicolon.

SPercent inhibition is calculated as 100*(1-(AUCsampie/AUC,), where AUCsampi iS the area under the curve for
the sample and AUC,is that of the corresponding no antibiotic control. N=3 biological replicates per

condition.
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Discussion

This appendix reports growth data for A. baumannii in EZ RDM, a nutrient-rich and defined medium,
compared to LB, and describes concentrations of succinate to use as a carbon source in this
medium. While sodium succinate is the preferred source for succinate, A. baumannii carbon
utilization is still not fully understood. The observations of growth in EZ RDM without a carbon
source supplement supports studies showing that A. baumannii can utilize amino acids as a
carbon source more efficiently than other bacterial species (17, 18). Moreover, although succinate
is a known preferred carbon source in Pseudomonas (4), A. baumannii may be able to incorporate
carbon from other untested sources more efficiently. In addition, we observed a possible growth
improvement in EZ RDM with 20 mM succinic acid, which has a more acidic pH. While early studies
on Acinetobacter species suggest an enrichment of growth in lower pH conditions (~5.5) (19), more
study is needed to validate our observations and understand effects of pH changes A. baumannii

growth.

The subinhibitory chemical concentrations reported here serve as a valuable resource, providing a
concentration range for future experiments requiring mild perturbations. However, it is important to
acknowledge the limitations inherent in this approach. These concentrations were tested in 96-well
plates and may change in experimental setups with larger volumes or different conditions. With
more potent antibiotics, concentration ranges were often very narrow, and biological and technical
variation could significantly impact the observed level of inhibition. Additionally, as noted with
colistin, the inherent variability and adaptability of A. baumannii can lead to inconsistencies in
growth and inhibition patterns. Therefore, we recommend multiple concentrations of each
chemical with several technical and biological replicates under test conditions, especially for high-

throughput experiments, to ensure robust and reproducible results. Nevertheless, from these
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experiments, we established and quantified several subinhibitory chemical concentrations and

confirmed AbRDM as a medium for future experiments.
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Materials and Methods

Strain A. baumannii ATCC19606 (sJMP4001) was used for all growth curve experiments. An
essential gene library of ATCC19606 (sJMP2949) from Ward et al. (10) and reported on in Chapters 2
and 3 was used for measuring cell density at saturation in EZ RDM across sodium succinate
concentrations. Cells were grown in EZ RDM (Teknova) with supplemented succinate or in LB, either
purchased premixed (BD 240230) or mixed from components (10 g tryptone, 5 g yeast extract,5 g

NaCl per liter).

Media growth assays

Growth of A. baumannii 19606 WT (sJMP4001) was assessed for growth in different media. Briefly,
overnight cultures of three individual isolates in LB was spun down, washed in PBS, and diluted
1:1000 into appropriate media in a 96-well plate to a final volume of 200puL and incubated in a plate
reader (Tecan Infinite 200 Pro Mplex) for 15 hours at 37°C with shaking. Growth was monitored by

measuring ODggo every 15 minutes.

For growth to saturation, sIMP2949 was revived by dilution of 25uL frozen stock (ODggo= 15) in 25
mL prepared media (starting ODsgo = 0.015) and incubated in a 125 mL flask with shaking at 37°C
until ODggo = 0.2, about 3.5 hours. sJMP2949 culture was then split for triplicate growth and diluted
1:10 into media in 14 mL snap cap culture tubes. Tubes were grown for 20 hours with shaking at

37°C. At saturation, cultures were diluted 1:10 and ODgyoWas measured.

Antibiotic growth assay
Three individual isolates of 19606 WT were resuspended from LB plates and used to inoculate
300uL AbRDM (starting ODsoo = 0.01) in a deep well microtiter plate. Cultures were grown with

shaking at 900 rpm for 3.5 hours or to early mid-log (ODggo ~0.2). Cultures were then diluted 1:100
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into a 96-well plate at a final volume of 200uL media with antibiotics, diluted in appropriate solvent

and added to media at 1% of final volume. Final concentrations are reported in Table B.1.

Quantification of inhibition

Background (media-only) absorbance values were first subtracted from sample absorbance values.
Then, the empirical area under the curve (AUC) was calculated for each sample in R using the AUC
function (trapezoidal rule for integration) from the DescTools package. Alternate functions, such as
trapz from the pracma package or SummarizeGrowthByPlate from the Growthcurver package, will
return similar values. Percent inhibition of bacterial growth was calculated using the following

formula:

AUCsample)

Percent inhibition = 100 x (1 —
AUC

where AUCs.mpie represents the AUC for each unique condition and biological replicate and AUGC, is
the corresponding biological replicate with no added antibiotic within the same plate.
The average percent inhibition for each antibiotic concentration is reported with standard

deviations. Code can be found at https://github.com/jentranxd/PhD_Thesis_2024.
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APPENDIX C

Effects of aerobic respiration complex knockdowns in A. baumannii

| performed all the experiments shown here and wrote this appendix.
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Introduction

Acinetobacter baumanniiis an obligate aerobe, relying entirely on oxygen for its energy production.
Central to this is oxidative phosphorylation, which harnesses the transfer of electrons to oxygen
through a series of oxidation-reduction reactions to generate ATP (1). This electron transport chain
(ETC) consists of several major complexes that work together to transfer electrons and pump
protons across the bacterial inner membrane, creating the electrochemical gradient necessary for
ATP synthase to function (2). Despite its importance, the detailed mechanisms and flux through this
pathway in A. baumannii are not fully understood. However, Tn-seq experiments have identified four
of these complexes as essential for bacterial survival: NADH dehydrogenase (NDH-1), succinate

dehydrogenase (Sdh), cytochrome bo; oxidase (Cyo), and ATP synthase (Fig C.1) (3, 4).

In this study, we utilized CRISPRI to perturb these essential respiratory complexes in A. baumannii
ATCC19606 (5). By selectively knocking down genes encoding components of these complexes, we

were able to measure subsequent impacts on energy output and membrane potential.

Results

Knockdowns of respiratory complexes reduce cellular levels of ATP

Using the previously described CRISPRIi system and guides (5), | created individual knockdown
strains, each targeting a single gene that encoded part of an essential respiratory complex. The
targeted genes are located upstream of genes encoding other components of the respective
complexes within predicted operons (6), and these complexes likely cannot function or assemble
without all subunits (7-10) these knockdowns likely affect the entire complex. To test the effect of
knockdown of the essential complexes on overall energy production, we measured ATP levels of

nuoB, sdhB, cyoA, and atpB knockdowns relative to a control containing a non-targeting sgRNA
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Figure C.1. Predicted aerobic respiration complexes in A. baumanniji. Apart from ATP synthase
(10, 11), complex function in A. baumannii is based heavily on work done in other

Gammaproteobacteria (12, 13). Complexes known to be essential are labeled.
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Figure C.1
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using the Promega CellTiter-Glo 2.0 Assay. We found lower levels of ATP for all knockdowns tested;
however, knockdown of NDH-1 and Sdh had a greater impact than Cyo or ATP synthase itself (Fig
C.2), suggesting that the cell may have compensatory mechanisms that partially mitigate
respiratory impacts or that NDH-1 and Sdh acted as bottlenecks in electron transfer. While
metabolic compensatory mechanisms for impaired respiration have been documented in both
mitochondria (14-17) and in other Gammaproteobacteria (18-21), further study is necessary to

understand how A. baumannii responds to various respiratory stressors.

Varying effects on membrane potential

Given that ETC complexes significantly contribute to proton motive force (PMF) and ATP synthase
utilizes this PMF to function, we hypothesized that knockdowns of these complexes would affect
membrane permeability, which is linked to PMF through transporter function (22, 23). To test this
hypothesis, we conducted a permeability assay using ethidium bromide (EtBr), which fluoresces
upon entering the cell and binding to DNA. Higher fluorescence readings indicate increased
membrane permeability. | found that the sdh knockdown strain had much lower permeability
compared to the non-targeting control, whereas knockdowns of ATP synthase and Cyo had
increased permeability (Fig C.3). Despite having opposing effects on PMF, Cyo and ATP synthase
displayed similar phenotypes, which may result from compensatory mechanisms or other
downstream cellular effects. For example, the synthesis of ATP is crucial to numerous processes,
including efflux (24), and Cyo—as the terminal oxidase—may contribute to ROS defense
mechanisms (25). Surprisingly, the knockdown of NDH-1 exhibited only a minor defect, if any (Fig
C.3) despite previous work demonstrating that NDH-1 knockdown significantly decreased
permeability (5). Furthermore, NAD+/NADH assays performed with these knockdowns (Fig C.4) also
varied from NDH-1 knockdown data (5), suggesting variations between experiments could

significantly affect flux through this pathway or assay measurements.
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Figure C.2. Relative ATP levels in aerobic respiration complex knockdowns. Boxplot depicts
cellular ATP—measured as luminescence with a CellTiter-Glo 2.0 Assay (Promega)—normalized to

the non-targeting control mean (dotted line). Points represent N=4 biological replicates.
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Figure C.2
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Figure C.3. Membrane permeability in knockdowns of aerobic respiration complexes. Ethidium
bromide permeability assay of knockdown or non-targeting strains. Lines depict sample means,

and ribbons represent standard deviation for N=4 biological replicates.
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Figure C.4. NAD+/NADH ratios in aerobic respiration complex knockdowns. Boxplot depicts
cellular NAD+/NADH ratios, measured as luminescence with a NAD/NADH-Glo™ Assay (Promega).

N=3 biological replicates.
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Discussion

My findings indicate that knockdowns of aerobic respiration complexes reduce ATP levels, with
NDH-1 and Sdh knockdowns having a more pronounced impact than ATP synthase and Cyo
knockdowns. Additionally, ATP synthase and Cyo knockdowns displayed increased permeability,
despite predicted opposing effects on proton motive force, whereas Sdh knockdowns were less
permeable. Importantly, experimental variations can affect measurements and replicability; only
single experiments for permeability and NAD+/NADH data are shown here as experiments were
difficult to replicate, and the data differ from previous studies using the same protocols but
different media (5). As CRISPRI guide efficacy can vary and these knockdowns likely had
transcriptional polarity effects, the actual reduction in complex activity needs to be determined to
link the magnitude of phenotypes observed to the underlying mechanisms. Moreover, biological
variability and potential compensatory mechanisms complicate connections between phenotypes
and knockdown effect, especially as many complexes contribute to other pathways. Most notably,
Sdh oxidizes succinate in the TCA cycle, and cells in these experiments were grown in media with
succinate as a carbon source. Additional work is required to determine the mechanistic and
regulatory impacts of these knockdowns, including effects on metabolic flux (26), but fitness data
from Chapter 3 indicate that these knockdowns impact antibiotic resistance and susceptibility in A.
baumannii. This underscores the complexity of respiratory stress responses and highlights the
importance of further investigation, potentially employing techniques such as membrane potential
measurements or metabolomics to gain a more comprehensive understanding of the underlying

mechanisms.
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Materials and Methods

Strains, plasmids, and oligos used are listed in Table C.1-3, respectively. All experiments were

conducted in EZRDM + 40mM sodium succinate (AbRDM, see Appendix B). Selective antibiotics
were used when necessary; 100 ug/mL ampicillin or 30 ug/mL kanamycin for E. coli donor strains
and 150 ug/mL gentamicin for A. baumannii. Diaminopimelic acid (DAP) was added at 300 uM to

support growth of E. coli dap- donor strains.

Knockdown construction

Knockdown strains were constructed as previously described (5, 27).

ATP assay

Overnight cultures were diluted 1:50 into a deep-well 96-well plate with TmM IPTG (isopropyl b-D-1-
thiogalactopyranoside) and grown at 37°C with shaking at 900 rpm. After 3.5 hours, or early log-
phase (OD~0.2), 100uL of each sample were collected for use in the CellTiter Glo 2.0 Assay

(Promega) according to manufacturer protocol.

NAD+/NADH assay

Overnight cultures were diluted 1:50 into a deep-well 96-well plate with TmM IPTG (isopropyl b-D-1-
thiogalactopyranoside) and grown at 37°C with shaking at 900 rpm. After 3.5 hours, or early log-
phase (OD~0.2), 100uL of each sample were collected for use in the NAD/NADH-Glo™ kit (Promega)

according to manufacturer protocol.

Ethidium bromide assay

Ethidium bromide assay was performed as previously described by Ward et al. (5) and in Chapters 2

and 3.
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Strain

Description’

Source

sJMP4001 (19606)

A. baumannii ATCC19606

ATCC

sJMP3053

E. coli cloning strain (derived from BW25141)
(pir+, recAl with anti-CRISPR)

Ward et al. (5)

sJMP3049

E. coli mating strain (derived from WM6026)
(pir+, recAl with anti-CRISPR)

Ward et al. (5)

sJMP4061

E. coli mating strain sJMP3049 with pEVS104 (R6K ori
helper plasmid for conjugation); kanR, dap-

Ward et al. (5)

sJMP4324

A. baumannii 19606 (sJMP4001) with MCi system
inserted into the Tn7 att site, gmR (non-targeting
control sgRNA)

Ward et al. (5)

sJMP10074

A. baumannii 19606 (sJMP4001) with MCi system
from pJMP10054 inserted into the Tn7 att site, gmR
(nuoB sgRNA)

Ward et al. (5)

sJMP4433

A. baumannii 19606 (sJMP4001) with MCi system
from pJMP4419 inserted into the Tn7 att site, gmR
(sdhB sgRNA)

This study

sJMP4410

A. baumannii 19606 (sJMP4001) with MCi system
from pJMP4400 inserted into the Tn7 att site, gmR
(cyoA guide)

This study

sJMP4412

A. baumannii 19606 (sJMP4001) with MCi system
from pJMP4404 inserted into the Tn7 att site, gmR
(atpB guide)

This study

TgmR = gentamicin-resistant; kanR = kanamycin-resistant; ampR = ampicillin-resistant; dap- = requires

diaminopimelic acid; MCi = Mobile-CRISPRIi



Table C.2. Plasmids used in this study.

341

Plasmid Description’ Source
pJMP2776 MCi plasmid for A. baumannii; for cloning new Ward et al. (5)
guides (Bsal sites), ampR (backbone), gmR
(transposon)
pJMP4419 MCi plasmid for A. baumannii; sdhB guide This study
pJMP4400 MCi plasmid for A. baumannii; cyoA guide This study
pJMP4404 MCi plasmid for A. baumannii; atpB guide This study

TgmR = gentamicin-resistant; ampR = ampicillin-resistant; MCi = Mobile-CRISPRi

Table C.3. Oligos used in this study.

Oligo Sequence (5’to 3’) Description’

0JMP1887 TAGTAATAGATCGCAGTCATCATA cyoA top; anneal oligos to clone guides
into Bsal sites in MCi vector

0JMP1888 AAACTATGATGACTGCGATCTATT cyoA bottom; anneal oligos to clone
guides into Bsal sites in MCi vector

0JMP1891 TAGTGCCAATTTCCATGTACCATC atpB top; anneal oligos to clone guides
into Bsal sites in MCi vector

0JMP1892 AAACGATGGTACATGGAAATTGGC atpB bottom; anneal oligos to clone
guides into Bsal sites in MCi vector

0JMP1963 TAGTTACCTTCACGGCAAGAACGA sdhB top; anneal oligos to clone guides
into Bsal sites in MCi vector

oJMP1964 AAACTCGTTCTTGCCGTGAAGGTA sdhB bottom; anneal oligos to clone

guides into Bsal sites in MCi vector

"MCi = Mobile-CRISPRi
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