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ABSTRACT 

Cyclic di-GMP Regulates Motility, Biofilm Formation, and 

Desiccation Tolerance in Acinetobacter baumannii 

by 

Garrett Reynolds 

Acinetobacter baumannii is an increasingly multidrug-resistant pathogen contributing to 

hospital-acquired infections necessitating the discovery of novel treatments. A bacterial 

second messenger, cyclic diguanosine monophosphate (cyclic di-GMP), can regulate 

various persistence factors that are potentially advantageous for survival in hospital 

environments. Cyclic di-GMP–modulating enzymes and cyclic di-GMP–binding effectors 

predictively are encoded in the Acinetobacter baumannii genome. I hypothesized that 

cyclic di-GMP controls motility, biofilm formation, and desiccation tolerance in 

Acinetobacter baumannii. Disrupting cyclic di-GMP–modulating enzymes or cyclic di-

GMP–binding effectors should alter the regulatory effectiveness of these phenotypes. I 

tested the multidrug-resistant isolate Acinetobacter baumannii strain AB5075 and 

identified several transposon mutants that altered twitching motility, biofilm formation, 

and desiccation tolerance; these results suggest that cyclic di-GMP plays a role during 

these three responses in Acinetobacter baumannii AB5075. Inhibiting these cyclic di-

GMP signaling pathways could produce novel mechanisms to combat this pathogen in 

the hospital environment.  



 3 

 

 

 

 

 

 

 

 

 

 

 

© 2022 by Garrett Reynolds 

All Rights Reserved 



 4 

DEDICATION 

  

I dedicate this work to my friends and family for their patience as I continue my 

academic career: my partner, Carrie “Kat” Matherly, for pushing me, reading my thesis, 

and letting me know whether it’s worthy, garbage, or worthy garbage; my parents, John 

and TeriAnn Reynolds, for raising me, giving me life, and giving me consciousness—

even if I didn’t ask to be born, I value how you’ve raised me and what you’ve given me; 

Dr. Robert Pack, for being a mentor to me since high school and rooting for me ’til this 

day; my grandparents, Dick and Judy Rowe, for providing me financial assistance in my 

academics; my brother, Matthew Reynolds, for keeping me sane throughout the 23 (and 

three-fourths!) years of my life; and all my friends including Cannon Pack, Gabriel 

Davis, and everybody else who has helped me make it through my academic career, 

unscathed.  

And most importantly, I dedicate this work to the United States of America.  



 5 

ACKNOWLEDGEMENTS 

 

 First and foremost, I would like to thank my mentor, Dr. Erik Petersen, for giving 

me the privilege of working in his research lab and spending so much of his time 

teaching me. I would also like to express my gratitude to my committee members, 

Dr. Bert Lampson and Dr. Christopher Pritchett for providing valuable critiques and 

necessary feedback for this thesis. I additionally would like to acknowledge Dr. Melissa 

Altura and Dr. Sean Fox for their aid in pedagogical instruction. Gabriel Smith and 

Gabrielle Shipstone provided much-needed help as undergraduate researchers, 

assisting me with the motility and desiccation assays. I also thank everybody else in Dr. 

Petersen’s lab who had a direct or indirect impact on my project including Jake Schultz, 

Joey Headrick, Deeba Mohseni, Zoe Tolzmann, Saahil Narwani, Lexie Pulliam, 

Abdulafiz Musa, and Andrew Robinson.  



 6 

TABLE OF CONTENTS 

 

ABSTRACT ......................................................................................................................... 2 

DEDICATION ...................................................................................................................... 4 

ACKNOWLEDGEMENTS .................................................................................................. 5 

LIST OF FIGURES ............................................................................................................. 8 

LIST OF ABBREVIATIONS ................................................................................................ 9 

CHAPTER 1. INTRODUCTION ....................................................................................... 10 

ESKAPE Pathogens .............................................................................................. 10 

Acinetobacter baumannii ....................................................................................... 11 

Persistence Factors ............................................................................................... 12 

Motility ......................................................................................................... 12 

Biofilm Formation........................................................................................ 13 

Desiccation Tolerance ........................................................................................... 14 

Bis-(3’-5’)-cyclic Dimeric Guanosine Monophosphate ......................................... 15 

Diguanylate Cyclases Produce C-di-GMP................................................. 15 

Phosphodiesterases Degrade Endogenous C-di-GMP ............................ 16 

Effector Molecules Bind C-di-GMP to Regulate Phenotypes.................... 17 

Potential C-di-GMP Regulation of AB5075 Persistence Factors .............. 18 

CHAPTER 2. RESULTS ................................................................................................... 19 

Identification of Eleven Putative CMEs and a CBE in A. baumannii ................... 19 

Two CMEs and a CBE Regulate Twitching Motility in AB5075 ........................... 21 

Multiple CMEs Regulate Biofilm Formation in AB5075 ........................................ 27 



 7 

DGC and CBE Regulation of Desiccation Tolerance in AB5075 ......................... 32 

CHAPTER 3. DISCUSSION ............................................................................................. 34 

CME Regulation of Persistence Factors in AB5075 ............................................. 34 

Motility ......................................................................................................... 36 

Biofilm Formation........................................................................................ 38 

Desiccation Tolerance ................................................................................ 39 

Concluding Remarks ............................................................................................. 40 

CHAPTER 4. MATERIALS AND METHODS .................................................................. 42 

Bacterial Strains and Growth Conditions .............................................................. 42 

Generation of Mutant Strains ................................................................................ 42 

AB5075 Transposon Mutants .................................................................... 42 

AB5075 Complement Mutants ................................................................... 43 

Twitching Motility Assays ...................................................................................... 44 

Static Biofilm Formation Assays ........................................................................... 45 

Desiccation Tolerance Assays .............................................................................. 47 

REFERENCES ................................................................................................................. 51 

APPENDICES ................................................................................................................... 62 

Appendix A. Strains Used in This Study ............................................................... 62 

Appendix B. Plasmids Used in This Study ........................................................... 65 

Appendix C. Oligonucleotides Used in This Study ............................................... 66 

Appendix D. AB5075 and 17978 Homologues ..................................................... 79 

Appendix E. Acinetobacter baumannii 17978 ...................................................... 80 

VITA .................................................................................................................................. 92 



 8 

LIST OF FIGURES 

 

FIG 1.  Simplified c-di-GMP signaling pathway ........................................................... 16 

FIG 2.  A. baumannii AB5075 encodes several putative CMEs and a CBE .............. 20 

FIG 3.  Transposon mutations in pde1, dce1, and cbe1 alter twitching in AB5075 ... 22 

FIG 4.  The pMMB67EH-RIF expression vector map ................................................. 24 

FIG 5.  AB5075 mutant complements replenish twitching motility from pde1, dce1, 

and cbe1 gene reinsertions ............................................................................. 25 

FIG 6.  Several expression levels complement the dce1 mutant of AB5075 ............. 26 

FIG 7.  Transposon mutations of many CMEs alter biofilm levels in AB5075 ........... 29 

FIG 8.  Complemented dgc mutants restore WT biofilm levels in AB5075 ................ 30 

FIG 9.  Different expression levels complement and reveal the dce2 mutant 

contains DGC/PDE activity for biofilm production in AB5075 ........................ 31 

FIG 10.  Transposon mutations of genes dgc6 and cbe1 determine survival after 

48-hour exposure to a desiccating environment in AB5075 ........................... 33 

FIG 11.  AB5075 CME/CBE regulation of physiological responses ............................. 35 

FIG 12.  Twitching motility plate inoculation technique ................................................. 44 

FIG 13.  Stained 96-well plate for detection of biofilm .................................................. 46 

FIG 14.  5-fold serial dilutions in a 96-well plate ........................................................... 48 

FIG 15.  The 6×6 drop plate method for sextuplet CFUs per trial ................................ 50 



 9 

LIST OF ABBREVIATIONS 

 

AB5075 Acinetobacter baumannii strain AB5075 

CBE  Cyclic-di-GMP–binding effector 

C-di-GMP Cyclic di-GMP or bis-(3’-5’)-cyclic dimeric guanosine monophosphate 

CME  C-di-GMP–modulating enzyme 

DCE  Dual domain (both DGC and PDE) c-di-GMP–modulating enzyme 

DGC  Diguanylate cyclase 

IPTG  Isopropyl β-D-1-thiogalactopyranoside 

LB  Luria broth 

PDE  C-di-GMP–specific phosphodiesterase 

pEV Empty vector, particularly the pMMB-RIF control vector denoted as “pEV” 

WT  A wild type. A wild-type strain 



 10 

CHAPTER 1. INTRODUCTION 

 

ESKAPE Pathogens 

ESKAPE pathogens comprise many multidrug-resistant bacterial strains that 

cause nosocomial infections in hospitals. The acronym encompasses six pathogens: 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter spp (1, 2). Many nosocomial 

strains thrive in hospitals because of their multidrug resistance. A tertiary care teaching 

hospital in Monterey, Mexico, observed the resistance of A. baumannii to meropenem 

increase from 59 % to 75.3 % within two years (3). Separately, a Hungarian tertiary care 

teaching hospital found that 55.2 % of isolated A. baumannii strains were resistant to 

meropenems which is much higher than the European average of 31.9 % per the 2018 

EARS-NET surveillance system report (4). ESKAPE pathogens share similar 

mechanisms of antimicrobial resistance, such as drug inactivation, modifying the drug 

binding site, reducing intracellular drug accumulation by employing efflux pumps/porin 

loss, and protective biofilm formation (2). Investigating these antimicrobial resistance 

mechanisms (e.g., biofilm formation) may help researchers avoid these responses when 

developing disinfectants and antimicrobials.  

Conventional antimicrobial treatments are not an effective long-term strategy 

against bacterial biofilms on abiotic surfaces (5-7). Many biofilm infections are present 

on medical implant surfaces. Consequently, phagocytes and polymorphonuclear 

leukocytes are downregulated when in the presence of a foreign body, providing an 

ideal site for bacterial biofilms to propagate (8, 9). The successful infection is a direct 
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cause due to a weaker immune response near the site of implants and a safer place for 

pathogens to thrive. Thus, patients may need to replace their implanted devices and 

undergo antibiotic treatments to remove the infected surface. 

Targeting the pathogens’ natural physiological processes (e.g., biofilm formation, 

motility, et cetera) is a promising aim to diminish their ability to adhere to abiotic 

surfaces, such as medical equipment or hospital surfaces. One crucial step to finding 

potential drug and disinfectant targets is understanding more about the physiology of 

ESKAPE pathogens, providing avenues toward solving the multidrug resistance 

problem that healthcare facilities face.  

 

Acinetobacter baumannii 

Acinetobacter is an aerobic Gram-negative coccobacillus that is not 

conventionally motile due to the absence of flagella. This opportunistic pathogen is 

known for its excessive persistence in healthcare facilities and resistance to many 

antibiotics (e.g., carbapenems), alerting the critical necessity to discover more 

antimicrobial drugs (10). The most common pathogen for Acinetobacter hospital-

acquired infections is A. baumannii which was responsible for 1.6 % to 6.2 % of total 

hospital-acquired infections in several surveys (11-13). Because the pathogen’s 

incidence rate in hospitals is ever-increasing, understanding the persistence 

mechanisms on surfaces will help locate key antimicrobial targets.  

Multidrug-resistant A. baumannii are often resistant to cephalosporins, 

fluoroquinolones, and aminoglycosides; so physicians must resort to treating patients 

with drugs that are becoming less effective against A. baumannii, such as polymyxins 
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and carbapenems (14). In 2017, the World Health Organization listed carbapenem-

resistant A. baumannii as a critical priority antibiotic-resistant pathogen (10). 

Particularly, A. baumannii strain AB5075 is a recent multidrug-resistant isolate that is a 

great candidate for studying the persistence of A. baumannii because of its phenomenal 

ability to survive hazardous environments (15). AB5075 is hypervirulent in animal 

models and prone to genetic manipulation due to its susceptibility to tetracycline, 

hygromycin, and rifampicin (16). AB5075 also shows high levels of phase variation in 

colony morphotype, alternating between opaque and translucent colonies. Opaque 

variants are more common in a motile and virulent state, yet the translucent 

counterparts are more sessile (17). Moreover, A. baumannii incidence has increased in 

the last decade (18, 19). Since AB5075 is an emerging A. baumannii pathogenic 

hospital strain, the strain should prove a commendable candidate for better 

understanding the persistence of Acinetobacter.  

 

Persistence Factors 

Motility 

Since Acinetobacter lack flagella, the genus is designated as non-motile. In some 

However, A. baumannii encodes a type IV pilus that permits twitching motility in some 

strains (e.g., AB5075) when the bacterium extends, tethers, and retracts type IV pili to 

twitch across a surface such as plastic. First discovered in the 1970s in Pseudomonas 

aeruginosa, type IV pili contain a major pilin protein (e.g., PilA) and are responsible for 

elongation and retraction (20-22). Bacteria capable of twitching motility do so entirely 

independent of flagella (23); the downside is that the bacterium must grapple onto a 
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hard surface to pull itself forward rather than rotate a helical propeller without needing a 

surface. In addition to motility, pili can also play a role in adhering to biotic and abiotic 

surfaces (24-27). The Csu pilus, an adhesive D-mannose-sensitive type I pilus, can 

accomplish this surface adhesion (28, 29). A bacterium can adhere to and colonize a 

hard surface using Csu pili, so these pili are not used for motility but for surface 

adhesion. A bacterium that can grapple onto hard surfaces can expediently colonize 

onto polyethylene (28), a common polymer used in implanted medical device plastics.  

Biofilm Formation 

A. baumannii can also form extracellular polymers and clump together in 

communal structures known as biofilms. In nature, biofilms harbor a diverse crowd of 

microbes that encase themselves in polysaccharides, exudates, and detritus (30). 

These extracellular components act as physical barriers that can stop deadly chemicals 

and allow many bacteria to successfully infect a host (31, 32). Biofilms provide a further 

barrier that help populations of bacteria colonize hazardous areas to which they cannot 

easily attach. Bacteria can also utilize biofilms to persist in patients afflicted by chronic 

infections such as cystic fibrosis, tuberculosis, and sinusitis (33), complicated by the fact 

that antibiotics are more capable of harming planktonic bacteria compared to biofilm-

encased ones (34). Many A. baumannii genes may regulate the production of 

extracellular components for bacterial biofilm formation. One example is pgaA with 

homology to that which has been reported as required for an optimal biofilm in 

Escherichia coli, where pgaA binds to the outer membrane exporter for the biofilm 

adhesin polysaccharide, poly-β-1,6-N-acetyl-D-glucosamine (35, 36). Another potential 

factor in optimal biofilm production is the algC gene which codes for 
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phosphomannomutase, an enzyme that converts mannose-6-phosphate to mannose-1-

phosphate (37) that is necessary for the overall synthesis of alginate. Previous studies 

indicate that alginate exopolysaccharide protects a cell from antimicrobials and a host’s 

immune response within a biofilm (38, 39). The algC gene is positively regulated by 

AlgR (40) and expressed under various conditions such as dehydration or oxidative 

stress (41). Investigating the regulatory mechanisms behind A. baumannii biofilm 

formation can provide much-needed information on these persistence factors for the 

eventual development of compounds that treat both surface-associated and in vivo 

biofilms.  

Desiccation Tolerance 

Another powerful adaptation for A. baumannii is to survive on dry surfaces for an 

extended amount of time; accordingly, the pathogen can persist in healthcare 

environments outside of liquid solutions, remain viable, and infect once resuspended. 

Currently, only a few factors have been contributed to desiccation tolerance such as a 

two-component response regulator, BfmR, and a monofunctional catalase system, 

KatE, mediate tolerance during desiccation; during that study, AB5075 remained viable 

on a polystyrene surface for 90 days (15). AB5075 has shown to be much better at 

resisting dry environments down to 2 % relative humidity than P. aeruginosa PAO1, E. 

coli W3110, A. baumannii 17978, and A. baumannii ATCC® 19606™ during six days 

(42). Many recent hospital isolates of A. baumannii (i.e., AB5075 from 2007 & AB09-003 

from 2009) have been more tolerant to dryness compared to older isolates according to 

the findings of these studies (15, 42, 43).  
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Bis-(3’-5’)-cyclic Dimeric Guanosine Monophosphate 

Bis-(3’-5’)-cyclic dimeric guanosine monophosphate (c-di-GMP) is a bacterial 

second messenger that controls many physiological states in response to environmental 

stimuli by binding to and altering the structure of effector molecules. The c-di-GMP 

signaling network regulates many bacterial phenotypes, including flagellum- (44, 45) 

and pilus-mediated motility (46), biofilm formation (47), biosynthesis of quorum-sensing 

signal molecules (48), asymmetric cell morphology (49), virulence factor secretion, host 

suppression, and defense mechanisms (50). The presence of c-di-GMP typically 

represses motility and activates biofilm formation. While in a sessile state, c-di-GMP–

modulating enzymes (CMEs) may increase c-di-GMP levels that in turn increase the 

exopolysaccharide synthesis (51) and biofilm production (52). Conversely, bacteria may 

decrease c-di-GMP concentrations to transition to a motile state by activating flagellum- 

or pilus-mediated motility systems (47). Diguanylate cyclases and c-di-GMP–specific 

phosphodiesterases are the CMEs that control the switch between the two states.  

Diguanylate Cyclases Produce C-di-GMP 

Diguanylate cyclases (DGCs) convert two GTPs to a single c-di-GMP molecule. 

The active site of DGCs contains the conserved amino acid sequence motif 

GG(D/E)EF. DGC domains can increase the concentration of c-di-GMP inside the cell 

upon activation by N-terminal sensory or regulatory modules like PAS domains (53). As 

the c-di-GMP concentration increases, c-di-GMP acts in a negative feedback loop by 

noncompetitively binding and inhibiting DGC domain activity at an allosteric inhibitory 

I-site (53). In this way, external signals can activate the production of intracellular c-di-

GMP to a desired concentration.  
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FIG 1. Simplified c-di-GMP signaling pathway 

Diguanylate cyclases (DGCs) convert 2 GTP molecules to c-di-GMP, while c-di-GMP–

specific phosphodiesterases (PDEs) degrade c-di-GMP to linear diguanylate (pGpG). 

Both DGCs and PDEs commonly encode N-terminal sensory domains that regulate 

enzymatic activity. C-di-GMP then binds to a variety of downstream effectors that 

regulate phenotypic outputs, including motility and biofilm formation.  

 

Phosphodiesterases Degrade Endogenous C-di-GMP 

Since DGCs are responsible for generating c-di-GMP, a mechanism to 

counteract the generation of the second messenger must be in place. C-di-GMP–

specific phosphodiesterases (PDEs), encoding an EAL domain, enzymatically hydrolyze 

c-di-GMP to a linear diguanylate, pGpG (FIG 1) (54). Like DGCs, PDEs are often 

regulated through the activation of N-terminal sensory domains. In conjunction with five 
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other residues, the glutamate (denoted as ‘E’) in the RocR EAL domain of 

P. aeruginosa PAO1 utilizes base-catalyzed deprotonation of Mg2+-coordinated water to 

hydrolyze intracellular c-di-GMP, implying this glutamate is obligatory for the enzyme’s 

catalytic activity (55-58).  

In some instances, proteins contain both DGC and PDE domains in tandem—

further denoted as dual domain CMEs (DCEs). Certain examples of DCEs indicate that 

both enzymatic domains are active and vary their activity depending on signaling 

through N-terminal sensory domains (59). In other cases, one domain is found in a 

catalytically inactive form that may play a further regulatory role upon the active domain 

(60, 61). One regulatory mechanism used by some of these catalytically inactive 

domains is through the binding of c-di-GMP itself, converting them into c-di-GMP–

binding effector proteins (62, 63). 

Effector Molecules Bind C-di-GMP to Regulate Phenotypes 

There are varieties of c-di-GMP–binding effectors (CBEs) that include 

transcriptional regulators, enzymes, structural proteins, and RNA riboswitches. The 

most well-known c-di-GMP–binding effector domain, PilZ, appears in several different 

proteins. The eponymous example stems from the 1996 discovery of the P. aeruginosa 

pilZ gene that was required for type IV fimbrial biogenesis (64). The most necessary 

motif required for c-di-GMP–PilZ binding is the highly conserved RxxxR switch region in 

the N-terminus portion of the PilZ domain (65), albeit not all PilZ domain-containing 

downstream effectors in P. aeruginosa bind to c-di-GMP (66). A later study continued to 

investigate derivatives of c-di-GMP–binding sites in the PilZ domain-containing c-di-

GMP–induced flagellar brake protein, YcgR (67). This protein has distinct roles in c-di-
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GMP–dependent motility. PilZ functions with a regulatory role in twitching motility (68-

70), whereas YcgR regulates swimming and swarming motility as a flagellar brake (71). 

More Enterobacteriaceae pathogens have been found to contain YcgR, PilZ, and PilZ 

domain-containing proteins in E. coli and Salmonella (71), showing that this mechanism 

of motility regulation is seemingly conserved among several bacterial genera.  

Potential C-di-GMP Regulation of AB5075 Persistence Factors 

 Though c-di-GMP regulatory mechanisms haven’t been studied heavily in 

A. baumannii, researchers can utilize reverse genetics and modern bioinformatics 

programs to pursue A. baumannii CMEs. Since the ESKAPE pathogens use the c-di-

GMP signaling network, research in the secondary messenger signaling network can be 

used to discover novel antimicrobial targets. Acinetobacter is a concerning ESKAPE 

pathogen as a result of no candidate compounds in late-stage development to treat 

these infections (72). Due to everything outlined in this introduction, I hypothesized that 

c-di-GMP is a factor in the persistence of A. baumannii. By better understanding these 

phenotypes and their regulation by c-di-GMP, this information can be used for the 

design of strategies to combat A. baumannii. I outlined different physiological responses 

that could help Acinetobacter persist in a hospital and test how genes that encode 

CMEs and CBEs regulate Acinetobacter’s ability to perform these responses. This work 

was a comprehensive screen of annotated A. baumannii AB5075 CMEs and CBEs, 

paving the way for many future projects in the A. baumannii c-di-GMP field.  



 19 

CHAPTER 2. RESULTS 

 

Identification of Eleven Putative CMEs and a CBE in A. baumannii 

 My committee chair, Dr. Erik Petersen, performed a preliminary protein BLAST 

search for CMEs in A. baumannii strain AB5075 using the DGC domain from 

Caulobacter crescentus PleD protein, the PDE domain from the Pseudomonas 

aeruginosa PA2133 protein, and the Salmonella enterica serovar Typhimurium YcgR 

protein (45, 73, 74). This protein BLAST evinced a putative collection of 7 DGCs, 

1 PDE, 3 DCEs, and 1 CBE putative genes (FIG 2). These genes were entered into the 

SMART and the CDD programs to check for domain integrity (75, 76). Two additional 

genes, pde2 and cbe2, were also found in a second strain, A. baumannii 17978 

(Appendix E5). A transposon mutant for cbe2 was not available in AB5075, and we 

found that pde2 is likely a pseudogene in AB5075 due to a nucleotide deletion within 

this gene; the reading frame shifts, leading to an early stop codon, and resulting in 

partial pde2 coding. Future work will seek to generate these mutants in AB5075 and 

determine their functions.  

 To simplify the nomenclature, I altered the naming conventions of each of these 

genes (FIG 2). I decided that naming “dgc1” as “dgcA” could be misinterpreted as the 

orthologues of dgcA genes (77). Hence, I ordered them from dgc1 to dgc7 as temporary 

names in sequential order of the AB5075 genome. I applied the same conventions to 

PDEs, DCEs, and CBEs. If desired, I provided the official gene names of all genes in 

this study with their corresponding temporary gene names (Appendix D).  
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FIG 2. A. baumannii AB5075 encodes several putative CMEs and a CBE 

A BLAST search of the genome for A. baumannii AB5075 identified several c-di-GMP–

associated genes. SMART revealed many putative (A) diguanylate cyclases, (B) c-di-

GMP–specific phosphodiesterases, and (C) dual domain-containing c-di-GMP–

modulating enzymes. (D) Using the CDD, a single putative c-di-GMP–binding effector is 

visualized in A. baumannii AB5075. Gene “cbe1” contains a PilZ domain on the N-

terminus where c-di-GMP could potentially bind to this domain. Blue rectangles show 

transmembrane regions; GGDEF motifs represent putative DGC domains; EAL motifs 

represent putative diguanylate PDE domains; and PAS/PAC motifs represent putative 

sensory regions.  
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Two CMEs and a CBE Regulate Twitching Motility in AB5075 

 Pilus-mediated twitching motility may play a role in A. baumannii’s ability to 

adhere and move around on abiotic surfaces either inside or outside the host. A 

transposon library of A. baumannii exists with insertions in each of the non-essential 

genes of the organism (78). Transposon mutants in each of the 11 putative CMEs (7 

DGCs, 1 PDE, and 3 DCEs) and a single PilZ domain-containing putative CBE protein 

were acquired and tested for their ability to exhibit type IV pilus-mediated motility. As 

controls, four additional mutants were also tested: pgaA, algC, csuA, and pilA. The 

product of pgaA binds to the biofilm adhesin polysaccharide, poly-β-1,6-N-acetyl-D-

glucosamine, algC codes for phosphomannomutase used for the attachment step of 

forming a biofilm, and csuA codes a primary unit for the surface adhesion pilus, so I do 

not expect decreased motility when disrupting these genes due to their roles in biofilm 

formation rather than motility. The only mutant that should result in decreased motility is 

the pilA mutant because it is the major subunit for pilus-mediated motility. Although 

Luria broth (LB) agar plates were made fresh before each experiment, I tried accounting 

for experimental variability by comparing the results of the individual mutants to the 

distance traveled by wild-type AB5075 for each experiment (FIG 3).  

As expected, interruption of the pilA type IV pilin gene blocks all twitching motility, 

while none of the pgaA, algC, or csuA mutants exhibit altered motility. Two CME 

mutants, pde1 and dce1, exhibited reduced motility; loss of pde1 rendered the strain 

non-motile, similar to deletion of the pilA gene, while dce1 appears to be partially 

responsible for full motility in AB5075. Secondly, loss of cbe1 stunted motility entirely, 

showing that it is a key player in pilus-mediated motility.  
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FIG 3. Transposon mutations in pde1, dce1, and cbe1 alter twitching in AB5075 

Overnight cultures of transposon mutants were inoculated into the center of a 0.4 % LB 

agar plate, stabbed through the agar to the plastic Petri dish bottom, and incubated at 

37 °C inverted overnight. The next day, perpendicular diameters of the region of motility 

were measured and determined significance using ANOVA with Dunnett’s post hoc test 

(against a control: wild-type AB5075). Shown is the relative change in distance traveled 

of each strain (± SEM) versus wild type (at 100 %). n=6. ** = p<0.01, *** = p<0.001 
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I proceeded by generating complement strains with the pMMB-RIF vector 

expressing the gene of interest (FIG 4). The complement plasmids were induced by 

including 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) into the agar motility 

plates. (FIG 4). The restoration of the genes should return twitching motility to wild-type 

levels. I also included a negative gene-absent pMMB-RIF empty vector (pEV) control 

into each mutant and wild type which looks identical to the image of the expression 

vector (FIG 4); with this, I can ensure any increase in motility is due to the reintroduction 

of the gene and not a confounding variable. Additionally, I included two positive controls 

in wild type (WT) with a DGC and PDE.  

The complements restored twitching abilities to wild-type levels in all three strains 

(FIG 5). It appears that pde1 and cbe1 are required for twitching motility under these 

conditions, while dce1 plays a partial role in motility. Since both enzymatic domains are 

annotated in dce1, I confirmed whether varying dce1 expression levels affects motility; 

to modify the expression level of pMMB-RIF, I treated LB agar plates with varying 

concentrations of IPTG. I inoculated these LB agar plates with the WT+pEV, dce1+pEV 

mutant, or dce1+pdce1 complement (FIG 6). I found that dce1 activity remains constant 

to wild type regardless of expression levels. In this section, I showed that CMEs 

regulate twitching motility; this data suggests that A. baumannii AB5075 uses c-di-GMP 

and a CBE to regulate type IV pilus-mediated motility—a factor that may help AB5075 

travel and persist on hospital surfaces.  
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FIG 4. The pMMB67EH-RIF expression vector map 

The above expression vector, pMMB67EH-RIF, was used as the complement vector for 

this study to express a gene insertion using Ptac (the tac promoter)—a portmanteau for 

the trp and lac operons. LacIq represses the lac operator by binding to the –10 coding 

region to prevent transcription of downstream genes. IPTG, an allolactose isomer, 

mimics allolactose to induce pMMB67EH-RIF by derepressing the lac operator and thus 

permitting transcription (79). Since A. baumannii is already resistant to ampicillin, I 

inserted rifampicin resistance (RifR) in lieu of the ampicillin cassette for plasmid 

confirmation and retention. The genes of interest were situated in the “Gene Reinsertion 

Region.” Please refer to this reference if additional information is desired (80).  
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FIG 5. AB5075 mutant complements replenish twitching motility from pde1, dce1, and  

cbe1 gene reinsertions 

Strains containing pEV are denoted as clear ( ), whereas complemented strains are 

denoted by diagonal lines ( ). Overnight cultures of the above complemented mutants 

were inoculated into the center of LB plates with 0.4 % agar, 1 mM IPTG, and 50 μg/mL 

rifampicin. The culture was then stabbed through the center to the plastic bottom of the 

Petri dishes and incubated overnight at 37 °C. Perpendicular diameters of the motility 

regions were measured and determined significance using ANOVA with Dunnett’s post 

hoc test (against a control: AB5075 WT+pEV). Shown is the relative distance traveled of 

each strain (± SEM) versus the WT+pEV (at 100 %). n=6. ** = p<0.01, *** = p<0.001 
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FIG 6. Several expression levels complement the dce1 mutant of AB5075 

The dotted line indicates the dce1+pdce1 while the solid line represents the dce1+pEV. 

Overnight cultures of WT+pEV, dce1+pEV, and dce1+pdce1 were inoculated into the 

center of LB plates with 0.4 % agar, 1 mM IPTG, and 50 μg/mL rifampicin. The 

inoculated culture was then stabbed through the center to the plastic bottom of the Petri 

dishes and incubated overnight at 37 °C. Perpendicular diameters of the motility regions 

were measured and determined significance using two-way ANOVA with Greenhouse-

Geisser correction and Dunnett’s post hoc test (against a control: AB5075 WT+pEV). 

Shown is the relative distance traveled of either strain (± SEM) versus the WT+pEV (at 

100 %). n=4. ** = p<0.01, *** = p<0.001 
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Multiple CMEs Regulate Biofilm Formation in AB5075 

 Biofilms are a common mechanism used by a wide range of bacteria to survive in 

environmental or infectious settings where they may need to withstand incoming stress. 

The AB5075 transposon mutants were screened in LB for their ability to produce biofilm 

within a polystyrene 96-well plate. Detection of biofilms was done using a 0.1 % crystal 

violet and Milli-Q® ultrapure water staining solution that was resuspended in 95 % 

ethanol to measure the optical density at 595 nm. Several DGC disruptions, the pde1 

disruption, and disruption of dce2 and dce3 resulted in decreased biofilm production by 

about 50 % of the WT (FIG 7). Upon further examination, the pde1 mutant exhibits 

reduced growth when under the non-shaking conditions used for biofilm formation 

assays. Examination of this growth phenotype will be required to determine whether any 

true change in biofilm formation is occurring in the pde1 mutant. Complementation 

plasmids for the significantly disrupted mutants were generated, transferred to the 

mutant strains alongside an empty vector control, and tested under complementation-

inducing conditions. Positive controls for both a DGC and a PDE were included in the 

complement tests to confirm whether the results are attributable to c-di-GMP. The DGC 

and PDE positive controls increased and decreased biofilm levels, respectively, 

suggesting c-di-GMP can play a role in A. baumannii biofilm formation (FIG 8). Further, 

the biofilm-producing phenotype either exceeded or restored wild-type levels in all six 

DGC complements (FIG 8). Transfer of the complementation plasmid in the dce3 

mutant strain was unsuccessful, so additional work will need to be done to determine 

the role of Dce3 in biofilm formation.  
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When the dce2 plasmid complement was inserted and induced, biofilm 

production was reduced even greater than the transposon mutant alone (FIG 8). This 

would suggest that complementation didn’t properly work, but dce2 may code for a DCE 

that may contain both DGC and PDE activities. By inducing the complementing plasmid 

with IPTG levels from 0 μM to 8,000 μM, I showed that low levels of dce2 induction 

successfully complemented the transposon mutant (FIG 9). Nonetheless, this data 

suggests that A. baumannii AB5075 regulates biofilm formation by c-di-GMP using 

several DGCs and a DCE with seemingly active DGC and PDE domains. Biofilm 

formation is a widely known phenotype that helps bacteria persist, especially in hospital 

settings. This study shows that genes coding for c-di-GMP modulators affect biofilm 

formation significantly in A. baumannii AB5075.  
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FIG 7. Transposon mutations of many CMEs alter biofilm levels in AB5075 

Overnight cultures of transposon mutants were diluted to 0.05 OD600 and grown in LB 

overnight at 37 °C in 96-well plates. The 96-well plates were then washed in distilled 

water, stained with 0.1 % crystal violet, and quantified by dissolving the adhered crystal 

violet dye with 95 % ethanol. The OD595 of the released crystal violet was measured and 

compared to AB5075 wild type using ANOVA with Dunnett’s post hoc test. Shown is the 

relative change of the measured OD595 of each strain (± SEM) versus the wild type (at 

100 %). n=6. *** = p<0.001 
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FIG 8. Complemented dgc mutants restore WT biofilm levels in AB5075 

Strains containing pEV are denoted as clear ( ), whereas complemented strains are 

denoted by diagonal lines ( ). Overnight cultures of complemented AB5075 mutants 

were diluted to 0.05 OD600 and grown overnight at 37 °C in 96-well plates with LB, 1 mM 

IPTG, and 50 μg/mL rifampicin. The 96-well plates were then washed in distilled water, 

stained with 0.1 % crystal violet, and quantified by dissolving the adhered crystal violet 

dye with 95 % ethanol. The OD595 of the released crystal violet was measured and 

compared to AB5075 WT+pEV using ANOVA with Dunnett’s post hoc test. Shown is the 

relative OD595 of the mutant (± SEM) compared to WT+pEV. n=6. * = p<0.05, ** = 

p<0.01, *** = p<0.001 
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FIG 9. Different expression levels complement and reveal the dce2 mutant contains  

DGC/PDE activity for biofilm production in AB5075 

The solid line represents dce2+pEV, whereas the dashed line represents the 

dce2+pdce2 complement. Overnight cultures of dce2 mutants were diluted to 0.05 

OD600 and grown overnight at 37 °C in 96-well plates with L, 50 μg/mL rifampicin, and 

concentrations of IPTG from 0 μM to 8,000 μM. The 96-well plates were washed in 

distilled water and stained with crystal violet. The OD595 of the released crystal violet 

was measured and compared to WT+pEV using two-way ANOVA with Greenhouse-

Geisser and Dunnett’s post hoc test. Shown is the relative change of the measured 

OD595 of both mutants (± SEM) versus the WT+pEV (at 100 %). Capped lines show that 

each point within the bounds is significant to the noted degree. n=3. * = p<0.05, ** = 

p<0.01 
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DGC and CBE Regulation of Desiccation Tolerance in AB5075 

 A. baumannii is also capable of surviving on dry surfaces for an extended period 

of time, providing a reservoir for infection within hospital settings. To determine whether 

c-di-GMP plays a role in desiccation survival, the A. baumannii AB5075 transposon 

mutants were screened for their ability to survive desiccation environmental stress by 

CFU counts. In AB5075, the dgc6 and cbe1 mutants resulted in a significant decrease 

in CFU/mL of 342- and 60-fold, respectively (FIG 10). Likewise, a second A. baumannii 

strain, 17978, showed a decrease in desiccation tolerance in dgc6 and cbe1 of 88- and 

9-fold, respectively (Appendix E4). It seems that ridding the cell of specific DGCs may 

harm the ability to survive after experiencing water scarcity for 48 hours. Though further 

work still includes complement tests, A. baumannii appeared to have lower desiccation 

survival when disrupting the coding sequences of dgc6 and cbe1, suggesting a role for 

c-di-GMP in regulating this phenotype (FIG 10 and Appendix E4).  
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FIG 10. Transposon mutations of genes dgc6 and cbe1 determine survival after 48-hour  

exposure to a desiccating environment in AB5075 

Overnight cultures of transposon mutants were washed and diluted with distilled water. 

One 96-well plate was dried for 48 hours, and a separate 96-well plate was used to 

serially dilute cultures to a countable number of colonies. After 48 hours, the same was 

done to the dried 96-well plate. Colony-forming units were converted to colony-forming 

units per mL to compare mutants to the wild-type value. ANOVA with Dunnett’s post hoc 

test was used to compare each mutant to the wild type. Shown is the percentage of cell 

survival per wild type (± SEM) and is defined as the CFU/mL of mutants divided by the 

CFU/mL of wild-type AB5075 (at 100 %). n=5. *** = p<0.001 
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CHAPTER 3. DISCUSSION 

 

CME Regulation of Persistence Factors in AB5075 

 In this thesis, I identified a putative role for c-di-GMP regulation of motility, biofilm 

formation, and desiccation tolerance in Acinetobacter baumannii AB5075. By identifying 

several genes that contain domains known to regulate c-di-GMP levels, I was able to 

test my hypothesis using transposon-disrupted mutants of AB5075. (FIG 3, FIG 7, and 

FIG 10). Before this study, there was no evidence that AB5075 utilized c-di-GMP to 

persist in dangerous conditions. Only recently, A. baumannii 17978 CMEs were shown 

to be active when overexpressed in vitro to regulate biofilm formation and surface 

motility, an alternative motility type to twitching (47). I showed that these CME and CBE 

genes are beneficial to AB5075 because disrupting the coding sequences causes a 

decrease in twitching motility (FIG 3), the production of biofilm (FIG 7), and its survival 

under desiccating conditions (FIG 10). Since CMEs alter the levels of c-di-GMP, the 

influence that these genes have on the cell’s physiology suggests that c-di-GMP is used 

for these phenotypes that may aid the persistence of A. baumannii on hospital surfaces.  

Previous studies have already shown several factors including quorum sensing, 

light, iron availability, and inactivation of type IV pili, among others that influence A. 

baumannii motility (24-27, 81-86) and sessility (36, 37, 40, 41, 87), as previously 

mentioned. In this study, I showed that there is another regulator in A. baumannii 

between these two states: c-di-GMP. Widely found in many bacterial organisms, c-di-

GMP is known to halt motility in P. aeruginosa and E. coli, among other species (68-71). 
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With movement ceased, bacteria transition to a defensive state by encasing themselves 

within a biofilm, and particularly in this study, AB5075 does, too.  

 

 

FIG 11. AB5075 CME/CBE regulation of physiological responses 

The results of the AB5075 strains are shown. Blue represents DGCs; yellow, PDEs; 

green, DCEs; and orange, CBEs. The arrows point to activation of a physiological 

responses while a capped line points to suppression of a physiological response.  

 

By heterologously expressing a known DGC and PDE in AB5075, I showed that 

there is an effect these CMEs have in this strain. When inducing a DGC, biofilm 

production levels increased significantly; conversely, induction of a PDE in AB5075 

decreased biofilm production levels (FIG 8). These results give a foundational exhibition 

of DGC and PDE activity within AB5075 and support the hypothesis that c-di-GMP 

regulates A. baumannii biofilm formation. With that information, I then tested the 

disruption of CME genes within the A. baumannii genome and whether these CMEs 
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were required for biofilm formation. Several DGCs were required for wild-type levels of 

biofilm formation, and many of the A. baumannii genes acted similarly to the P. 

aeruginosa DGC and PDE when overexpressed in A. baumannii. Not only are non-CME 

genes in A. baumannii attributable to the production of biofilm biomolecules (28, 29, 35-

38, 41), but c-di-GMP should be another recognized regulator between biofilm formation 

and motility in the AB5075 isolate.  

 

Motility 

While individual stains of A. baumannii can exhibit different types of motility, I 

wanted to see if c-di-GMP would affect twitching motility of AB5075. As surface-

associated motility in A. baumannii strain 17978 has previously been shown as 

regulated by c-di-GMP (47), I also compared gene deletions in the CMEs within that 

strain (Appendix E1); the pde1 gene was a major regulator of twitching motility in A. 

baumannii AB5075 (FIG 5) but did not show a profound effect on surface motility of the 

second A. baumannii strain, 17978. Conversely, the pde2 gene was a major regulator of 

surface motility in 17978 but is a pseudogene in AB5075. It is possible that as the 

ancestors of AB5075 were selectively pressured to twitch rather than translocate on 

surfaces; pde2 was no longer active in AB5075, forcing it to rely solely on twitching. 

17978 still contains the mechanism for surface motility and the regulation of this motility 

with the pde2 CME-encoding gene. Deletion of either PDE could support the idea that 

high c-di-GMP, generated by the loss of this PDE activity, reduces motility in AB5075.  

 One of three DCEs, dce1, exhibited significantly decreased motility in AB5075 

(FIG 5); while the remaining two DCEs, dce2 and dce3, were responsible for a 
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significantly deleterious biofilm formation in AB5075 (FIG 8). Thus, I confirmed the dce2 

dual-domain activity in biofilm formation, which appeared to have an antagonistic effect 

on itself (FIG 9). Because of the dce2 activity, I wanted to see if dce1 would experience 

a similar effect on twitching motility (FIG 6). I did not witness an obvious transition 

between putative DGC and PDE activities (FIG 6). One hypothesis would be that Dce1 

only encodes a single active domain or that the protein plays a structural or regulatory 

role in twitching motility, but further analysis of dce1 by inactivation of the enzymatic 

domains through site-directed mutagenesis or some similar method needs to be done to 

fully understand its role in c-di-GMP modulation of motility.  

The complete absence of twitching motility in the cbe1 mutant suggests that it is 

at least necessary for pilus-mediated motility in AB5075; cbe1 shows high homology to 

the P. aeruginosa pilZ gene, so cbe1 may simply be necessary for the stability of the 

pilus—not dependent on c-di-GMP levels. The gene disruption may halt pilus operation 

due to cbe1 not binding to a binding partner, removing communication to the pilus 

subunits (88); an inability to assemble the pilus like in P. aeruginosa (70); or the PilZ 

domain being unavailable for c-di-GMP binding, reducing some manner of c-di-GMP 

signaling. When I tested the presence of motility in A. baumannii 17978, cbe1 and cbe2 

showed a significant decrease in surface motility (Appendix E1), so future studies 

should test a cbe2 AB5075 mutant to check for cbe2 regulation of pilus-mediated 

motility.  

 



 38 

Biofilm Formation 

A. baumannii AB5075 showed a dual-domain CME and several DGCs that were 

necessary for biofilm regulation (FIG 7). A previous study overexpressed A. baumannii 

17978 CMEs and concluded that dgc2 and dgc4 activated biofilm formation in 17978 

(47). This suggests that c-di-GMP could play a regulatory role in A. baumannii; so when 

I expressed dgc2 and dgc4 genes with 1 mM IPTG, these mutants exhibited very high 

levels of biofilm formation (FIG 8). High biofilm levels when overexpressing these genes 

explain the activation of biofilm formation conclusion. Although in AB5075, the dgc2 and 

dgc4 genes are not the only ones necessary for biofilm formation. When disrupting their 

coding sequences, six of the seven DGCs showed drastic decreases in the levels of 

detectable biofilms (FIG 7). Heterologous expression of a DGC leads to a similar 

increase, while a heterologous PDE significantly decreased biofilm levels (FIG 8). This 

indicates that AB5075 may use c-di-GMP to regulate biofilm formation through several 

different DGCs that are activated within this rich medium.  

The previous study on overexpression of 17978 genes also concluded that dce2 

and dce3 overexpression inhibited biofilm formation (47). Conversely, transposon 

disruptions of both dce2 and dce3 decreased biofilm formation in AB5075. When I 

induced dce2 at 1 mM IPTG, I saw similarly high levels of biofilm repression (FIG 8). 

Consequently, I varied the levels of IPTG and found that dce2 can vary between 

phenotypes for biofilm regulation, suggesting that it may encode dual DGC and PDE 

activity (FIG 9). Currently, I have shown that only dce2 is capable of both DGC and PDE 

activities, but confirmation of dce3 is the next goal.   
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During the biofilm formation assay, I also observed a reduction in the growth of 

the pde1 mutant under the non-shaking conditions used which resulted in lower biofilm 

detection. This may be due to decreased aeration when shaking is absent, which could 

mean that the pde1 mutant requires higher oxygen levels. Whether this is also inhibiting 

the twitching motility phenotype is unknown. However, complementation of the pde1 

mutant during twitching motility assays was sufficient to restore motility, while attempted 

complementation in the biofilm formation assays did not restore growth (data not 

shown). 

 

Desiccation Tolerance 

Desiccation tolerance is a known phenotype in A. baumannii (15, 42, 43), and c-

di-GMP has been linked to dryness survival as an indirect regulator (e.g., alginate 

production and EPS) in Azotobacter vinelandii, Listeria monocytogenes, and P. 

aeruginosa (89-92). Hence, I checked if A. baumannii regulates desiccation survival 

using a c-di-GMP pathway akin to these other organisms. In A. baumannii AB5075, the 

dgc6 transposon mutant exhibited a 342-fold decrease in survival, and the cbe1 mutant 

exhibited a 60-fold decrease in survival after 48-hour drying (FIG 10). Possibly, cbe1 

codes for the effector that regulates desiccation tolerance in response to c-di-GMP 

generated by Dgc4. Notably, both dgc6 and cbe1 were not significant in the biofilm 

formation assay, and these transposon mutants significantly decreased the survivability 

in desiccating conditions, showing that dgc6 and cbe1 were necessary during 

desiccation tolerance (FIG 10) and not biofilm production (FIG 7). This brings us to an 

interesting, yet unanswered, question: why are dgc1-5 and dgc7 disruptions deleterious 
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to biofilm production, while the dgc6 disruption is harmful during dryness? Perhaps the 

dgc6 mutant’s desiccant-intolerable phenotype could be activated specifically during 

water-deficient periods, whereas the DGCs necessary for biofilm production are either 

not controlled by the presence of water or are activated during periods of excess water. 

Whatever the mechanism, these results indicate that survival during extreme dryness 

may be c-di-GMP–dependent in AB5075 and provide future avenues to investigate c-di-

GMP–regulated desiccation tolerance in this strain.  

 

Concluding Remarks 

 Genes pde1 and pde2 were responsible for twitching (FIG 5) and surface 

(Appendix E2) motilities, respectively. Also, the P. aeruginosa PDE positive control 

increased motility past wild-type levels (FIG 5). The pde1 and pde2 genes responsible 

for motility fit the original model of c-di-GMP regulation of motility (FIG 1). Perhaps 

these PDEs are constantly active to rid the cell of c-di-GMP keeping the cell in a motile 

state since coding excessive Pde1 does not enhance motility (FIG 5).  

DCEs showed profound effects on both biofilm formation and twitching motility. 

Gene dce1 was required for twitching motility (FIG 6), while dce2 and dce3 appeared to 

be required for biofilm formation (FIG 8). Expression of dce2 at varying levels with IPTG 

produced a biofilm formation phenotype exhibiting enzymatic activities consistent with 

both DGC and PDE domains (FIG 9).  

6 DGC genes were shown to regulate biofilm formation in AB5075 (FIG 8), while 

the outstanding DGC was responsible for desiccation tolerance (FIG 10). Perhaps the 

DGC that influences desiccation survival is only active during times of drought. Since 
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DGCs produce c-di-GMP to modulate levels of this molecule, c-di-GMP could likely be a 

regulator of desiccation tolerance. Measuring c-di-GMP levels in each of these assays 

would provide more evidence for this conclusion.  

 Overall, these data provide baseline evidence of c-di-GMP’s role in regulating the 

surface persistence of a multidrug-resistant A. baumannii. Further inquiry about these 

data is necessary to identify the complete mechanism c-di-GMP has on this emergent 

strain including measurement of c-di-GMP and inactivation of active sites for DGCs or 

PDEs. Though merely a single step, my study provides the groundwork for the 

exploration into the involvement of the c-di-GMP pathway on these phenotypes in 

AB5075 and the potential future development of novel disinfectants and antimicrobials 

against this nascent pathogenic threat.  
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CHAPTER 4. MATERIALS AND METHODS 

 

Bacterial Strains and Growth Conditions 

 Bacterial strains and plasmids are shown in Appendices A and B, respectively. 

Strains were typically grown with 2 to 3 mL of LB overnight 20–24 hours at 37 °C with 

shaking at 250 rpm. The LB contained 10.0 g/L Fisher BioReagents™ tryptone, 5.0 g/L 

Fisher BioReagents™ yeast extract, and 10.0 g/L Fisher BioReagents™ NaCl. Typical 

LB agar plates were prepared with all the LB components plus 15 g/L Fisher 

BioReagents™ bacteriological agar. When necessary, rifampicin was added to the 

medium to a concentration of 50 μg/mL, tetracycline to a concentration of 10 μg/mL, 

gentamicin to a concentration of 30 μg/mL, and kanamycin to a concentration of 50 

μg/mL. Expression from complement vectors was accomplished by the addition of 1 mM 

IPTG unless otherwise indicated. Bacterial strains were stored in their original growth 

medium containing their corresponding antibiotic, glycerol added to 20 %, and kept 

indefinitely at –80 °C. 

 

Generation of Mutant Strains 

AB5075 Transposon Mutants 

The original AB5075 Tn26 mutants were generated by Gallagher et al. (78) using 

transposome electroporation and selected for transposon insertion of tetracycline 

resistance on an LB agar plate. Years after their original isolations, some cells lost 

tetracycline resistance, so I reisolated the –80 °C stock cultures on 10 μg/mL 

tetracycline LB plates and picked isolated colonies. I confirmed whether they retained 
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the transposon by standard PCR using one primer within the gene of interest and a 

second within the transposon (Appendix C). 50 μL DNase-free H2O was placed into a 

PCR tube, colonies from plates were suspended in the water, and they were boiled at 

98 °C for 10 minutes to lyse the cells. The boiled product was centrifuged for 5 minutes 

at 5500 rpm. The supernatant was used as the DNA template for future PCRs. 

Confirmation PCRs were accomplished with GoTaq 2X Master Mix, which was diluted in 

half by adding to a PCR mix including 0.2 μM Forward Primer, 0.2 μM Reverse Primer, 

1 μL template DNA, and DNase-free H2O to final volume. For Taq 2X Master Mix, the 

extension time was set to 72 °C for 1 min/kb. PCR products were run out in a 1.0 % 

agarose gel by electrophoresis with the 1 Kb Plus DNA Ladder as a base pair length 

reference and checked for appropriate size based on the known insertion site.  

AB5075 Complement Mutants 

Complement vectors for A. baumannii AB5075 mutants were generated by 

Gibson assembly (93) of the gene of interest into the IPTG-inducible pMMB-RIF 

expression vector (FIG 4). Phusion™ Plus DNA Polymerase was added at 1 % to a 

PCR mix including 1X Phusion™ Plus Buffer, 0.5 μM Forward Primer, 0.5 μΜ Reverse 

Primer, 200 μM each dNTP, 2 % template DNA, and water to final volume. 40 cycles of 

the following were performed: the denaturation step was set to 98 °C for 30 s, the 

annealing step was set to 60 °C for 30 s, and the extension step was set to 72 °C for 30 

s/kb. To generate the complement vectors using Gibson assembly, gene and vector 

fragments were made by PCR using primers containing 30 base pair overlaps. The 

fragments were included in a Gibson assembly master mix and incubated in a thermal 

cycler for 60 minutes at 50 °C. During incubation, all DNA fragments will produce a 
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complete vector construct by binding at pre-defined homologous overlaps designed 

within the sequences. Vectors were chemically transformed into Mach1 E. coli and 

sequenced to confirm integrity. The complement and empty vectors were electroporated 

into corresponding AB5075 mutant strains. Replication in the AB5075 mutant strains 

was confirmed by standard PCR.  

 

Twitching Motility Assays 

 

FIG 12. Twitching motility plate inoculation technique 

(A) The smaller (top) rectangle is the lid of the dish. The yellow represents the motility 

medium. The red is the area the bacteria will grow. The black arrow shows the way the 

bacteria were inoculated by going past the opened lid and through the medium to the 

plastic bottom of the Petri dish. The plates were stabbed (black arrow) with 2 μL of 1.0 

OD600 AB5075 transposon mutant cultures and grown 20–24 hours at 37 °C. The 

bacteria grew (red) in the space between the plastic and the motility medium (yellow). 

Perpendicular diameters of bacterial growth (red) were measured and averaged.  

(B) A few examples of twitching motility plates are shown.  
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Twitching motility plates were made from LB containing 4.0 g/L powdered Fisher 

Science Education™ Agar Bacteriological. Twitching motility plates were made the day 

before experimentation, dried overnight, and used the following day. Bacterial cultures 

were grown in 2 mL LB medium 20–24 hours to stationary phase. Overnight cultures 

were diluted to 1.0 OD600 in 1.0 mL of LB, and 2 μL of each sample was stabbed 

through the agar to the plastic of the Petri dish and pipetted out at the bottom while 

pulling out of the agar medium (FIG 12). These plates were incubated 20–24 hours at 

37 °C. The diameter of the distance traveled was measured in two directions 

perpendicular to one another. Average diameters were calculated, and the normalized 

values were computed relative to the wild-type strain. The assay was repeated in 

sextuplicate, and the results were analyzed by paired ANOVA with Dunnett’s post hoc 

test (against a control: wild type) for statistical significance (p<0.05) using GraphPad 

Prism v9.4.0. To perform the complement twitching motility test, the addition of 50 

μg/mL rifampicin and 1 mM IPTG to overnight cultures and twitching assay motility 

plates was done to maintain and induce the pMMB-RIF plasmid, respectively.  

 

Static Biofilm Formation Assays 

Overnight cultures of each strain were measured for density by OD600 and diluted 

to 0.05 OD600 in LB. 96-well plates were filled with 150 μL of the 0.05 OD600 cultures into 

a column of eight wells as technical replicates. The order of the mutant strains was 

randomized among trials, to reduce the error generated by disproportionate incubation 

at the plate edges. These 96-well plates were statically incubated at 37 °C 20–24 hours.  
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FIG 13. Stained 96-well plate for detection of biofilm 

After washing the cultures in distilled water, they are stained in 200 μL of a 0.1 % crystal 

violet and Milli-Q® ultrapure water solution for fifteen minutes. This is dumped as waste, 

and the plate was dried. The stained biofilm was resuspended in 200 μL of 95 %–100 % 

ethanol. At 595 nm, the optical density was determined. As seen in the picture above, 

the darker purple means that more biofilm adhered to the plastic well walls. Each row 

was averaged as octuplets (from left to right per the picture) to make a single data point.  

 

After the incubation period, samples were removed, and plates were washed with 

distilled water. The remaining biofilm in each well was stained with 200 μL of a 0.1 % 

crystal violet and Milli-Q® ultrapure water solution for fifteen minutes on an automated 

rocker. After staining was complete, crystal violet was dumped into a waste container, 

and plates were washed three times with distilled water. Stained 96-well plates were 

shaken vigorously to expel excess water from the wells and dried in a fume hood with 

the lid open 2–3 hours. Once dry, crystal violet was resuspended with 200 μL of 95–
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100 % ethanol in each well. Plates were placed back on the rocker for five minutes to 

dissolve the crystal violet on the well walls, and retained crystal violet was measured by 

OD595 in a BioTek Synergy HTX Multimode Reader with Gen5 Microplate Reader and 

Imager Software (FIG 13). Raw values of each strain were normalized relative to the 

wild-type strain, which was included as a negative control in each plate. The results 

were analyzed by ANOVA with Dunnett’s post hoc test (against a control: wild type) for 

statistical significance (p<0.05) using GraphPad Prism v9.4.0. To perform the static 

biofilm formation assay on the complement strains, the same procedures were used for 

those mutants. Additionally, supplementing the LB medium with 50 μg/mL rifampicin 

and 1 mM IPTG was done to maintain and induce the pMMB-RIF plasmid, respectively.  

 

Desiccation Tolerance Assays 

One milliliter of an overnight LB culture was transferred to a 1.5 mL 

microcentrifuge tube, centrifuged at max speed for 30 seconds, and washed with 

autoclaved Milli-Q® ultrapure water three times to remove excess salt and osmolytes. 

The final pellet was resuspended with Milli-Q® ultrapure water, and its OD600 was 

analyzed. The cultures were diluted in Milli-Q® ultrapure water to 1.0 OD600, vortexed to 

ensure homogeneity, and 10 μL of the diluted cultures were transferred to a 96-well 

plate in duplicate. This desiccation plate was placed in a fume hood with the blower on 

and the lid of the plate off 2–3 hours to ensure the samples were dry. When samples 

were fully dried, the plate was transferred to an incubator at 25 °C for 48 hours (94).  
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FIG 14. 5-fold serial dilutions in a 96-well plate 

160 μL of PBS was put into all wells from columns 1 to 10. Then, 40 μL of 1.0 OD600-

diluted overnight cultures of each transposon mutant was placed in the first column of 

different rows. This diluted the samples by a factor of 5 for each dilution. Samples were 

pipetted up and down a few times to wash the tips to ensure homogeneity. Tips were 

discarded, and fresh tips were used to transfer 40 μL from column 1 to 2; this was 

repeated until column 10 was reached. Columns 11 and 12 (black) are unused.  
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To determine the starting bacterial concentration applied to the desiccation 

plates, 1.0 OD600-diluted samples were vortexed again to ensure homogeneity and 

quantified as previously described (94). In short, 160 μL of PBS was pipetted into all 

wells from columns 1 to 10. 40 μL of the 1.0 OD600 samples were transferred into the 

first column of a 96-well plate. Samples were serially diluted 1:5 between column 1–10 

(FIG 14); then from column 5 to 10, 7 μL of diluted samples were pipetted six times onto 

a dried 1.5 % agar LB plate (FIG 15). Droplets were allowed to soak into the plates 10–

15 minutes and incubated overnight at 25 °C. Once sufficiently countable, CFUs of a 

single dilution were counted for the inoculum counts.  

After two days at 25 °C, the 96-well desiccation plate was removed from the 

incubator. 200 μL autoclaved Milli-Q® ultrapure water was added to each well, and the 

desiccation plate was placed on a 96-well plate shaker for 10 minutes at 1000 rpm to 

rehydrate the samples. Desiccation samples were quantified as described for the 

inocula. The survival of each strain was determined by converting values to the 

inoculum’s starting concentration. Duplicate survival values of each strain from the 

desiccation plate were averaged to generate a single data point. The assay was 

repeated in triplicate, and the results were analyzed by paired ANOVA with Dunnett’s 

post hoc test (against a control: wild type) for statistical significance (p<0.05) using 

GraphPad Prism v9.4.0.  
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FIG 15. The 6×6 drop plate method for sextuplet CFUs per trial  

From left to right, the dilution spots are columns 5–10 from the serially diluted 96-well 

plate in FIG 14. (A) A representation of the 7 μL 5–10 column onto a dried 1.5% agar LB 

plate is shown. This 6×6 drop plate method would allow for counting colonies at different 

dilutions while receiving six technical replicates of counts. (B) Once incubated for 25 °C 

overnight, CFUs were counted at spots of a single dilution. Countable columns were 

considered CFU totals between 20 and 100 colonies of a single column (or on average, 

3 to 17 colonies in each spot).  
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APPENDICES 

 

Appendix A. Strains Used in This Study 

Strain Genotype Source 

17978 Wild-type Acinetobacter baumannii Bouvet and 

Grimont (ATCC® 17978™) 

ATCC® 

AB5075-UW Wild-type Acinetobacter baumannii str. AB5075 (16) 

E. coli 

Mach1™ 

E. coli str. W ΔrecA1398 endA1 fhuA Φ80Δ(lac)M15 

Δ(lac)X74 hsdR(rK
–mK

+) 

Invitrogen™ 

AB00389 AB5075 ABUW_0137(dgc1)::Tn26(TetR) This study 

AB00520 AB5075 ABUW_0188(dgc2)::Tn26(TetR) This study 

AB00844 AB5075 ABUW_0304(pilA)::Tn26(TetR) This study 

AB01347 AB5075 ABUW_0506(dgc3)::Tn26(TetR) This study 

AB02822 AB5075 ABUW_1045(dgc4)::Tn26(TetR) This study 

AB03095 AB5075 ABUW_1138(dgc5)::Tn26(TetR) This study 

AB03312 AB5075 ABUW_1221(dce1)::Tn26(TetR) This study 

AB03972 AB5075 ABUW_1488(csuA)::Tn26(TetR) This study 

AB04138 AB5075 ABUW_1557(pgaA)::Tn26(TetR) This study 

AB04621 AB5075 ABUW_1764(dce2)::Tn26(TetR) This study 

AB05592 AB5075 ABUW_2135(dgc5)::Tn26(TetR) This study 

AB05915 AB5075 ABUW_2255(cbe1)::Tn26(TetR) This study 

AB07393 AB5075 ABUW_2824(dgc6)::Tn26(TetR) This study 

AB08001 AB5075 ABUW_3041(algC)::Tn26(TetR) This study 

AB08293 AB5075 ABUW_3178(dgc7)::Tn26(TetR) This study 

AB08769 AB5075 ABUW_3354(dce3)::Tn26(TetR) This study 

GRAB022 AB5075 / pMMB-RIF This study 

GRAB078 AB5075 / PA2133(+PDE) This study 

GRAB079 AB5075 / PA3702(+DGC) This study 

GRAB038 AB5075 ABUW_0137(dgc1)::Tn26(TetR) / pEP382 This study 

GRAB035 AB5075 ABUW_0137(dgc1)::Tn26(TetR) / pMMB-RIF This study 

GRAB023 AB5075 ABUW_0188(dgc2)::Tn26(TetR) / pGR016 This study 

GRAB024 AB5075 ABUW_0188(dgc2)::Tn26(TetR) / pMMB-RIF This study 

GRAB025 AB5075 ABUW_0506(dgc3)::Tn26(TetR) / pGR017 This study 

GRAB026 AB5075 ABUW_0506(dgc3)::Tn26(TetR) / pMMB-RIF This study 
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Strain Genotype Source 

GRAB027 AB5075 ABUW_1045(dgc4)::Tn26(TetR) / pGR018 This study 

GRAB028 AB5075 ABUW_1045(dgc4)::Tn26(TetR) / pMMB-RIF This study 

GRAB029 AB5075 ABUW_1138(dgc5)::Tn26(TetR) / pGR019 This study 

GRAB030 AB5075 ABUW_1138(dgc5)::Tn26(TetR) / pMMB-RIF This study 

GRAB053 AB5075 ABUW_1221(dce1)::Tn26(TetR) / pEP434 This study 

GRAB075 AB5075 ABUW_1221(dce1)::Tn26(TetR) / pMMB-RIF This study 

GRAB031 AB5075 ABUW_1764(dce2)::Tn26(TetR) / pGR020 This study 

GRAB032 AB5075 ABUW_1764(dce2)::Tn26(TetR) / pMMB-RIF This study 

GRAB033 AB5075 ABUW_2135(dgc5)::Tn26(TetR) / pGR021 This study 

GRAB034 AB5075 ABUW_2135(dgc5)::Tn26(TetR) / pMMB-RIF This study 

GRAB035 AB5075 ABUW_2255(cbe1)::Tn26(TetR) / pGR022 This study 

GRAB036 AB5075 ABUW_2255(cbe1)::Tn26(TetR) / pMMB-RIF This study 

GShAB001 AB5075 ABUW_2824(dgc6)::Tn26(TetR) / pGSh001 This study 

GShAB002 AB5075 ABUW_2824(dgc6)::Tn26(TetR) / pMMB-RIF This study 

GRAB039 AB5075 ABUW_3178(dgc7)::Tn26(TetR) / pEP380 This study 

GRAB036 AB5075 ABUW_3178(dgc7)::Tn26(TetR) / pMMB-RIF This study 

GRAB040 AB5075 ABUW_3354(dce3)::Tn26(TetR) / pEP440 This study 

GRAB037 AB5075 ABUW_3354(dce3)::Tn26(TetR) / pMMB-RIF This study 

GRAB007 17978 ΔA1S_0490(cbe2)::kan This study 

GRAB008 17978 ΔA1S_0546(dce3)::kan This study 

GRAB009 17978 ΔA1S_0751(dgc7)::kan This study 

GRAB010 17978 ΔA1S_1067(dgc6)::kan This study 

GRAB011 17978 ΔA1S_1254(pde2)::kan This study 

GRAB012 17978 ΔA1S_1559(cbe1)::kan This study 

GRAB013 17978 ΔA1S_1695(dgc5)::kan This study 

GRAB014 17978 ΔA1S_1949(dce2)::kan This study 

GRAB015 17978 ΔA1S_2337(dce1)::kan This study 

GRAB016 17978 ΔA1S_2422(pde1)::kan This study 

GRAB017 17978 ΔA1S_2506(dgc4)::kan This study 

GRAB018 17978 ΔA1S_2986(dgc3)::kan This study 

GRAB019 17978 ΔA1S_3177(pilA)::kan This study 

GRAB020 17978 ΔA1S_3296(dgc2)::kan This study 

GRAB021 17978 ΔA1S_3345(dgc1)::kan This study 

GRAB054 17978 / pMMB-RIF This study 

GRAB080 17978 / PA2133(+PDE) This study 

GRAB081 17978 / PA3702(+DGC) This study 
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Strain Genotype Source 

GRAB041 17978 ΔA1S_1067(dgc6)::kan / pMMB-RIF This study 

GRAB042 17978 ΔA1S_1067(dgc6)::kan / pGSh001 This study 

GRAB043 17978 ΔA1S_1254(pde2)::kan / pMMB-RIF This study 

GRAB044 17978 ΔA1S_1254(pde2)::kan / pGR023 This study 

GRAB045 17978 ΔA1S_1559(cbe1)::kan / pMMB-RIF This study 

GRAB046 17978 ΔA1S_1559(cbe1)::kan / pGR022 This study 

GRAB047 17978 ΔA1S_1695(dgc5)::kan / pMMB-RIF This study 

GRAB048 17978 ΔA1S_1695(dgc5)::kan / pGR021 This study 

GRAB049 17978 ΔA1S_2506(dgc4)::kan / pMMB-RIF This study 

GRAB050 17978 ΔA1S_2506(dgc4)::kan / pGR018 This study 

GRAB051 17978 ΔA1S_3345(dgc1)::kan / pMMB-RIF This study 

GRAB052 17978 ΔA1S_3345(dgc1)::kan / pEP382 This study 
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Appendix B. Plasmids Used in This Study 

Name Vector Featuresa Source 

pMMB-RIF pMMB67EH-RIF RIF (80) 

pEP432 pMMB-RIF-PA2133(PDE) RIF This study 

pEP433 pMMB-RIF-PA3702(DGC) RIF This study 

pRK2013 
 

KAN (95, 96) 

pEX18Gm 
 

GEN/SB (97) 

pKD4 
 

KAN (98) 

pGR001 pEX18Gm-A1S_490(cbe2)KO-kan KAN/GEN/SB This study 

pGR002 pEX18Gm-A1S_546(dce3)KO-kan KAN/GEN/SB This study 

pGR003 pEX18Gm-A1S_751(dgc7)KO-kan KAN/GEN/SB This study 

pGR004 pEX18Gm-A1S_1067(dgc6)KO-kan KAN/GEN/SB This study 

pGR005 pEX18Gm-A1S_1254(pde2)KO-kan KAN/GEN/SB This study 

pGR006 pEX18Gm-A1S_1559(cbe1)KO-kan KAN/GEN/SB This study 

pGR007 pEX18Gm-A1S_1695(dgc5)KO-kan KAN/GEN/SB This study 

pGR008 pEX18Gm-A1S_1949(dce2)KO-kan KAN/GEN/SB This study 

pGR009 pEX18Gm-A1S_2337(dce1)KO-kan KAN/GEN/SB This study 

pGR010 pEX18Gm-A1S_2422(pde1)KO-kan KAN/GEN/SB This study 

pGR011 pEX18Gm-A1S_2506(dgc4)KO-kan KAN/GEN/SB This study 

pGR012 pEX18Gm-A1S_2986(dgc3)KO-kan KAN/GEN/SB This study 

pGR015 pEX18Gm-A1S_3177(pilA)KO-kan KAN/GEN/SB This study 

pGR013 pEX18Gm-A1S_3296(dgc2)KO-kan KAN/GEN/SB This study 

pGR014 pEX18Gm-A1S_3345(dgc1)KO-kan KAN/GEN/SB This study 

pEP382 pMMB-RIF-ABUW_0137(dgc1) RIF This study 

pGR016 pMMB-RIF-ABUW_0188(dgc2) RIF This study 

pGR017 pMMB-RIF-ABUW_0506(dgc3) RIF This study 

pGR018 pMMB-RIF-ABUW_1045(dgc4) RIF This study 

pGR019 pMMB-RIF-ABUW_1138(pde1) RIF This study 

pEP434 pMMB-RIF-ABUW_1221(dce1) RIF This study 

pGR020 pMMB-RIF-ABUW_1764(dce2) RIF This study 

pGR021 pMMB-RIF-ABUW_2135(dgc5) RIF This study 

pGR022 pMMB-RIF-ABUW_2255(cbe1) RIF This study 

pGSh001 pMMB-RIF-ABUW_2824(dgc6) RIF This study 

pEP380 pMMB-RIF-ABUW_3178(dgc7) RIF This study 

pEP440 pMMB-RIF-ABUW_3354(dce3) RIF This study 

pGR023 pMMB-RIF-A1S_1254(pde2) RIF This study 
a RIF=rifampicin, KAN=kanamycin, GEN=gentamicin, SB=SacB, sucrose 

counterselection 
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Appendix C. Oligonucleotides Used in This Study 

Primer Name a Sequence Use 

pKD4  

Kan Seq 5’/3’ 

GTC AGC ACC GTT TCT G / 

CGG CTG GAT CCT CC 

Inside the Kan marker going for 

sequencing confirmation 

Kan  

Int 5’/3’ Out 

CCT CTC CAC CCA AGC G / 

CGC CTT CTA TCG CCT TCT 

TG 

To sequence outward from Kan 

resistance cassette 

pEX  

Seq F/R 

CTG CTA ACC AGT AAG GCA 

ACC / TAG TGA ACG GCA 

GGT AAG C 

Within the MCS to sequence 

pEX suicide vector 

pEX18  

Gib F/R 

CAT GAT CGT GCT CCT GTC 

GTC ACT CAA AGG CGG TAA 

TAC GG / GGA ATT AGC TTA 

CCT GCC GTT CAC TAT TAT 

TTA GTG 

For the pEX18Gm plasmid 

Gibson cloning 

SacB  

Gib F/R 

CCT TTA CTA CCG CAC TGC 

TG / GGC TTT TGG TTC GTT 

TCT TTC GC 

Within SacB gene to create 

Gibson overlaps 

SacB  

Gib F/R #2 

GGA AAC AAT GTC GTG ATT 

ACA AGC / GTT TGT CTG CGT 

AGA ATC CTC TG 

Within the 3' end of SacB to 

create Gibson overlaps 

KanR  

Gib F/R 

GTG TAG GCT GGA GCT GCT 

TC / CAT ATG AAT ATC CTC 

CTT AG 

To amplify Kan resistance 

marker from pKD4 for Gibson 

reactions 

Gent  

Gib F/R 

GGA TCG TCA CCG TAA TCT 

GC / GGT GCT TAT GTG ATC 

TAC GTG C 

Within the gentamicin 

resistance cassette of 

pEX18Gm 

ABUW_0137  

Tn Conf 

GCT GGC ACT TAC ATG AAT 

TTG G 

To confirm Tn insertion in dgc1 
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Primer Name a Sequence Use 

ABUW_0188  

Tn Conf 

CAG CTT GTC GCT CCA ATC 

G 

To confirm Tn insertion in dgc2 

ABUW_0506  

Tn Conf 

CTA AAT CGC ATT GCC ATG 

C 

To confirm Tn insertion in dgc3 

ABUW_1045  

Tn Conf 

GCC CAA TCG CAA TAC TAA 

TAG GG 

To confirm Tn insertion in dgc4 

ABUW_2135  

Tn Conf 

CCA CAC GCG GAT TAA ATT 

TCG 

To confirm Tn insertion in dgc5 

ABUW_2824  

Tn Conf 

GGC AAT TTC GGC GAC TTG To confirm Tn insertion in dgc6 

ABUW_3178  

Tn Conf 

GGG GGT TTC ACC GCT TAT 

AAT CG 

To confirm Tn insertion in dgc7 

ABUW_1138  

Tn Conf 

GGG TTT AGA AAT TCT TTC 

ACA AGC C 

To confirm Tn insertion in pde1 

ABUW_1221  

Tn Conf 

CTG CCT GCT CAA GCA CAA 

TC 

To confirm Tn insertion in dce1 

ABUW_1764  

Tn Conf 

GCG AAT AAC ATA TTC AGA 

ACC ACG 

To confirm Tn insertion in dce2 

ABUW_3354  

Tn Conf 

GCA ATG AGT AAA AAC TCA 

TCC CC 

To confirm Tn insertion in dce3 

ABUW_2255  

Tn Conf 

GCG AGG TGA TTC TTG CAA 

TTT CC 

To confirm Tn insertion in cbe1 

AB5075 pgaA  

Tn Seq 

ATG ACT TGC AAA CTC GGC 

T 

To confirm Tn insertion in pgaA 

AB5075 algC  

Tn Seq 

CGG TCA CCT CAC CAA CCA To confirm Tn insertion in algC 

AB5075 csuA  

Tn Seq 

TAT CTT TAT AAA TTC CGG 

CCG CAT G 

To confirm Tn insertion in csuA 
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Primer Name a Sequence Use 

AB5075 pilA  

Tn Seq 

ACC AGA AGC CTA ATA AGT 

AAA GTG AAC TTA 

To confirm Tn insertion in pilA 

A1S_3345 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCG CCA ACA TTA GTT CAG 

GTC GG / GAA GCA GCT CCA 

GCC TAC ACG ATG GAT GAA 

ATC GAG AAT CAC CTG 

Delete dgc1 from the 17978 

genome 

A1S_3345 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGG TGA TTA GAC AAG CCG 

ATC AAG / ACG ACA GGA 

GCA CGA TCA TGG AAA AAA 

GGG CAG TTA CAG TGG C 

A1S_3296 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCC AGC TTT CCC CAA GGT 

TGA G / GAA GCA GCT CCA 

GCC TAC ACC GGA ACC GCC 

ATA AAC AGT AAG G 

Delete dgc2 from the 17978 

genome 

A1S_3296 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGG GAG TTA TTA GAG AAC 

GCT GAT CG / ACG ACA GGA 

GCA CGA TCA TGC CTT AAC 

TCA GGT AGG TCT AGG C 

A1S_2986 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCG TTT GCT ACG AGT GGG 

C / GAA GCA GCT CCA GCC 

TAC ACT GCA TGT AGT GAA 

GTG GAT TG 

Delete dgc3 from the 17978 

genome 
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Primer Name a Sequence Use 

A1S_2986 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGG CTA AGA CTT CTG AGC 

AAC ATT G / ACG ACA GGA 

GCA CGA TCA TGG CAA CAC 

GAC GAT TAA TTG CC 

A1S_2506 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCG TGC TTA ATG AGG AAT 

TGT ACC C / GAA GCA GCT 

CCA GCC TAC ACC CAC ATT 

GGA ATT GGG GTG 

Delete dgc4 from the 17978 

genome 

A1S_2506 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGG TAT TGC GAT TGG GCA 

CG / ACG ACA GGA GCA CGA 

TCA TGC CAC GGC AAT ATT 

CCT CTT ATG 

A1S_1695 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCC CCA AAA CCG CTG AGA 

CC / GAA GCA GCT CCA GCC 

TAC ACC AAG TTG CTT TGG 

AAA CCA TAC G 

Delete dgc5 from the 17978 

genome 

A1S_1695 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGC TGC TTT TGT TAG TCG 

TGC TG / ACG ACA GGA GCA 

CGA TCA TGG CGA TGG TTT 

TGC TGT AGC 

A1S_1067 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCG CAC CAT ACG AGG GTC 

/ GAA GCA GCT CCA GCC 

TAC ACC GAT GGG TAT GTA 

GAG TGA CC 

Delete dgc6 from the 17978 

genome 
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A1S_1067 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGC AGC CAT TAC AAG TCG 

CTG / ACG ACA GGA GCA 

CGA TCA TGG TTG GTT CGA 

CTC ACA AGC 

A1S_0751 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCG GAT AAC TCC TGG CAG 

GC / GAA GCA GCT CCA GCC 

TAC ACG AGG ACG AGA TGC 

AAT TCC 

Delete dgc7 from the 17978 

genome 

A1S_0751 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGC TCC AAG CTA TCA CCG 

TTC / ACG ACA GGA GCA 

CGA TCA TGG GCT GAT CCC 

CAT TCA AAG TC 

A1S_2422 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCG CGT GGC GGT GTA ATT 

CG / GAA GCA GCT CCA GCC 

TAC ACG AGT TTC TCA CTT 

TAA TGC TTC CC 

Delete pde1 from the 17978 

genome 

A1S_2422 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGC GCT TAA CAG ACG TAC 

AAG ACC / ACG ACA GGA 

GCA CGA TCA TGG GCG TAT 

AAT ACT GCC CAC TTG 

A1S_1254 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCG GCT GTA CCT GAG AGT 

CAT AG / GAA GCA GCT CCA 

GCC TAC ACG TAT CCC TGC 

CGA AAT ACG 

Delete pde2 from the 17978 

genome 
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A1S_1254 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGG TTG TAC CGA GTT TCA 

GGG / ACG ACA GGA GCA 

CGA TCA TGC CTT GGC TTC 

AAT TTG TTC AGA TG 

A1S_2337 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCG TTC CAG AAG TTT TAG 

CCC C / GAA GCA GCT CCA 

GCC TAC ACG CGG ATA TAT 

TGA ATT GAG AGG C 

Delete dce1 from the 17978 

genome 

A1S_2337 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGG CCG TCC ACT TCA TCC 

/ ACG ACA GGA GCA CGA 

TCA TGG AGC AGC AAC CCC 

TG 

A1S_1949 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCG GAA ACC GTA TAA AAA 

GCC TCC / GAA GCA GCT 

CCA GCC TAC ACG GGT AGT 

GTT CGA CAT TGA AG 

Delete dce2 from the 17978 

genome 

A1S_1949 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGG TAT TCT TAA ACA GGG 

TCA GGC / ACG ACA GGA 

GCA CGA TCA TGC CTT TTC 

GCC CAT GAG AAC C 

A1S_0546 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCC TGG TGC TAA ATT ACG 

TGC G / GAA GCA GCT CCA 

GCC TAC ACG CAA TAA AAG 

AGC CGA CGA TC 

Delete dce3 from the 17978 

genome 
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A1S_0546 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGC AGT CGC AAG GTG CTC 

/ ACG ACA GGA GCA CGA 

TCA TGG TGA AGA ACT GAC 

GCC TG 

A1S_1559 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCC ATT TAG CGG AAA CAG 

CAT CAG / GAA GCA GCT 

CCA GCC TAC ACG ACC TGA 

ATA ATT CCA CCC ATT TG 

Delete cbe1 from the 17978 

genome 

A1S_1559 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGG GTA GTA TGT CTT TAG 

ATC GCC C / ACG ACA GGA 

GCA CGA TCA TGC CAC CGT 

ATC ATG TTT TGC TG 

A1S_0490 KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCG CCG CCA AGA TAG CTG 

C / GAA GCA GCT CCA GCC 

TAC ACC ATG TGG TAC GAG 

CTG GC 

Delete cbe2 from the 17978 

genome 

A1S_0490 KO  

3' Gib F/R 

CTA AGG AGG ATA TTC ATA 

TGC CAG AAA CAA GCA GCT 

TAA CG / ACG ACA GGA GCA 

CGA TCA TGG TTT GAC TCT 

AAC CGC CCA C 

17978 pilA KO  

5' Gib F/R 

ACG GCA GGT AAG CTA ATT 

CCC GAT TGT AGA GCA GCT 

TCA AC / GAA GCA GCT CCA 

GCC TAC ACC CGA TAA TGG 

CAA CCA CGA TC 

Delete pilA from the 17978 

genome 
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Primer Name a Sequence Use 

17978 pilA KO  

3' Gib F/R 

CTA AGG ATA TTC ATA TGC 

AGT AAT TGC TCC AAA AGG 

CTG / ACG ACA GGA GCA 

CGA TCA TGC CAA CAG CTA 

CCG TCA ATA CC 

A1S_3345 KO  

Conf F/R 

CAT ATT GCG GCA GAT GAC 

C / CTT AGT TTA TTG CTA 

GGG CTG GC 

Flanking dgc1 in 17978 to 

confirm deletion 

A1S_3296 KO  

Conf F/R 

GTG CTT TCC CAG ATA CGA 

TGT G / GCT ATT CCA GTT 

ATT CAC CGT CG 

Flanking dgc2 in 17978 to 

confirm deletion 

A1S_2986 KO  

Conf F/R 

CTC ACC ATG TGG CAC TCC 

/ CCA TTA AGA TTT CGT GTA 

CCG CC 

Flanking dgc3 in 17978 to 

confirm deletion 

A1S_2506 KO  

Conf F/R 

CAC AGT TCC CAA CAC TCA 

CTC / GGA CGG TTT GAT 

AGC ATT GAC 

Flanking dgc4 in 17978 to 

confirm deletion 

A1S_1695 KO  

Conf F/R 

CAC CCG CTC CTT AAC TGG 

/ CAA TGC GGT TAA GGG 

TGT TG 

Flanking dgc5 in 17978 to 

confirm deletion 

A1S_1067 KO  

Conf F/R 

CAT CTG GTG AAG TGT GGT 

CAG / CGA GCG TTT GCT 

TAC TGG 

Flanking dgc6 in 17978 to 

confirm deletion 

A1S_0751 KO  

Conf F/R 

GGA GTA AGG GAA CTG TGA 

GC / CTT CTC AGG CTA TTG 

AGT GC 

Flanking dgc7 in 17978 to 

confirm deletion 

A1S_2422 KO  

Conf F/R 

GGT GAA GGA AAC GCT ACA 

TGG / GGT CTG TGG GGT 

CAT TGC 

Flanking pde1 in 17978 to 

confirm deletion 
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Primer Name a Sequence Use 

A1S_1254 KO  

Conf F/R 

CTC ACA ACT TGG TCA TTA 

GCA GC / CCA ATC ATC GTA 

TCG GTA AA ACC 

Flanking pde2 in 17978 to 

confirm deletion 

A1S_2337 KO  

Conf F/R 

CAG CAT GTG AGC AAT GTG 

G / GCT GAA GGA TCA CGT 

TCA ATC 

Flanking dce1 in 17978 to 

confirm deletion 

A1S_1949 KO  

Conf F/R 

CCG TCA ATG GTG GGT ACT 

TG / CGA CCA ATA CTG GCA 

CAT G 

Flanking dce2 in 17978 to 

confirm deletion 

A1S_0546 KO  

Conf F/R 

GAC AGC TCG TCG TCG TC / 

CTG CCC TAA CGC ATC TCA 

AG 

Flanking dce3 in 17978 to 

confirm deletion 

A1S_1559 KO  

Conf F/R 

GAG CCA GGT GAA CGC / 

AAT ACC ATG TGT AGA TTG 

TTC AGC TCG 

Flanking cbe1 in 17978 to 

confirm deletion 

A1S_0490 KO  

Conf F/R 

GCT CAA GAC GAT CAA GTA 

AGG C / CAG TCG ATT TAT 

TTA CCG AAG CC 

Flanking cbe2 in 17978 to 

confirm deletion 

A1S_3177 KO  

Conf F/R 

GAT CGT GGG ATT AGG AGT 

GC / GTT GAC CAA AGT TGC 

CGT AAG 

Flanking pilA in 17978 to 

confirm deletion 

pMMB  

Seq F 

ATG TGT GGA ATT GTG AGC 

GG 

Inserts in pMMB vector to 

confirm with R Comp primers 

pMMB  

Gib F/R #1 

CAT GCC GGA GTT CGT CG / 

GCG TTC ATA CAG GTC GGC 

To amplify pMMB backbone 

fragments for Gibson reactions 

pMMB  

Gib F/R #2 

CGA TAC CGG GTG CTC TAT 

CG / CCT GCG CCC ATC ATG 

G 
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Primer Name a Sequence Use 

pMMB #2 

Gib F/R #1 

GCA TGG AGC CGA AAA GC / 

CAT GCT GCC TCG CTG TTG 

Improve efficiency within pMMB 

backbone for Gibson reactions 

pMMB #2  

Gib F/R #2 

GCA GCT CGG TAC TGG TC / 

TAG GAC TGC CAG CGG ATG 

Ptac MCS  

Gib R 

CGA ATT CTG TTT CCT GTG 

TGA AAT TG 

Amplify through the Ptac 

promoter to create a pMMB 

fragment for Gibson reactions 

rrnB Term  

Gib F 

 

GGC TGT TTT GGC GGA TGA 

GAG AAG 

Amplify after the MCS for pMMB 

fragment Gibson reactions 

ABUW_0137  

Comp Gib F/R 

ATA TTA GAA TTC ATG AAA 

ATT CGT TTA ATC ACT CGT 

CC / ATA TTA CTG CAG GAT 

TCA AAT TGA TTT GAT CTG 

AGG TAG 

To Gibson clone dgc1 into 

pMMB-RIF 

ABUW_0188  

Comp Gib F/R 

ATA ACA ATT TCA CAC AGG 

AAA CAG AAT TCG ATG TCA 

GGA TTA CGT TCA GAA C / 

GAA AAT CTT CTC TCA TCC 

GCC AAA ACA GCC TTA TCC 

CTC TAC TAC ATT CCG TCC 

C 

To Gibson clone dgc2 into 

pMMB-RIF 

ABUW_0506  

Comp Gib F/R 

ATA ACA ATT TCA CAC AGG 

AAA CAG AAT TCG ATG ATA 

TCT AAG TTG TAT CAA TCC 

ACT TCG / GAA AAT CTT CTC 

TCA TCC GCC AAA ACA GCC 

GCA ATG CAA TAA AGG AGA 

GTT TCA 

To Gibson clone dgc3 into 

pMMB-RIF 
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Primer Name a Sequence Use 

ABUW_1045  

Comp Gib F/R 

ATA ACA ATT TCA CAC AGG 

AAA CAG AAT TCG ATG GAA 

ACT TTA GAT TCT TCA ATT 

TTT GAC / GAA AAT CTT CTC 

TCA TCC GCC AAA ACA GCC 

CTC GTC GTT CTA TGG GTA 

AGC 

To Gibson clone dgc4 into 

pMMB-RIF 

ABUW_2135  

Comp Gib F/R 

ATA ACA ATT TCA CAC AGG 

AAA CAG AAT TCG ATG AAG 

TTG CAG GGT TCC AAT ATA 

T / GAA AAT CTT CTC TCA 

TCC GCC AAA ACA GCC GTT 

CTA ATC AGC GTA TTT AAA 

AAG CCA C 

To Gibson clone dgc5 into 

pMMB-RIF 

ABUW_2824  

Comp Gib F/R 

ATA ACA ATT TCA CAC AGG 

AAA CAG AAT TCG GTG GCG 

AAT AGG GGA AAT GTA C / 

GAA AAT CTT CTC TCA TCC 

GCC AAA ACA GCC GTT AGG 

CAA TTT CGG CGA CTT G 

To Gibson clone dgc6 into 

pMMB-RIF 

ABUW_3178 

Comp Gib F/R 

ATA TTA GAG CTC ATG CCA 

TAC TCA CTT CGT GAA / ATA 

TTA AAG CTT GAC TTG GAA 

ATA TTA CAA AGA AAT AAA 

AAC TC 

To Gibson clone dgc7 into 

pMMB-RIF 
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Primer Name a Sequence Use 

ABUW_1138  

Comp Gib F/R 

ATA ACA ATT TCA CAC AGG 

AAA CAG AAT TCG ATG GGA 

AGC ATT AAA GTG AGA AAC / 

GAA AAT CTT CTC TCA TCC 

GCC AAA ACA GCC CAA AAC 

GAA ACA AAA AAC GGG C 

To Gibson clone pde1 into 

pMMB-RIF 

A1S_1254 

Comp Gib F/R 

ATA ACA ATT TCA CAC AGG 

AAA CAG AAT TCG ATG TGG 

GTG ATT GTT TAT ATG GAT 

ATC TG / GAA AAT CTT CTC 

TCA TCC GCC AAA ACA GCC 

TTA TTC TTT ATC GAT CTT 

GAT GGG C 

To Gibson clone pde2 into 

pMMB-RIF 

ABUW_1221  

Comp Gib F/R 

ATA TTA GAA TTC ATG TCT 

GGC CTT CAG GAA GA / ATA 

TTA CTG CAG TTA AAA CAA 

TTA TCA AAT ATG CGT ATT 

TGT TTG 

To Gibson clone dce1 into 

pMMB-RIF 

ABUW_1764  

Comp Gib F/R 

ATA ACA ATT TCA CAC AGG 

AAA CAG AAT TCG ATG ACT 

TCA ATG TCG AAC ACT ACC / 

GAA AAT CTT CTC TCA TCC 

GCC AAA ACA GCC CTT GTT 

ATC GTT ATG GTT ATA TTA 

TCG CC 

To Gibson clone dce2 into 

pMMB-RIF 

ABUW_3354 

Comp Gib F/R 

ATA TTA GAA TTC ATG GGT 

CAT GTT GAT TAC GAT AGC 

ACA T / ATA TTA CTG CAG 

GAC AAC CGG CTG GCA ATG 

TAG G 

To Gibson clone dce3 into 

pMMB-RIF 
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Primer Name a Sequence Use 

ABUW_2255  

Comp Gib F/R 

ATA ACA ATT TCA CAC AGG 

AAA CAG AAT TCG ATG CAA 

CCA CAA ATG GGT G / GAA 

AAT CTT CTC TCA TCC GCC 

AAA ACA GCC TTA CAT GGT 

ATA ACT TGG GCG ATC 

To Gibson clone cbe1 into 

pMMB-RIF 

A1S_0490 

Comp Gib F/R 

ATA ACA ATT TCA CAC AGG 

AAA CAG AAT TCG ATG AAT 

TCC AT TATT CAA ATG GAT 

TCG G/ GAA ATT CTT CTC 

TCA TCC GCC AA ACA GCC 

TTA AGC TGC TTG TTT CTG 

GCG 

To Gibson clone cbe2 into 

pMMB-RIF 

PA2133  

Comp Gib F/R 

ATA TTA GAA TTC GTG AAC 

GGT TCC CCA CAG / ATA TTA 

AAG CTT CAG ATT TTT CGC 

CGA CCG TG 

To Gibson clone PA2133 (PDE) 

into pMMB-RIF 

PA3702  

Comp Gib F/R 

ATA TTA GAA TTC ATG CAC 

AAC CCT CAT GAG AGC / ATA 

TTA AAG CTT CCC ACA GGC 

AGT ACG C 

To Gibson clone PA3702 (DGC) 

into pMMB-RIF 

a Use of abbreviations in the primer names were used for convenience and to save 

space. F and R stand for forward and reverse, respectively. Comp stands for 

Complement. Gib stands for Gibson. KO stands for knockout. Seq and Conf stand for 

sequence and confirmation, respectively. Int stands for interior. Tn stands for 

transposon.  
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Appendix D. AB5075 and 17978 Homologues 

Gene AB5075 Gene Number 17978 Gene Number 

dgc1 ABUW_0137 A1S_3345 

dgc2 ABUW_0188 A1S_3296 

dgc3 ABUW_0506 A1S_2986 

dgc4 ABUW_1045 A1S_2506 

dgc5 ABUW_2135 A1S_1695 

dgc6 ABUW_2824 A1S_1067 

dgc7 ABUW_3178 A1S_0751 

pde1 ABUW_1138 A1S_2422 

pde2 ABUW_2631 ab A1S_1254 

dce1 ABUW_1221 A1S_2337 

dce2 ABUW_1764 A1S_1949 

dce3 ABUW_3354 A1S_0546 

cbe1 ABUW_2255 A1S_1559 

cbe2 ABUW_3388 b A1S_0490 

pgaA ABUW_1557 A1S_2162 b 

algC ABUW_3041 A1S_0887 bc 

csuA ABUW_1488 A1S_2217 b 

pilA ABUW_0304 A1S_3177 

a ABUW_2631, aka pde2, is a pseudogene in AB5075.  

b Not included in this study. 

c KEGG GENOME database returns two genes that encode phosphomannomutase, 

the first being A1S_0887 and the second being A1S_0066. Although, A1S_0066 is 

considered to code for a hypothetical phosphomannomutase protein, whereas 

A1S_0887 is considered to code for phosphomannomutase / phosphoglucomutase.  
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Appendix E. Acinetobacter baumannii 17978 

Originally named Moraxella glucidolytica subspecies nonliquefaciens, 

A. baumannii strain ATCC® 17978™ is a clinical isolate from 1951 (99). The strain was 

from a four-month-old infant patient with fatal meningitis in France. It contains a genome 

with almost four million nucleotides and two plasmids with, on average, 12,000 bases 

(100). A. baumannii 17978 is a type strain susceptible to many antibiotics and retains 

many phenotypic traits of A. baumannii relatives. Though it differs slightly from more 

recent isolates, it remains a highly studied strain with similar systems (e.g., biofilm 

production, type II secretion systems, iron-acquisition systems) comparable to many 

other A. baumannii strains.  

A. baumannii 17978 Surface Motility 

 A. baumannii 17978 is not capable of twitching along plastic surfaces as its 

AB5075 relative is. Conversely, 17978 moves along a semi-solid agar surface in a 

manner like swarming, although swarming should only be done by bacteria with rotating 

flagella (101). Neither A. baumannii AB5075 nor 17978 have flagella, making the 

presence of swarming in 17978 unconventional. Genes encoding each of the 12 CMEs 

of A. baumannii 17978 along with two genes encoding CBE proteins were deleted 

through homologous recombination of a suicide vector (97). These strains were tested 

for their ability to exhibit the surface motility seen in A. baumannii 17978. Included with 

these strains were also two positive controls with either a DGC or PDE incorporated into 

pMMB-RIF to compare results during the complement tests to see if induction of these 

P. aeruginosa known-CMEs were similar to the expression of the A. baumannii CMEs.  
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17978 exhibits surface-associated motility by translocating along a semisolid 

surface, sometimes referred to as ‘sliding’ or ‘gliding’ (102). One potential mechanism 

for this flagellar-independent surface motility could be similar to the P. aeruginosa 

flagellum- and pilus-independent motility due to the postulated rhamnolipid surfactant 

production (103). The physical mechanism behind surface motility in 17978 is not 

understood. Surface motility in A. baumannii has been previously determined to be 

regulated by quorum sensing (81-83), light (84, 85), iron availability (86), surfactant-like 

compounds (81, 104), lipooligosaccharide presence (105), diaminopimelic acid (106), 

and recently, c-di-GMP (47). While the mechanism of bacterial surface translocation in 

A. baumannii is not currently understood, the lack of flagellar genes precludes that 

option.  
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Appendix E1. Deletions of CME genes dgc1, dgc4, dgc5, dgc6, pde2, cbe1, and cbe2  

all alter surface motility in A. baumannii 17978 

Overnight cultures of above deletion mutants were inoculated onto the center of a 0.4 % 

agar plate containing 5.0 g/L tryptone and 2.5 g/L NaCl and incubated overnight at 

37 °C. Perpendicular diameters of the motility regions were measured and compared to 

wild-type 17978 using ANOVA with Dunnett’s post hoc test. Shown is the relative 

change in distance traveled of each strain (± SEM) versus the WT (at 100 %). n=5. * = 

p<0.05, ** = p<0.01, *** = p<0.001 
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Both putative CBEs (cbe1 and cbe2) are required for surface motility, according 

to original testing (Appendix E1). Like twitching motility, this could be due to c-di-GMP 

interactions (67), loss of the proteins causing the destabilization of the pili (70), or other 

potential mechanism of this surface motility (102, 107). A pilA mutant showed 

decreased but variable surface motility, suggesting that the pilus may play a role. 

Deletion of pde2, the pseudogenized phosphodiesterase in AB5075, also significantly 

reduced 17978 surface motility and successfully complemented. The DGC-encoding 

genes—dgc1, dgc4, dgc5, and dgc6—and the CBE gene, cbe1, were significantly 

reduced compared to the wild-type strain during the original testing, but unfortunately, 

these clones did not return to wild type when complementing (Appendix E2). Future 

work will be required to determine if these were properly expressed in these strains, or if 

these mutants contain a secondary mutation to the identified deletion.  

A. baumannii 17978 Biofilm Formation 

No significantly different phenotype from wild-type 17978 was seen in any mutant 

during the biofilm formation assays in LB (Appendix E3), low-salt LB, and Mueller–

Hinton broth (data not shown). Redundancy was also found when expressing a DGC 

and a PDE in the wild-type 17978 strain, which hardly altered biofilm levels (Appendix 

E3). A previous study has shown that overexpression of dgc2, dgc4, and dce2 in A. 

baumannii 17978 does result in a detectable change in biofilm levels (47). Notably, they 

suspended their bacterial cells grown overnight on LB agar plates in PBS at 1.0 OD600 

and diluted by ten when transferring to their 96-well plates in LB with 100 μg/mL 

carbenicillin. The other group’s 1 % crystal violet was dissolved in 5 % acetic acid rather 

than 95 % ethanol. My wild-type 17978 crystal violet stained raw OD595 values were 
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consistently around 2.500 OD595. Their results show that there is up to a +300 % 

increase in the dgc4 mutant per wild type, which would be 10.000 OD595 based on my 

wild-type OD595 values. That value is undetectable by 96-well plate readers, so there 

seems to be some discrepancy between the strains, a variable within either protocol, or 

a difference in laboratory machinery (i.e., 96-well plate reader) that is affecting these 

results. Even overexpression of the DGCPA3702 showed an insignificant increase in my 

study. One other possibility is that c-di-GMP levels may be relatively high in wild-type 

17978 such that deletion of a single DGC fails to reduce c-di-GMP below the level 

required for biofilm formation. 
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Appendix E2. Only pde2 complemented the wild-type surface motility phenotype in A.  

baumannii 17978 

Overnight cultures of above complemented 17978 mutants were inoculated onto the 

center of a 0.4 % agar plate containing 5.0 g/L tryptone, 2.5 g/L NaCl, and 1 mM IPTG 

and then incubated overnight at 37 °C. Perpendicular diameters of the motility regions 

were measured and compared to 17978 WT+pEV using ANOVA with Dunnett’s post 

hoc test. Shown is the relative change in distance traveled of each strain (± SEM) 

versus the WT+pEV (at 100 %). n=3. * = p<0.05, ** = p<0.01, *** = p<0.001 
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Appendix E3. No CME deletions in 17978 affected biofilm formation 

Overnight cultures of above deletion mutants were diluted to 0.05 OD600 and grown in 

LB overnight at 37 °C in 96-well plates. The 96-well plates were then washed in distilled 

water, stained with 0.1 % crystal violet, and quantified by dissolving the adhered crystal 

violet dye with 95 % ethanol. The OD595 of the released crystal violet was measured and 

compared to wild-type 17978 using ANOVA with Dunnett’s post hoc test. Shown is the 

relative change of the measured OD595 of each strain (± SEM) versus the wild type (at 

100 %). n=3 

 

W
T+D

G
C

W
T+P

D
E

dg
c1

dg
c2

dg
c3

dg
c4

dg
c5

dg
c6

dg
c7

pd
e1

pd
e2

dc
e1

dc
e2

dc
e3

cb
e1

cb
e2

pi
lA

0%

50%

100%

150%
R

e
la

ti
v
e
 A

b
s
o

rb
a
n

c
e
 p

e
r 

W
T



 87 

 

Appendix E4. Deletions of genes dgc6, dgc7, and cbe1 determined survival after 48- 

hour exposure to a desiccating environment in A. baumannii 17978 

Overnight cultures of above deletion mutants were washed and diluted with distilled 

water. One 96-well plate was dried 48 hours, and a separate 96-well plate was used to 

serially dilute cultures to a countable number of colonies. After 48 hours, the same was 

done to the dried 96-well plate. Colony-forming units were converted to CFU/mL to 

compare mutants to the wild-type value. ANOVA with Dunnett’s post hoc test was used 

to determine statistical significance against wild type. Shown is the percentage of cell 

survival per wild type (± SEM) and is defined as the CFU/mL of mutants divided by the 

CFU/mL of wild-type 17978 (at 100 %). n=3.  ** = p<0.01, *** = p<0.001 
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Appendix E5. A. baumannii 17978 codes for an additional PDE and CBE 

Using the Conserved Domain Database, a putative diguanylate PDE is shown above. A 

putative c-di-GMP–binding effector is also seen in the A. baumannii 17978 genome. 

Gene “pde2” is likely a pseudogene in AB5075 from a frameshift mutation by deletion; 

thus, coding for a protein starting at the 129th residue. Gene “cbe2” contains a hydrolase 

domain on its N-terminus and a potential c-di-GMP–binding site on its C-terminus.  

 

Generation of 17978 Deletion Mutants 

A. baumannii 17978 mutants were generated by double homologous 

recombination using the pEXGm18 suicide vector. Purified genomic DNA 

(MasterPure™ Complete DNA and RNA Purification Kit) was used as template DNA in 

a PCR reaction to amplify regions neighboring the gene of interest (5’ KO and 3’ KO).  

The neighboring regions were inserted using Gibson cloning into pEXGm18, flanking a 

kanamycin resistance cassette. This vector also contains a gentamicin resistance 

cassette and sacB counterselection gene, so confirmation of vector identity was done 
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by PCR, ensuring the expression vector contained sacB, KanR cassette, GenR cassette, 

and the KO gene fragments. Vectors were electroporated into 17978, and vector-

integrated strains were selected on LB with 50 μg/mL KAN agar plates. Strains 

containing the deletion suicide vector were grown overnight in LB with 50 μg/mL KAN 

medium and were then struck out onto LB agar plates with 50 μg/mL KAN and 6 % 

sucrose to select for colonies that had lost the sacB gene. Death occurs by sacB 

encoded levansucrase which may convert sucrose to levans, toxifying itself from levan 

accumulation in the periplasm of Gram-negative bacteria (108). Counterselection was 

confirmed by testing for loss of gentamicin resistance on LB agar plates with 30 μg/mL 

GEN. A colony PCR with KanR, GenR, sacB and KO 5’ and 3’ primers was done to 

confirm deletion. Correct mutants showed presence of KanR and the corresponding 5’ 

and 3’ fragment as well as a change in the size between the 5’ and 3’ fragments; they 

also showed no presence of sacB and GenR cassette.  

Generation of 17978 Complement Mutants 

Complementation for A. baumannii 17978 mutants were made by electroporating 

A. baumannii AB5075 homologues into the corresponding 17978 strains. The homology 

between the genes were almost an identical match, while sometimes showing a single 

silent mutation. Inserted genes were previously sequenced to confirm integrity. The 

complement vector and empty vector control were electroporated into the proper 17978 

strains. Replication in the 17978 mutant strains was confirmed by standard PCR with 

primers within the gene of interest.  
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A. baumannii 17978 Surface Motility Assay Method 

 Surface motility plates were made from a modified LB recipe containing 5.0 g/L 

Fisher BioReagents™ tryptone, 2.5 g/L Fisher BioReagents™ NaCl, and 4.0 g/L 

powdered Fisher Science Education™ Agar Bacteriological. Surface assay motility 

plates were made the day prior to experimentation, dried overnight, and used the 

following day. Bacterial cultures were grown in 2 mL LB medium 20–24 hours to 

stationary phase. Overnight cultures were diluted to 1.0 OD600 in 1 mL LB, and 2 μL 

each sample were dropped onto the agar surface (Appendix E6). Plates were incubated 

20–24 hours at 37 °C. The diameter of the distance traveled was measured in two 

directions perpendicular to one another. Average diameters were calculated, and 

normalized values were computed relative to the wild type. The assay was repeated in 

quadruplicate, and the results were analyzed by ANOVA with Dunnett’s post hoc test 

(against a control: wild type) for statistical significance (p<0.05) using GraphPad Prism 

v9.4.0. When necessary, complementation tests had 1 mM IPTG included in the 

medium to induce the expression of the pMMB-RIF vector.  
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Appendix E6. Surface motility plate inoculation technique 

The above picture shows a standard Petri dish; the smaller (top) rectangle is the lid of 

the dish. The yellow represents the motility medium containing 5.0 g/L Fisher 

BioReagents™ tryptone, 2.5 g/L Fisher BioReagents™ NaCl, and 4.0 g/L powdered 

Fisher Science Education™ Agar Bacteriological. The red represents the area the 

bacteria will grow. The black arrow shows the way the bacteria were inoculated onto the 

medium by passing the opened lid and to the top of the medium. 2 μL of 1.0 OD600 

AB5075 transposon mutant cultures were dropped onto the plate (black arrow) and 

grown 20–24 hours at 37 °C. The bacteria grew (red) on top of the motility medium 

(yellow). Perpendicular diameters of bacterial growth (red) were measured and 

averaged.  
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