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Abstract 

Multiply antibiotic resistant infections caused by the globally prominent Gram-negative 

bacteria Acinetobacter baumannii is currently a major public health concern due to the 

expansion of extensively antibiotic resistant clonal lineages. An increasingly prominent clone, 

sequence type (ST) 25, possesses various resistance and virulence mechanisms that are of 

concern. The global expansion of ST25 warrants effective epidemiology tracking, and so 

investigation into viable epidemiological markers is crucial. It is known that some of the most 

variable regions of A. baumannii genomes belonging to the same clone is the loci responsible 

for biosynthesis of the capsule polysaccharide and the outer-core component of the 

lipooligosaccharide, known as the K and OC locus respectively. The variability of these two 

genomic regions makes them attractive epidemiological markers, and the viability of these 

regions as markers has been validated previously for major global clones, such as GC1.  

Currently, little is known about the variation at the K and OC locus in ST25 and the 

variability of these genomic loci were explored using in-silico tools including Kaptive. A newly 

developed bioinformatics tool capable of identifying surface polysaccharide biosynthesis gene 

clusters. Genome sequences of ST25 isolates were obtained from public databases, resulting in 

a collection of 82 geographically distributed ST25 isolates. These genomes were subjected to 

Kaptive analysis using private databases of 140 known KL types and 15 OCL types. Newly 

identified types were characterised and annotated by further manual examination utilising 

BLASTp and ACT comparison tools. Quality control procedures lead to the exclusion of 21 

genomes from the original 82 isolate pool, leaving 61 assemblies with typeable K and OC loci. 

KL typing revealed 19 distinct KL types in the 61 ST25 isolates, which included 3 novel locus 

types (KL132, KL133, KL134) and one variant type (KL32a). OCL typing revealed 5 distinct 

OCL types within the 61 ST25 isolates, which includes one novel type (OCL15) and one variant 
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(OCL10a). Comparison of these regions in ST25 to the KL and OCL in other prominent clones 

(GC1, GC2, ST10) contextualised the extent of genomic variability in the ST25 lineage. 

Furthermore, the CPS structure produced by 13 of the 19 KL types were gathered from 

published literature and assessed to ensure genes localised at the KL region were solely 

responsible for the produced CPS structure. This included the assignment of encoded proteins 

in the KL32 gene cluster to their biosynthesis roles in the production of the CPS from an A. 

baumannii isolate, LUH 5549. Comparison between the 13 known CPS structure in ST25 

revealed a range of different gene modules coding for complex sugars and varied 

glycosyltransferase produced linkages, indicating a diverse range of cell surface structures in 

the ST25 lineage. It was concluded that the KL and OCL variation in the ST25 clonal lineage 

is extensive, with geographically distinct combinations of KL/OCL types evident, highlighting 

the potential of enhancing current epidemiological tracking methods in A. baumannii by using 

these genomic features.  



Variation of Surface Polysaccharides in the ST25 Clonal Lineage of Acinetobacter baumannii iv

Table of Contents 

KEYWORDS .......................................................................................................................................................... I 
ABSTRACT .......................................................................................................................................................... II 
TABLE OF CONTENTS ......................................................................................................................................... IV 
LIST OF FIGURES ................................................................................................................................................ VI 
LIST OF TABLES ................................................................................................................................................ VII 
LIST OF ABBREVIATIONS .................................................................................................................................VIII 
STATEMENT OF ORIGINAL AUTHORSHIP ............................................................................................................ IX 
ACKNOWLEDGEMENTS ....................................................................................................................................... X 

CHAPTER 1: INTRODUCTION ..................................................................................................................... 1 
1.1 LITERATURE REVIEW ................................................................................................................................ 1 

1.1.1 Acinetobacter baumannii: An ESKAPE Pathogen .......................................................................... 1 
1.1.2 Growing Antimicrobial Resistance in Acinetobacter baumannii .................................................... 3 
1.1.3 Clonal Lineages and Global Distribution of Acinetobacter baumannii ......................................... 6 
1.1.4 Current Epidemiological Tracking Methods in Acinetobacter baumannii ..................................... 8 
1.1.5 The Capsule Polysaccharide: A Major Virulence Factor and Therapeutic Target in 

Acinetobacter baumannii .............................................................................................................. 10 
1.1.6 The Outer-core Oligiosaccharide: A Variable Antigenic Component of the A. baumannii Lipid 

Membrane ..................................................................................................................................... 14 
1.1.7 The Viability of the K and OC locus as Epidemiological Markers in A. baumannii..................... 15 
1.1.8 The Current Known Variability of the KL and OCL Regions in ST25 .......................................... 16 

1.2 PROJECT OUTLINE ................................................................................................................................... 17 
1.2.1 Project Significance ...................................................................................................................... 17 
1.2.2 Hypothesis and Aims ..................................................................................................................... 19 

CHAPTER 2: GENOTYPIC VARIATION OF THE KL AND OCL REGIONS OF ST25 ......................... 21 
2.1 METHODOLOGY ...................................................................................................................................... 21 

2.1.1 Identification of Acinetobacter baumannii ST25 Genomes from Public Databases ..................... 21 
2.1.1 Identification and Characterisation of KL and OCL Regions in A. baumannii ST25 Genomes ... 22 
2.1.2 Assessment of Genome Sequence Assembly Quality ..................................................................... 24 
2.1.3 Manual Examination of KL and OCL Regions in ST25 Genomes. ............................................... 25 
2.1.4 Comparison of K and OC Locus Regions Found in ST1, ST2, ST10 and ST25 Isolates ............... 26 

2.2 RESULTS ................................................................................................................................................. 27 
2.2.1 Acquisition of 3,422 ‘Acinetobacter baumannii’ Genomes from Public Databases Includes 82 

ST25 Isolates ................................................................................................................................. 27 
2.2.2 Kaptive and QUAST Analysis Indicates Possible Poor Genome Assembly Quality of 25 Genomes 

in the Pool ..................................................................................................................................... 31 
2.2.3 Kaptive Analysis Reveals Extensive Genomic Variation at the K locus ....................................... 36 
2.2.4 KL Characterisation in the 61 ST25 Isolates Uncovered Three Novel KL Types and a Variant 
Type.  .......................................................................................................................................................... 

39 
2.2.5 Review of the Gene Clusters Found at the K Locus in ST25 Genomes Reveals Extensive Genetic 

Variation ....................................................................................................................................... 41 
2.2.6 Kaptive Analysis of the OC Locus in ST25 Genomes Reveals a Range of OCL Types ................. 43 
2.2.7 One Novel and One Variant OC locus Type were Discovered Amongst the ST25 Genomes ........ 45 
2.2.8 Variation at the OC Locus in ST25 Genomes Accounts for 5 Distinct OCL Types ...................... 46 
2.2.9 Comparison of KL and OCL Variation Amongst Other Clonal Lineages Indicates Extensive 

Genomic Diversity in ST25 ........................................................................................................... 47 



 

Variation of Surface Polysaccharides in the ST25 Clonal Lineage of Acinetobacter baumannii v

CHAPTER 3: STRUCTURAL DETERMINATION OF THE CPS PRODUCED BY THE K-LOCUS 
IDENTIFIED IN ST25 ....................................................................................................................................... 
  ................................................................................................................................................. 50 
3.1 METHODOLOGY ...................................................................................................................................... 51 

3.1.1 Elucidation of the capsule polysaccharide structure from A. baumannii strain LUH5549 via 
Smith degradation and NMR spectroscopy ................................................................................... 51 

3.1.2 Genome assembly and sequence typing of isolate LUH5549 from public short read data ........... 52 
3.1.3 Assignment of encoded proteins in the KL32 gene cluster to their biosynthesis roles in the 

production of the CPS from LUH 5549 ........................................................................................ 52 
3.1.4 Summarising Literature Predicting the CPS Biosynthesis Roles of KL Found in ST25 isolates .. 53 

3.2 RESULTS ................................................................................................................................................. 53 
3.2.1 Assembly of the LUH5549 Genome and Reannotation of the KL32 Gene Cluster ....................... 53 
3.2.2 The KL32 gene cluster content is responsible for the produced CPS structure in A. baumannii 

isolate LUH5549 ........................................................................................................................... 55 
3.2.3 Determination of the Glycosyltransferase Functions in the K32 CPS via Assessment of Four gtr 

Genes in KL32 .............................................................................................................................. 57 
3.2.4 Determination of other genes coding for products in the KL32 gene cluster of LUH5549 .......... 59 
3.2.5 Comparison of the CPS structures produced by ST25 isolates and correlation of structural 

similarities to shared genetic content of KL types found in the lineage.  ...................................... 60 
 

CHAPTER 4: DISCUSSION .......................................................................................................................... 65 
4.1 GENERAL DISCUSSION ............................................................................................................................ 65 

 
CHAPTER 5: BIBLIOGRAPHY .................................................................................................................... 75 

 
CHAPTER 6: APPENDICES ........................................................................................................................ 93 

 
  



 

Variation of Surface Polysaccharides in the ST25 Clonal Lineage of Acinetobacter baumannii vi

List of Figures 

Figure 1. Phylogeny of Acinetobacter spp. genomes demonstrating the A. baumannii isolates 

(teal coloured) within the ACB complex. 

Figure 2. Recombination density plot of A. baumannii GC1 genomes. 

Figure 3. The surface polysaccharides of Acinetobacter baumannii extending from the outer 

membrane. 

Figure 4. A simplified illustration of the general gene cluster arrangement of the K locus. 

Flanking genes are in grey. 

Figure 5. A simplified illustration of the general gene cluster arrangement for the OC locus. 

Figure 6. Geographical distribution of ST25 isolates identified in the bulk genome download 

(n=82). 

Figure 7. Novel and variant K locus types found in ST25 isolates, grouped with the most 

related KL type. 

Figure 8. Total diversity at the K locus responsible for CPS biosynthesis in all 61 isolates 

representing the ST25 clonal lineage. 

Figure 9. Novel and variant OC locus types found in ST25 isolates compared to their closest 

OCL reference. 

Figure 10. Total diversity at the OC locus responsible for outer-core lipooligosaccaride 

biosynthesis in all 61 isolates representing the ST25 clonal lineage. 

Figure 11: Frequency heatmap depicting distribution of KL (A) and OCL (B) locus types 

across four major clonal lineages, ST1, ST2, ST10 and ST25.  

Figure 12. The KL32 capsule biosynthesis cluster from A. baumannii LUH5549. 

Figure 13. Structure of the K32 CPS from A. baumannii LUH5549 as determined through 

NMR spectroscopy (A). The K32 CPS structure starting from the first sugar in the K-unit, 

glycosyltransferase and initiating transferase products have been assigned to their predicted 

linkages (B). 

Figure 14. Summary of the 13 known CPS structures and their corresponding KL gene cluster 

in the ST25 isolates analysed in this study. 



Variation of Surface Polysaccharides in the ST25 Clonal Lineage of Acinetobacter baumannii vii

List of Tables 

Table 1: Data summary for all 82 ST25 isolates included in this study. 

Table 2. A summary of the 19 ST25 genome assemblies that did not meet sequence quality 

inclusion criteria.  

Table 3. A summary table of isolates which passed sequence quality criteria for inclusion by 

QUAST, but were ultimately excluded from the final study pool due to poor sequence quality 

at the K or OC locus. 

Table 4. A summary table of the final 21 isolates excluded from further analysis. 

Table 5. Summary of glycosyltransferase classification and assignment in the KL32 gene 

cluster, including family assignment, GenPept accession number and linkage mechanism. 

Table 6. Literature reporting structures derived from KL types found in the ST25 lineage. 



Variation of Surface Polysaccharides in the ST25 Clonal Lineage of Acinetobacter baumannii viii

List of Abbreviations 

AA Amino acid 

CRAB Carbapenem-resistant Acinetobacter baumannii 

CPS Capsular polysaccharide 

GC Global clone 

GI Genomic island 

ENA European nucleotide archive 

IS Insertion sequence 

KL Capsule biosynthesis locus (K locus) 

LOS Lipooligosaccharide 

LPS Lipopolysaccharide 

MDR Multidrug resistant 

MLST Multi-locus sequence typing 

NCBI National centre for biotechnology information 

NR Non-redundant 

OCL Outer-core biosynthesis locus (OC locus) 

OECD Organization for Economic Co-operation and Development 

ORF Open reading frame 

PCR Polymerase chain reaction 

PFGE Pulse field gel electrophoresis 

SRA Sequence read archive  

ST Sequence type 

WGS Whole genome sequence 



Variation of Surface Polysaccharides in the ST25 Clonal Lineage of Acinetobacter baumannii ix

Statement of Original Authorship 

The work contained in this thesis has not been previously submitted to meet requirements 

for an award at this or any other higher education institution. To the best of my knowledge and 

belief, the thesis contains no material previously published or written by another person except 

where due reference is made. 

Signature: 

Date: ______22/01/2021___________________ 

QUT Verified Signature



 

Variation of Surface Polysaccharides in the ST25 Clonal Lineage of Acinetobacter baumannii x

Acknowledgements 

I would like to thank my supervisory team for their unwavering support over the course 

of my MPhil project. I would like to especially thank my principle supervisor, Dr Johanna 

Kenyon for believing in me, allowing me to grow and develop as a scientist and for giving me 

incredible opportunities over the past year and a half. I would like to thank A/Prof Makrina 

Totsika for devoting her time and energy into helping see this project through to completion 

and providing me with much needed support when it seemed this thesis would never end. Many 

thanks to Prof. Ruth Hall for her mentorship and for sharing her extensive knowledge with me. 

I greatly look forward to developing as a scientist and continuing my post-graduate journey 

under the guidance of all three. A special thanks to QUT for awarding me an Australian 

Government Research Training Program Scholarship during my degree. 

I would like to thank all my friends and colleagues at QIMR for their constant 

encouragement, friendship, and willingness to grab a drink with me most Friday afternoons. I 

would especially like to thank Dr Emily Bryan and Dr Jacob Tickner for their wisdom and 

readiness to read through drafts and help me at their own expense. 

My deepest gratitude goes to my partner, Jordan Raetz for his constant support and for 

pushing me to pursue my passions. Thank you for listening to my outburst of frustration and 

nightly science ramblings



 

Chapter 1: Introduction  1 

Chapter 1: Introduction 

1.1 LITERATURE REVIEW 

 

1.1.1 Acinetobacter baumannii: An ESKAPE Pathogen  
 

The ESKAPE pathogens encompass a small, critical group of increasingly prevalent 

pathogenic bacteria which have developed extensive antimicrobial resistance (AMR) (Rice, 

2008). These pathogens, Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species, 

have a huge impact on the healthcare system in both developed and developing countries and 

account for the majority of nosocomial infections (De Oliveira et al., 2020; Rice, 2010). In 

2017, the World Health Organisation (WHO) established a new list of pathogens for which 

antimicrobial development is urgently required. This list featured the ESKAPE pathogens as 

the foremost targets for the development of antimicrobials (WHO, 2017). Since then, health 

authorities such as the Centres for Disease Control and Prevention (CDC) have released 

antibiotic resistance threat reports heavily featuring these ESKAPE pathogens, with the 

intention of spreading information regarding current antibiotic resistance trends, hence guiding 

antimicrobial research efforts (CDC) 2019). The most recent report iteration in 2019 saw 

carbapenem-resistant Acinetobacter as the foremost urgent threat in the U.S, responsible for 

8,500 hospitalised cases and 700 deaths in 2017 (CDC, 2019). 

 Being an ESKAPE pathogen, Acinetobacter baumannii (A. baumannii) is considered 

one of the most important Gram-negative bacterial pathogens, accounting for an estimated 2-

10% of all Gram-negative hospital-acquired infections worldwide in 2005 (Joly-Guillou, 

2005). Concerningly, A. baumannii infections are associated with high morbidity and mortality 
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rates globally, with recent mortality rates as high as ~56% in multi-drug resistant (MDR) A. 

baumannii infections in multiple countries including China and Mexico (Cornejo-Juárez et al., 

2020; Zhou et al., 2019). The bacterium is a strictly aerobic, non-motile coccobacillus, 

commonly found in aquatic environments (Howard et al., 2012). The species was formally 

designated in 1986 as part of the Acinetobacter calcoaceticus-baumannii (ACB) complex 

(Bouvet & Grimont, 1986). The complex consists of a group of aerobic, non-fermentative 

coccobacillus Acinetobacteria that are implicated in human infections and are high priority 

pathogens within intensive care units: A. baumannii, A. calcoaceticus, Acinetobacter pittii and 

Acinetobacter nosocomalialis (Blossom & Srinivasan, 2008).   

The rise of A. baumannii as one of the most significant opportunistic pathogens can be 

traced back to the 1970s, where advancements in modern medicine, including endotracheal 

intubation, indwelling catheters and invasive surgical interventions offered a new route for host 

colonisation (Bergogne-Bérézin & Towner, 1996). A. baumannii is now implicated in a variety 

of site-specific infections within the clinical environment, such as ventilator-associated 

pneumonia, central-line bacteraemia, and soft tissue infections, particularly in patients in 

intensive care units and burns patients (McConnell et al., 2013; Roca et al., 2012; Spellberg & 

Bonomo, 2014). A. baumannii infections were also present in traumatic soft tissue injuries 

common during war-time conflict, primarily in Iraq and Afghanistan (Dallo & Weitao, 2010; 

O'Shea, 2012). In these cases, it was originally hypothesised that contamination with A. 

baumannii occurred at the time of injury, as this species is commonly found in the environment 

(Dallo & Weitao, 2010). However, subsequent studies indicate colonisation and infection of 

patients instead occurs most commonly at the point of treatment within many military medical 

facilities (Scott et al., 2007). 

 As with other problematic nosocomial bacteria, the overuse of broad-spectrum 

antibiotics remains a key factor in the prevalence of multi-drug resistant strains in healthcare 
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settings around the world. Although initially considered to have limited virulence potential, A. 

baumannii is now the aetiological agent in many healthcare associated infections that are 

difficult to treat due to AMR. The recent inclusion of A. baumannii as a priority pathogen in 

2017 is primarily due to an increase in isolates resistant to carbapenems (drugs of last resort), 

which have been implicated in hospital outbreaks globally (Carretto et al., 2011; Schultz et al., 

2016; Stietz et al., 2013; Villegas et al., 2007).  

1.1.2 Growing Antimicrobial Resistance in Acinetobacter baumannii 
 

A feature of A. baumannii that separates it from other species included in the ESKAPE 

classification, is the propensity for isolates to rapidly develop AMR. This predisposition is due 

in part to the frequency of horizontal gene transfer and homologous recombination amongst 

populations (Holt et al., 2016), aided by the naturally competent nature (the ability to uptake 

extracellular genetic material) of A. baumannii  as well as the ability to form biofilms (Madsen 

et al., 2012; McQueary & Actis, 2011; Wilharm et al., 2013). In many instances, the mobile 

genetic elements dispensed throughout A.baumannii biofilms contain genes essential for the 

development of AMR, and being naturally competent permits the uptake of these genes. 

Consequently, levels of MDR in A. baumannii are four times higher than those seen in 

other ESKAPE pathogens, Klebsiella pneumoniae and Pseudomonas aeruginosa (Xie et al., 

2018). The rate of increased resistance for A. baumannii continues to climb rapidly, with MDR 

rates in Organization for Economic Co-operation and Development (OECD) and non-OECD 

countries reaching 56.9% and 80.4% respectively (Xie et al., 2018), though countries such as 

Greece and Turkey have recorded MDR prevalence levels as high as 90% and 96%, 

respectively (Xie et al., 2018). Considering the global increase of MDR isolates, investigations 

into potential novel drug targets for A. baumannii are at the forefront of research. However, 

studies are complicated by the wide range of both innate and acquired resistance mechanisms 

present in the nearly all A. baumannii strains, including drug inactivation, efflux pumps, outer-
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membrane proteins, and decreased membrane permeability (Gordon & Wareham, 2010), which 

are responsible for resistance to our most utilised antibiotics including aminoglycosides, 

fluoroquinolones, polymyxins and tetracyclines (Ayoub Moubareck & Hammoudi Halat, 

2020).  

A major mechanism employed by A. baumannii to develop resistance is through the 

production of enzymes that modify and/or deactivate specific antibiotics particularly β-

lactamases that deactivate  the β-lactam class of antibiotics (Singh et al., 2013). 

Chromosomally encoded production of β-lactamases, specifically cephalosporinase is intrinsic 

to all A. baumannii strains (Perilli et al., 1996). Production of this enzyme, known as AmpC, 

confers resistance to both penicillin and cephalosporin groups of antibiotics, though it differs 

from AmpC enzymes found in other Gram-negative species (Hamidian & Hall, 2013). 

Resistance phenotypes can also arise from other resistance mechanisms, working tangentially 

to contribute to resistance to a single antibiotic class, an example being the mechanisms leading 

to carbapenem resistance in A. baumannii isolates (Lin & Lan, 2014).  

 Carbapenem class antibiotics (i.e. imipenem and meropenem) were once considered the 

most important drugs in treating A. baumannii infections. The rapid emergence of carbapenem-

resistant Acinetobacter baumannii (CRAB) globally has imposed a substantial burden on 

healthcare systems, complicating treatment and increasing mortality rates. Research has 

revealed multiple mechanisms that contribute to carbapenem resistance, such as the loss and/or 

alteration of the outer-membrane protein CarO, preventing the uptake of carbapenems into the 

cell (Y. Lee et al., 2011), as well as modification to efflux pumps, namely the AdeABC 

resistance nodulation division (RND) efflux pump, which actively removes carbapenems from 

the cellular periplasm (Coyne et al., 2011). Though these mechanisms contribute to a resistance 

phenotype, they alone are unable to cause clinically relevant AMR (Hamidian & Nigro, 2019).  
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The most consequential mechanism for carbapenem resistance is the production of 

oxacillinase-class enzymes (OXAs), such as OXA-23, OXA-24, OXA-58, OXA-143, OXA-

235, mobilised on plasmids and acquired via horizontal gene transfer. Oxacillinase enzymes 

show diverse substrate preference, and are able to efficiently inactivate not only oxacillins, but 

also carbapenems and cephalosporins, through hydrolysis of the β-lactam ring (Antunes & 

Fisher, 2014; Evans & Amyes, 2014). Though the genes encoding for OXA are most often 

acquired, oxacillinases are also intrinsically encoded by the chromosomal gene oxaAb, which 

has been established as a speciation marker for A. baumannii (Nigro & Hall, 2018). Due to the 

propensity for A. baumannii to share and take up genetic content, genomic resistance islands 

containing various oxa genes have been noted in isolates in numerous countries globally (Gao 

et al., 2017; Hamidian & Hall, 2011; Leungtongkam et al., 2018; Schultz et al., 2016; Villegas 

et al., 2007).  

Though this resistance to one of our last line drugs, carbapenems is of major concern, 

the polymyxin antibiotic, colistin, remained a viable option for treatment of CRAB isolates, 

either alone or in combination with other key agents such as tigecycline (Gao et al., 2017; 

Qureshi et al., 2015). In keeping with the rapidly evolving nature of A. baumannii, evidence of 

colistin resistant strains has begun to emerge in hospitals, particularly within the healthcare 

systems of Asia (Cai et al., 2012; Gao et al., 2017; Qureshi et al., 2015; Thi Khanh Nhu et al., 

2016). The variety of AMR mechanisms in A. baumannii, as well as the increasing prevalence 

of AMR strains in hospitals has established an urgent need for research into relevant therapeutic 

strategies. Similarly, monitoring global expansion and distribution of strains is crucial for 

outbreak management and isolate surveillance. Global surveillance strategies are essential for 

understanding how the species, and in particular, these resistant isolates, circulate both locally 

and globally. 
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1.1.3 Clonal Lineages and Global Distribution of Acinetobacter baumannii 
 

Emergence of multiply resistant, epidemic strains of A. baumannii has highlighted the need for 

effective global disease monitoring. This can be enhanced by the identification of clonal 

lineages, as clonal groups maintain important characteristics that affect antimicrobial 

sensitivity. Early investigation into outbreak and non-outbreak strains in Europe identified 

three predominant clonal lineages, originally named ‘European clones’ I, II and III (Dijkshoorn 

et al., 1996). These clonal groups have been shown to contribute to most of the epidemic spread 

throughout other parts of the world, and were subsequently renamed ‘Global Clones’ I, II and 

III (GC1, GC2 and GC3). GC1 and GC2 (Fig. 1) account for the majority of extensively 

antibiotic resistant isolates, and as such, these clonal groups are a primary focus of research. 

Strains within these prominent clonal lineages in A. baumannii are notably phylogenetically 

robust (Fig. 1), and early research assumed clonal isolates were mostly identical with limited 

genomic variation (Dijkshoorn et al., 1996). However, it is now known that clonal isolates are 

highly variable. For example, prior to the 1980s, GC1 and GC2 were shown to confer resistance 

to early antibiotic classes including tetracycline, sulphonamides and aminoglycosides 

(Hamidian et al., 2019; Holt et al., 2016). However, following the introduction of new 

antibiotics such as fluoroquinolones and carbapenems, several recombination and plasmid 

uptake events have occurred leading to the acquisition of genes conferring resistance to these 

drugs, indicating variable sublineages within these clonal groups (Holt et al., 2016; Wright et 

al., 2014). 
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Figure 1. Phylogeny of Acinetobacter spp. genomes demonstrating the A. baumannii isolates (teal 
coloured) within the ACB complex. The major global clonal lineages (GC1, GC2) of A. baumannii 
are also indicated. (Modified from: Sahl, Gillece et al. 2013). 
 

Though research into these major global clones is prominent, little is known about other 

rapidly emerging and extensively antibiotic resistant genotypes, namely sequence type (ST) 25 

defined by the Insititut Pasteur multi-locus sequence typing (MLST) scheme. Research 

investigating the virulence traits between epidemic strains of A. baumannii revealed that 

isolates belonging to ST25 demonstrated higher resistance to desiccation, increased adherence 

on surfaces due to efficient biofilm formation, and greater adherence to alveolar epithelial cells 

compared to other lineages (Giannouli et al., 2013). These traits have likely led to the success 

of ST25 isolates in the clinical environment, aiding in the spread within hospital environments 

and facilitating host colonisation.  
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In addition to increased pathogenic potential, ST25 isolates have been noted to carry 

integrative elements, namely the insertion sequence ISAba1 and genomic resistance islands 

(GRI) containing a complex class 1 integron. These elements are responsible for conferring 

resistance to multiple antibiotic classes, including third generation cephalosporins and 

carbapenems (Hamidian & Hall, 2016; M Hamidian et al., 2015). The presence of these 

antibiotic resistance elements in ST25 isolates has been noted to greatly increase mortality rates 

(da Silva et al., 2018). To date, ST25 has been implicated in multiple outbreaks across Europe 

(Carretto et al., 2011; Di Popolo et al., 2011; Gogou et al., 2011; Karah et al., 2011) and South 

America (Stietz et al., 2013), with sporadic isolates noted in Vietnam (Schultz et al., 2016) and 

Australia (Kenyon, Hall, et al., 2015; Kenyon et al., 2019). To better understand the true extent 

of global distribution and spread of ST25, epidemiological tracking is imperative. 

 

1.1.4 Current Epidemiological Tracking Methods in Acinetobacter baumannii 
 

For many Gram-negative species, such as Escherichia coli and K. pneumoniae, serotyping 

involving structurally variable polysaccharides on the cell surface has traditionally been the 

preferred method for tracing epidemiological patterns (Brisse et al., 2004; Corbett & Roberts, 

2008; Stenutz et al., 2006; Wyres et al., 2016). Similarly, delineation of A. baumannii outbreaks 

was historically performed using serology specific to a highly variable immunogenic 

polysaccharide on the cell surface (Traub, 1989). A total of 38 different serovars had been 

identified in the latest update to the scheme (Traub, 1999). In the early literature, this 

immunogenic target was described as the O-antigen component of the lipopolysaccharide 

(LPS); a major component of the outer membrane for many Gram-negative species. However, 

in the last decade, recent work has shown that A. baumannii lacks an O-antigen, and 

alternatively produces only the base structure of the LPS, which is referred to as 

lipooligosaccharide (LOS) (Kenyon & Hall, 2013; Kenyon, Nigro, et al., 2014). Therefore, 
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therapeutic technologies and serotyping schemes utilising the O-antigen, as used for E. coli, is 

not a viable option for A. baumannii. Instead, it was shown that the major immunogenic 

polysaccharide present is the capsular polysaccharide (CPS or K-antigen), which structurally 

resembles O-antigen but is not associated or linked to the LOS. 

Advancements in genetic typing methods presented new options for epidemiological 

typing of A. baumannii clinical isolates, which move away from traditional laboratory methods 

such as serotyping. As such, the introduction of sequencing technologies and innovations in 

computing capabilities has opened the door to rapid detection of serotypes using in-silico 

methods. An MLST scheme for A. baumannii, known as the Institut Pasteur scheme, was 

developed in 2005 with the intention of providing a highly discriminatory method of 

characterisation to aid in global surveillance (Bartual et al., 2005). The method was devised 

based on allelic variations in seven major house-keeping genes (gltA, gyrB, gdhB, recA, cpn60, 

gpi and rpoD), which could be amplified by polymerase chain reaction (PCR) and then 

sequenced to detect allelic difference (Bartual et al., 2005). GC1, GC2 and GC3 correspond to 

ST1, ST2 and ST3 in this scheme. While MLST is widely accepted for epidemiological 

tracking of A. baumannii, pulsed-field gel electrophoresis (PFGE) is considered the gold 

standard for genotyping as it can yield more discriminatory results. However, PFGE has a 

major drawback due to the time-frame required to generate data (>5 days) and expensive 

software required for analysis (Ahmed & Alp, 2015). This is indicative of in-silico analysis 

(such as MLST) as a preferred method of sequence typing due to the advantages over other 

laboratory-based methods. 

As access to whole genome sequencing (WGS) becomes a more accessible in 

laboratories worldwide, and increasing advancements in computing power enable reduced 

analysis time, WGS and computational genomics are beginning to replace traditional 

laboratory methods including serotyping, PCR and PFGE for a number of bacterial pathogens 
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(Joensen et al., 2015; Thrane et al., 2016; Wyres et al., 2016; Yachison et al., 2017). Recent 

genomic studies have shown that the most variable region in genomes belonging to A. 

baumannii GC1 isolates is the locus that includes genes for the synthesis of the CPS (Holt et 

al., 2016; Kenyon & Hall, 2013), which is known as the K locus or KL (Fig. 2). This suggests 

that the CPS used as an epidemiological marker in traditional serological studies is also ideal 

for in-silico genotyping. Another highly variable region in A. baumannii GC1 genomes is the 

OC locus (OCL) responsible for the synthesis of the outer-core (OC) component of LOS; which 

is an important carbohydrate structure on the cell surface. A similar trend has been observed in 

genomes belonging to GC2 isolates, indicating the potential use of CPS and LOS as 

epidemiological markers in other A. baumannii strains (Adams et al., 2019; Wright et al., 

2014). 

Figure 2. Recombination density plot of A. baumannii GC1 genomes. The points of highest 
recombination are observed to occur at the genomic K and OC loci (Holt, Kenyon et al. 2016). 
 

1.1.5 The Capsule Polysaccharide: A Major Virulence Factor and Therapeutic Target 
in Acinetobacter baumannii 

 

The CPS is composed of long chains of repeating sugar units (oligosaccharides), known as K-

units, that include between 2-6 monosaccharides often linked linearly (Fig. 3). The CPS is a 

primary virulence determinant in a broad range of both Gram-positive and Gram-negative 

bacterial species, the tightly packed polymers of K-units act as a barrier surrounding the cell, 

providing protection from environmental stressors, desiccation, phagocytosis and complement-

mediated killing (Geisinger & Isberg, 2015; Russo et al., 2010; Tipton et al., 2018).  
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Figure 3. The surface polysaccharides of Acinetobacter baumannii extending from the outer membrane. 
Carbohydrates are illustrated as coloured boxes. The K-unit and outer-core are marked. (Kenyon., 
Unpublished). 
 

 The chemical structures of the CPS produced by more than 40 different A. baumannii 

isolates have been elucidated using NMR spectroscopy and sugar composition analyses. The 

variation observed across these 40 isolates includes differing sugar composition, unique 

linkages between K-units (N. Arbatsky et al., 2019; N. P. Arbatsky et al., 2019; Kenyon, 

Shashkov, et al., 2017; Shashkov et al., 2019), varying lengths of structures (Cahill et al., 2020; 

Kenyon, Kasimova, et al., 2017; Shashkov et al., 2018; Shashkov et al., 2016; Shashkov et al., 

2019) and varied location of glycosidic bonds (Kasimova et al., 2017). A. baumannii CPS 

structures often include common UDP-linked sugars such as UDP-glucose and UDP-galactose. 

However, many also contain complex atypical sugars, such as non-2-ulosonic acids. So far, 

five distinct non-2-ulosonic acids have been found in the surface polysaccharides of A. 

baumannii, these include: legionaminic acid (N. Arbatsky et al., 2019; N. P. Arbatsky et al., 

2019; Shashkov et al., 2015), 8-epilegionaminic acid (Vinogradov et al., 2014) pseudaminic 

acid (Kasimova et al., 2017; Senchenkova et al., 2015), acinetaminic acid (Kenyon, Kasimova, 
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et al., 2017; Kenyon, Marzaioli, De Castro, et al., 2015; Kenyon, Marzaioli, Hall, et al., 2015) 

and 8-epiacinetominic acid (Kenyon, Kasimova, et al., 2017; Kenyon, Notaro, et al., 2017), the 

latter acinetaminic acid derivatives have only been found in A. baumannii (Kenyon, Kasimova, 

et al., 2017; Kenyon, Marzaioli, De Castro, et al., 2015). In bacterial species, nonulosonic acids 

are often implicated in enhanced pathogenicity. Several studies have noted that the presence of 

these constituent glycoconjugates are essential virulence determinants in Gram-negative 

species, including A. baumannii. (Goon et al., 2003; Knirel et al., 2011; Perepelov et al., 2009; 

Schirm et al., 2003) 

The biosynthesis and export of the CPS in A. baumannii is directed by clusters of genes 

at the K locus (KL) located between the fkpA and lldP genes in the chromosome (Fig 4). The 

arrangement of gene clusters found at this location have been shown to be highly variable 

(Kenyon & Hall, 2013) with more than 128 different KL gene clusters identified to date (Wyres 

et al., 2020). Though variable in genetic content, all gene clusters include two largely conserved 

regions (region 1 and region 3 in Fig. 4). Region 1 includes an operon of genes (wzc-wzb-wza) 

encoding enzymes for CPS export (on the left as drawn in Fig. 4). These three proteins form a 

multi-protein complex, establishing a channel between inner and outer membranes to transport 

the capsule structure from the periplasm to the cell surface (Kenyon & Hall, 2013). Region 3 

is a module of genes responsible for simple sugar synthesis, namely common UDP-linked 

sugars, which is transcribed at the end region of the K locus (on the right as drawn in Fig. 4). 

The central region (region 2), located between the conserved flanking modules, includes genes 

coding for complex synthesis of specific CPS structures. This central region features genes 

encoding glycosyltransferases (Gtrs), acetyltransferases (Atrs), an initiating transferase (Itr), 

processing proteins (Wzy, Wzx), and often genes for complex sugars, such as a non-2-ulosonic 

acid (Kenyon & Hall, 2013). 
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Figure 4. A simplified illustration of the general gene cluster arrangement of the K locus. Flanking 

genes are in grey. Genes common to all K types are shown (i.e. genes for capsule export), and the 

variable regions are depicted by white bars (Wyres et al., 2020). 

 

As an immunogenic dominant surface structure, the polysaccharide capsule has been a major 

antigenic target in vaccine development for various encapsulated bacteria. Currently, 

polysaccharide vaccines exist for Neisseria meningitidis serogroups A, C, W and Y, providing 

high efficacy (>85%) and short-term immunity (Harrison et al., 2018; Rouphael et al., 2009). 

Polysaccharide vaccines against multiple Streptococcus pneumoniae serotypes also exists as 

both unconjugated and conjugated to toxins in order to elicit a protective immune response in 

at risk populations (Daniels et al., 2016). Studies in mice have explored the potential of passive 

immunisation against A. baumannii using a CPS-specific antibody, which succeeded in 

eliciting protection against various clinical isolates (Russo et al., 2013), though efficacy was 

enhanced by a conjugate vaccine involving CPS glycans and a protein carrier (Yang et al., 

2017). However, vaccine development utilising CPS is complicated by the extensive structural 

diversity seen across the species (Wang-Lin et al., 2017).  

More recently, the CPS of A. baumannii has been an important target in other novel 

therapeutic strategies. For example, Bacteriophage, which recognise specific CPS epitopes, 

have been explored as a treatment for infections caused by many MDR bacterial species. 

Bacteriophage (or simply phage) have many advantages over antibiotics, namely due to their 

narrow spectrum of activity, which in turn is thought to make phage therapy a better tolerated 
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and safer alternative to antibiotics (Principi et al., 2019). The rise of CRAB isolates globally 

has shifted focus towards the viability of phage therapy in treating A. baumannii infections. 

Current phage therapy strategies are reliant on phage with structural depolymerases, which can 

recognise and digest specific CPS structures (Gordillo Altamirano & Barr, 2019; Knirel et al., 

2020). Without the CPS, A. baumannii becomes more susceptible to antibiotics, the host 

immune system and environmental factors (Russo et al., 2010; Wang-Lin et al., 2017). 

However, the specificity of phage to their target means that the exact structures of CPSs 

produced by the species must be known to ensure depolymerases encoded by phage are targeted 

and viable for the treatment of infections (Ghajavand et al., 2017). 

 

1.1.6 The Outer-core Oligiosaccharide: A Variable Antigenic Component of the A. 
baumannii Lipid Membrane 
 

For many Gram-negative bacteria, a second surface structure separate from the CPS exists, 

known as the lipopolysaccharides (LPS), which is anchored in the outer membrane of the cell 

wall. The LPS is a high-molecular weight structure consisting of a lipid-A portion and an 

extending carbohydrate structure consisting of a core oligosaccharide with distinct inner core 

and outer core (OC) segments, and an immunogenic O-antigen polysaccharide (Raetz & 

Whitfield, 2002). However, certain bacterial species including Neisseria spp. and A. baumannii 

express only the lipid A and core oligosaccharide portions forming a structure known as the 

lipooligosaccharide (LOS), which lacks the O-antigen component (Kenyon & Hall, 2013; 

Kenyon, Nigro, et al., 2014; Preston et al., 1996). For A. baumannii, the LOS is also an 

important virulence factor involved in resistance to antimicrobial peptides (Luke et al., 2010), 

cell motility (McQueary et al., 2012) and surface adhesion (Soon et al., 2011).  
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In A. baumannii, the outermost OC component of the LOS exhibits structural variation 

in the carbohydrate residues and linkages between sugars (Kenyon, Nigro, et al., 2014). This 

correlates to genetic variation seen at the OC locus (OCL) between the aspS and ilvE genes in 

the A. baumannii chromosome, which includes genes that direct the synthesis of the OC 

structure. A total of 14 OCL gene clusters have been reported in the species to date, with the 

lengths ranging between 8 and 12 kb depending on gene content (Kenyon, Holt, et al., 2014; 

Wyres et al., 2020). OCL gene clusters fall into two families (Group A and Group B) defined 

by a conserved region (Region 1 on the left in Fig. 5), which includes glycosyltransferases 

(named gtrOC to distinguish from gtr genes at the K locus) and a gene for a polysaccharide 

deacetylase (pda). The variable region (Region 2 in Fig. 5) in both Group A and Group B is 

located downstream of the Region 1 and may include genes for nucleotide-sugar biosynthesis, 

acetyltransferases, various glycosyltransferases, or genes of unknown function (Kenyon, Holt, 

et al., 2014). 

 
Figure 5. A simplified illustration of the general gene cluster arrangement for the OC locus. Flanking 

genes are shown in grey, and the two OC gene cluster families are indicated. Genes common to OC 

types are included, and the variable region is depicted by white bars (Wyres et al., 2020). 

 

1.1.7 The Viability of the K and OC locus as Epidemiological Markers in A. baumannii 

Due to the extreme genetic variability seen at the K and OC loci, these genomic regions have 

proven valuable in the tracing and surveillance of A. baumannii outbreaks. Specifically, the 

combination of MLST with KL and OCL typing has been used successfully to analyse the 
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evolution of the major global clonal lineages, GC1 and GC2 (Hamidian et al., 2019; Hamidian 

& Nigro, 2019; Holt et al., 2016). Unfortunately, many of these studies have relied on manual 

KL and OCL typing as in silico typing tools have been lacking. However, recently, curated 

databases of reference sequences for both the KL and OCL types found in A. baumannii have 

been developed (Wyres et al., 2020) to be used in conjunction with a bioinformatics tool named 

‘Kaptive’ (Wick et al., 2018). These databases have the potential to rapidly screen thousands 

of A. baumannii genome sequences using Kaptive, providing a broader view on the extent of 

KL and OCL diversity in the species. By combining this screening with MLST data, the genetic 

diversity of KL and OCL found within the ST25 lineage can be determined, which can aid in 

assessing if the KL and/or OCL can be used as epidemiological markers for future ST25 

outbreaks. 

 

1.1.8 The Current Known Variability of the KL and OCL Regions in ST25  

While studies are yet to describe the KL and OCL diversity in ST25, some ST25 isolates have 

been the subject of CPS structure analysis and KL gene cluster correlation and so the KL gene 

cluster for these isolates is known. The ST25 isolate, D4 has been the subject of many studies 

due to various genomic features, including genomic islands and plasmids which harbour a 

multitude of antibiotic resistance genes, which confer resistance to gentamicin, streptomycin, 

and to sulphonamides, amongst other antimicrobials (Hamidian & Hall, 2016; Mohammad 

Hamidian et al., 2015). Most recently the CPS produced by D4 has been elucidated and 

characterised, and the KL gene cluster which drives this production had been characterised and 

typed as KL16 in the same 2019 publication (Kenyon et al., 2019).  

Another ST25 isolate, D46 was known to be an extensively antibiotic resistant clinical 

isolate, and has been sequenced to determine the causes of resistance (Nigro et al., 2015). It 

was also found to contain mobile genetic elements, namely a conjugative plasmid which 
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conferred resistance to both carbapenems and aminoglycosides (Nigro et al., 2015). Later, D46 

was also the subject of CPS structural determination and KL gene cluster correlation in 2015 

(Kenyon, Hall, et al., 2015). Like the D4 isolate, D46 and was found to harbour a novel KL 

gene cluster arrangement, which was designated KL14 (Kenyon, Hall, et al., 2015).  

Interestingly, both D4 and D46 are sporadic ST25 isolates originating from Sydney, 

Australia in 2006 and 2010 respectively (Hamidian & Hall, 2016). Research regarding these 

isolates has characterised distinct resistance profiles, though both are considered MDR strains. 

Furthermore, the KL types of these isolates has been shown to differ significantly, with the 

KL16 gene cluster of D4 including a complex sugar synthesis cluster and gtr genes encoding 

for novel glycosyltransferases (Kenyon et al., 2019), and D46 including a less complex KL 

type, KL14 (Kenyon, Hall, et al., 2015). These findings set a precedent for the extent of 

genomic variation in the ST25 clonal lineages and allude to diversity of the KL and OCL 

regions of the genome which could aid in epidemiological tracking efforts. 

 

1.2 PROJECT OUTLINE 

 

1.2.1 Project Significance 
 

This project aims to address the lack of current published research on the diversity of 

surface polysaccharides in the ST25 clonal lineage of A. baumannii. Currently, no studies have 

examined the full extent of KL and OCL variation in a complete collection of available ST25 

genomes, or the consequent effect that these genetic differences have on CPS structures 

produced by ST25 isolates. More so, studies involving the ST25 lineage often work to build 

comparisons between isolates from different serotypes, rather than addressing the diversity of 

isolates belonging to a single sequence type (Giannouli et al., 2013; Zarrilli et al., 2011). Only 
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one study exists that characterises the genomic diversity in the ST25 lineage (Sahl et al., 2015). 

However, this study from 2015 did not address the genomic variation of the KL and OCL 

regions, though they are amongst the most variable regions in the A. baumannii genome (Holt 

et al., 2016) and the polysaccharide structures they encode for are crucial virulence 

determinants (Luke et al., 2010; McQueary et al., 2012; Russo et al., 2010). 

 By utilising current publicly available genomes belonging to ST25 isolates, a diverse pool of 

genome sequences obtained from various geographical locations can be examined, which will 

result in a more complete understanding of the global evolution of this lineage, as well as 

potential trends in local outbreaks. As studies have already confirmed the viability of the KL 

and OCL as epidemiological markers in other major clones (Holt et al., 2016), it is crucial that 

this is explored in other rapidly emerging lineages such as ST25 to assess global spread. This 

will aid surveillance and subsequent containment for infection control and will also guide 

future phylogenomic research on this important lineage. KL and OCL typing of a diverse set 

of genomes will likely also unearth novel locus types, novel genes, and potentially novel 

complex sugar products that may assist with therapeutics development. This can be further 

guided by correlating the genetic content at the K locus with the CPS structure produced to 

identify protein functions in the CPS biosynthesis pathway. 
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1.2.2 Hypothesis and Aims 

 

Hypothesis 

The surface polysaccharide variation in the ST25 clonal lineage of A. baumannii will be 

valuable as an epidemiological marker and in understanding the global spread and evolution of 

this clone. 

 

Aim 1- Identify, characterise, and annotate the KL and OCL regions in all available 

genomes of A. baumannii ST25 isolates to assess the extent of sequence diversity in 

comparison to other globally important clonal lineages. 

 

Aim 2- Correlate elucidated CPS structural information with KL sequences from A. 

baumannii ST25 isolates to aid in identification of protein function. 
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Chapter 2: Genotypic Variation of the KL and 
OCL Regions of ST25 

This chapter outlines the standard and novel bioinformatics approaches used to identify and 

annotate the genetic content of KL and OCL regions in publicly available A. baumannii ST25 

genome assemblies. Here, a comprehensive picture of the variation of these loci within the 

clone is presented, which is further compared to the level of KL and OCL variation within other 

globally distributed A. baumannii clonal lineages, including GC1 and GC2. A workflow 

diagram outlining the methodology and processed followed for Aim 1 is available in Appendix 

1 of this document. Furthermore, the results presented in Section 2.2.9 have been recently 

published and are included in Wyres et al. 2020 (Wyres et al., 2020).  

 

2.1 METHODOLOGY 
 

2.1.1 Identification of Acinetobacter baumannii ST25 Genomes from Public Databases 
 

The NCBI whole genome sequence and non-redundant databases 

(https://www.ncbi.nlm.nih.gov/genbank/wgs/) were used to bulk download all publicly 

available genome assemblies (3412 as of 21/02/2019) listed under the ‘Acinetobacter 

baumannii’ organism classification. Independent verification of the A. baumannii species 

assignment of each genome assembly was achieved by searching for the oxaAb gene (GenBank 

accession number CP010781.1, base positions 1 753 305–1 754 129) specific to the A. 

baumannii species in the Acinetobacter genus using command-line BLASTn 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Zhang et al., 2000). Genomes were confirmed as A. 

baumannii when BLASTn hits for oxaAB exceeded 95% for nucleotide sequence similarity, 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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and coverage was greater than 90% (Wyres et al., 2020). Confirmed A. baumannii genomes 

were retained for further analyses described in the following sections. 

To identify genome assemblies belonging to ST25 isolates, multi-locus sequence typing 

(MLST) was performed using a command-line MLST script 

(https://github.com/tseemann/mlst) with the PubMLST Institut Pasteur A. baumannii typing 

scheme (abaumannii_2_scheme) (Jolley et al., 2018). All confirmed A. baumannii genome 

assemblies with the distinct ST25 allelic profile (cpn60-3, fusA-3, gltA-2, pyrG-4, recA-7, rplB-

2, rpoB-4) were isolated from the bulk genome pool, and metadata (country, isolation date, 

sample source) for these isolates available in the original NCBI entries were recorded. Short 

read sequence data for a further ten ST25 A. baumannii isolates that did not have a genome 

assembly available were obtained from the Sequence Read Archive (SRA) and were de novo 

assembled into contigs using the short-read genome assembly program, SPAdes v. 3.14 

(Bankevich et al., 2012).  

 

2.1.1 Identification and Characterisation of KL and OCL Regions in A. baumannii 
ST25 Genomes  
 

The K locus (~20-40 kb in size) and OC locus (~8-15 kb in size) regions in all ST25 genome 

assemblies were identified and typed using the bioinformatics tool, Kaptive v. 0.7 

(https://github.com/katholt/Kaptive), with default parameters. Kaptive was developed by the 

Holt Lab at Monash University foremost as an epidemiological typing tool for both Klebsiella 

pneumoniae and Acinetobacter baumannii. Briefly, Kaptive runs each genome assembly as a 

query against two separate curated reference databases containing either 128 KL types or 14 

OCL types known for A. baumannii to respectively identify the closest KL or OCL match using 

the BLAST algorithm (Wyres et al., 2020). The results output includes the closest match, 

confidence score (graded as ‘Perfect’, ‘Very high’ ‘High’, ‘Good’, ‘Low’, ‘None’), length 
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discrepancies, coverage and identity percentage, genes identified within and outside the locus, 

and problems detected with the sequence match. The match confidence scores graded by 

Kaptive are assigned on the basis of multiple factors (Wick et al., 2018). ‘Perfect’ match score 

indicates that the locus was found on a single contig with 100% coverage and 100% identity. 

‘Very high’ indicates that the locus was found on a single contig, with ≥99% coverage and 

≥95% identity. ‘High’ is assigned when the locus is located on a single contig with ≥99% 

coverage but with ≤3 missing genes and no unexpected genes identified.  ‘Good’ confidence 

matches indicate that the locus was found on a single contig or split across multiple assembly 

contigs with ≥ 95 % coverage to the best-match locus, ≤3 missing genes and ≤1 unexpected 

gene within the locus. A ‘Low’ confidence match indicates that the locus was found on a single 

contig or split across multiple, with ≥90 % coverage and ≤3 missing genes and ≤2 unexpected 

genes within the locus. Finally, a match confidence assignment of ‘None’ indicates that the 

match does not meet the criteria for any other confidence level. Further, Kaptive employs 

symbolism to denote specific problems identified in each query genome sequence when 

compared to the closest in database match, which reflects the match confidence score. These 

symbols as noted in the raw output in Appendix 2, include ‘?’ which indicates that the match 

was not in a single piece, possibly due to either a poor match or discontiguous assembly. A ‘-’ 

symbol denotes that genes found in the closest match locus were not found in the query locus. 

A ‘+’ symbol indicates that genes not present in the closest match locus were found in the query 

locus, if these additional genes are within the Kaptive database, these genes are noted in the 

output with an identity score to the closest known K-locus. Finally, the inclusion of ‘*’ in the 

output denotes that one or more expected genes in the query locus have a low identity match 

to the best match locus, an identity percent below 100% will be flagged by Kaptive. The tool 

also extracts the sequence of the query locus in a FASTA file for further analysis.  
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Following Kaptive analysis, output results were manually checked and imperfect locus 

matches (‘very high’ confidence level or lower) were subjected to further investigation as 

described below.  

2.1.2 Assessment of Genome Sequence Assembly Quality  
 

As a general rule, Kaptive matches with confidence levels of ‘good’, ‘low’ or ‘none’ (<97% 

identity) can suggest genome assemblies of poor quality (Wyres et al., 2020). Often these locus 

sequences are found over multiple contigs making accurate locus typing difficult. Thus, the 

sequence quality of ST25 genome assemblies with Kaptive hits of ‘good’ or lower confidence 

levels were assessed to remove genomes of poor quality from further analyses. It is important 

to note that as the methods of this study concern specific loci on the genome, it is possible that 

some overall poor quality genome assemblies may have typable K and/or OC loci, or that 

overall good quality genomes may have assembly problems isolated to the K and/or OC loci. 

Therefore, genome quality testing was conducted after K and OC typing as a means of 

determining why Kaptive failed to type loci in specific isolate genomes.  

Here, sequence quality was assessed using the genome assembly metric tool, QUAST 

(https://github.com/ablab/quast) (Gurevich et al., 2013). Exclusion of genome assemblies for 

analysis in this study was based on one or more of the following criteria: a) a contig count >300 

for each individual assembly, and/or b) total genome size less than 3.7 Mbps. Genome 

sequences with KL or OCL matches present across more than 2 contigs (indicating multiple 

sequence breaks in the original genome assembly) that passed the quality criteria underwent 

manual examination. 
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2.1.3 Manual Examination of KL and OCL Regions in ST25 Genomes. 
 

For ST25 genome assemblies that passed the sequence quality criteria for inclusion in the study, 

the KL and OCL matches called by Kaptive with ‘Very good’ or lower confidence levels, which 

were also present on a single unbroken contig, were tentatively considered new locus types. 

These regions were first compared against the best match locus type using the Artemis 

Comparison tool (ACT) included in the Artemis package software (Carver et al., 2012). Loci 

that were confirmed to include large sequence insertions or deletions, including open reading 

frame (ORF) replacements, were further examined using ORFfinder 

(https://www.ncbi.nlm.nih.gov/orffinder/). Through this tool, the translated sequence of each 

ORF within a locus sequence was subjected to BLASTp analysis against the NCBI non-

redundant protein sequence database. Predicted proteins were assigned the same name as the 

best identified homologue when the pairwise sequence alignment was considered co-linear 

(>90% coverage) and the amino acid sequence identity exceeded 85% (Kenyon & Hall, 2013). 

Protein sequences with no identified match were further compared against an in-house database 

that includes published and unpublished KL and OCL protein sequences included in the current 

nomenclature system (Kenyon, unpublished data) using stand-alone BLAST. If a co-linear, 

high-identity match (>90% coverage, >85% amino acid sequence identity) was not detected 

for a sequence, the protein was considered novel and assigned a new name in accordance with 

the standardised nomenclature system (Kenyon & Hall, 2013; Kenyon, Nigro, et al., 2014; 

Wyres et al., 2020). Loci found to contain new ORFs between the defined flanking genes were 

considered novel types and further assigned a new KL or OCL number. 

In instances where Kaptive could not confidently assign the KL and/or OCL types due to the 

matched sequence being found on more than one contig, the contigs containing the locus region 

were manually recovered from the original genome assembly. The transcription direction of 
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each contig sequence was first checked and corrected, if necessary, using the online reverse-

complement tool (https://www.bioinformatics.org/sms/rev_comp.html). At each break site 

within the locus region, 100 bp of sequence from the end of each contig was submitted to 

ISfinder (Siguier et al., 2006) to determine if the insertion of an insertion sequence (IS) was 

the cause of the break. In the event that an IS segment was identified on either side of the break 

and was the only identifiable difference to the best match locus, the region was considered a 

variant of the original and was assigned a letter after the locus number i.e. KL1a. 

For all other KL or OCL types, the contig ends were assessed to determine if the sequences 

could be directly abutted when compared to the best match locus. These contigs were joined 

with a series of 100 ‘N’ bases to manually assemble the locus region in a single FASTA file, 

which was then manually assessed as detailed above to determine if the locus was novel. 

 

2.1.4 Comparison of K and OC Locus Regions Found in ST1, ST2, ST10 and ST25 
Isolates 
 

To generate comparative data, genome assemblies of clonal groups of interest were recovered 

from the complete A. baumannii genome assembly pool (n= 3,378) obtained from methods 

outlined in Section 2.1.1. Clonal groups of interest were collected after the original A. 

baumannii genomes (n= 3,412) were bulk download and subjected to in-house speciation 

assignment via the BLASTn search for oxaAb gene. Only major globally distributed clonal 

lineages (GC1/ST1, GC2/ST2) and an emerging global clone (ST10) that includes a large 

proportion of multiply and extensively antibiotic resistant isolates were included in the 

comparative analysis. The  ST1, ST2 and ST10 isolates underwent quality control analysis 

using an abridged QC protocol as seen in Section 2.1.2, where an efficient in-house command-

line script similar to QUAST was used to inspect genomes against an exclusion criteria of a 
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contig count of >300 and/or an assembly length of < 3.6 Mbp (Wyres et al., 2020). An in-house 

script for genome assembly quality was chosen for this larger dataset due to efficiency of 

selecting for only these two exclusion metrics, as QUAST utilises many genome quality 

metrics, complicating the output for large datasets. Genome assemblies from isolates belonging 

to these three clonal lineages were subjected to Kaptive analysis to type KL and OCL regions 

as described above. Assemblies that had a Kaptive KL and OCL match with a confidence level 

of ‘good’ or above were compared with the previously typed ST25 assemblies by calculating 

KL and OCL frequencies visualised on a frequency heatmap generated in R using ggplot2 

(https://ggplot2.tidyverse.org) (Wickham, 2016).  

 

2.2 RESULTS 

 

2.2.1 Acquisition of 3,422 ‘Acinetobacter baumannii’ Genomes from Public Databases 
Includes 82 ST25 Isolates 

 

A total of 3,412 genome assemblies listed under the Acinetobacter baumannii species 

classification were downloaded from the NCBI non-redundant and Whole Genome Sequence 

(WGS) databases. The oxaAb gene was absent from 34 of the 3,412 genome assemblies 

(0.99%), indicating a total of 3,378 confirmed A. baumannii genome assemblies. MLST 

analysis revealed that 71 genome assemblies belonged to the Institut Pasteur ST25 clone 

(cpn60-3, fusA-3, gltA-2, pyrG-4, recA-7, rplB-2, rpoB-4). An additional single locus variant 

(SLV), ST402, was also identified with an allelic profile differing from ST25 at pyrG (cpn60-

3, fusA-3, gltA-2, pyrG-1, recA-7, rplB-2, rpoB-4). This SLV was found to be A. baumannii 

isolate LUH_7841 (Assembly accession number ASM100768v1) and was incorporated into 

further analyses due to its close genetic relatedness to ST25, and is hereafter referred to as an 
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ST25 isolate. The short reads for an additional 10 isolates previously reported to belong to 

ST25 (Schultz et al., 2016) were obtained from the European Nucleotide Archive (ENA) 

database (https://www.ebi.ac.uk/ena), assembled and included in the analysis. Overall, a total 

of 82 ST25 genome assemblies were obtained from these public databases. 

To develop a broader understanding of the isolates included in this study, metadata on 

each isolate were collected from the bio-sample summary in their NCBI data entries. Metadata 

obtained included year of isolate collection, collection source and country of origin when 

available. The metadata for all 82 ST25 isolates, including Assembly or ENA accession 

numbers, are listed in Table 1. 

 

Table 1. Data summary for all 82 ST25 isolates included in this study. 

Strain Assembly Year Country Isolation Sample 

741019 ASM100777v1 (NCBI) 2011 Argentina Pleural fluid 

D46 7468_2_59 (NCBI) 2010 Australia N/A 

D4 7521_8_34 (NCBI) 2006 Australia N/A 

MC104 ASM358425v1 (NCBI) 2016 Bolivia Wound secretion 

MC102 ASM358427v1 (NCBI) 2016 Bolivia Ulcer 

MC100 ASM358431v1 (NCBI) 2016 Bolivia Tracheal secretion 

MC89 ASM358442v1 (NCBI) 2016 Bolivia Ulcer 

MC29 ASM358448v1 (NCBI) 2016 Bolivia Urine culture 

MC93 ASM358451v1 (NCBI) 2016 Bolivia Wound secretion 

MC63 ASM359568v1 (NCBI) 2016 Bolivia Fluid (Bone tissue) 

MC51 ASM359581v1 (NCBI) 2016 Bolivia Lumbosacral ulcer 

MC39 ASM359586v1 (NCBI) 2016 Bolivia Urine culture 

MC32 ASM359593v1 (NCBI) 2016 Bolivia Ulcer 

MC57 ASM359612v1 (NCBI) 2016 Bolivia Tracheal secretion 

MC14 ASM359623v1 (NCBI) 2016 Bolivia Blood 

MC103 ASM358353v1 (NCBI) 2016 Bolivia Pleural fluid 

MC95 ASM358356v1 (NCBI) 2016 Bolivia Tracheal secretion 

MC94 ASM358357v1 (NCBI) 2016 Bolivia Wound secretion 

MC87 ASM358360v1 (NCBI) 2016 Bolivia Tracheal secretion 

MC98 ASM358362v1 (NCBI) 2016 Bolivia Wound secretion 

MC101 ASM358430v1 (NCBI) 2016 Bolivia Blood culture 

MC96 ASM358432v1 (NCBI) 2016 Bolivia Tracheal secretion 

MC91 ASM358436v1 (NCBI) 2016 Bolivia Urine Culture 

MC77 ASM358437v1 (NCBI) 2016 Bolivia Tracheal secretion 
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MC78 ASM358438v1 (NCBI) 2016 Bolivia N/A 

MC90 ASM358444v1 (NCBI) 2016 Bolivia Blood culture 

MC71 ASM358445v1 (NCBI) 2016 Bolivia Exudate (leg) 

MC69 ASM359566v1 (NCBI) 2016 Bolivia Wound secretion 

MC64 ASM359567v1 (NCBI) 2016 Bolivia Urine Culture 

MC59 ASM359576v1 (NCBI) 2016 Bolivia Catheter 

MC34 ASM359592v1 (NCBI) 2016 Bolivia Tracheal secretion 

MC31 ASM359595v1 (NCBI) 2016 Bolivia Catheter 

MC48 ASM359613v1 (NCBI) 2016 Bolivia Secretion 

MC27 ASM359617v1 (NCBI) 2016 Bolivia Pressure ulcer 

MC18 ASM359620v1 (NCBI) 2016 Bolivia Foley Catheter 

107m ABIBUN_1 (NCBI) N/A Colombia N/A 

NIPH146 Acin_baum_NIPH_146_V1 (NCBI) 1993 Czech Republic Wound 

161/07 ASM100781v1 (NCBI) 2007 Germany Respiratory tract 

BAuABod-3 ASM257380v1 (NCBI) 2015 Germany Environment/Turkey 

IHIT38008 ASM415359v1 (NCBI) 2018 Germany Urine/Dog 

4390 ASM100776v1 (NCBI) 2003 Greece Bronchial aspirate 

HEU3 ASM292785v1 (NCBI) 2016 Honduras Cornea secretion 

MCR10179 ASM292796v1 (NCBI) 2015 Honduras Endobronchial tube 

CI86 ASM51657v2 (NCBI) 2005 Iraq Superficial Wound 

CI79 ASM51663v2 (NCBI) 2005 Iraq Respiratory Tract 

4190 ASM18971v2 (NCBI) 2009 Italy N/A 

OCU_Ac2 ASM356944v1 (NCBI) 2014 Japan Blood 

7804 ASM343138v1 (NCBI) 2006 Mexico Bronchoalveolar lavage 

AB_2008-15-69 ASM30133v1 (NCBI) N/A N/A N/A 

PR388 ASM213810v1 (NCBI) N/A N/A N/A 

ARLG1317 ASM214397v1 (NCBI) N/A N/A N/A 

AR_0088 ASM300603v1 (NCBI) N/A N/A N/A 

R348 ASM395535v1 (NCBI) N/A N/A N/A 

984213 ASM58105v1 N/A N/A N/A 

LUH_78411 ASM100768v1 (NCBI) 2002 Netherlands Venous Catheter 

RUH1486 ASM100770v1(NCBI) 1985 Netherlands Umbilicus 

LUH_6220 ASM100774v1 (NCBI) 2000 Netherlands Respiratory Tract 

HWBA8 ASM208278v1 (NCBI) 2013 South Korea Sputum 

4300STDY7045700 24276_2_166 (NCBI) 2016 Thailand N/A 

4300STDY7045786 24276_2_251 (NCBI) 2016 Thailand N/A 

4300STDY7045802 24276_2_267 (NCBI) 2016 Thailand N/A 

4300STDY7045824 24276_2_289 (NCBI) 2016 Thailand N/A 

4300STDY7045840 24276_2_305 (NCBI) 2016 Thailand N/A 

4300STDY7045893 24276_3_50 (NCBI) 2016 Thailand N/A 

NM3 ASM100772v1 (NCBI) 2008 United Arab Emirates Sputum 

AB5256 ASM24170v2 (NCBI) 2009 USA Blood 

OIFC143 AcbauOIFC143v1.0 (NCBI) 2003 USA N/A 

1429530 ASM58113v1 (NCBI) 2014 USA Perirectal 

ABBL018 ASM143254v1 (NCBI) 2005 USA Blood 
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AB2828 ASM161199v1 (NCBI) 2006 USA Blood 

AB3638 ASM161209v1 (NCBI) 2007 USA Trauma Wound 

AB3806 ASM161210v1 (NCBI) 2007 USA Trauma Wound 

UV_1036 SAMEA1569559 (ENA) 2003 Vietnam Tracheal washes 

UV_964 SAMEA1569507 (ENA) 2003 Vietnam Tracheal washes 

UV_973 SAMEA1569410 (ENA) 2003 Vietnam Tracheal washes 

238_an SAMEA1569453 (ENA) 2005 Vietnam Anal swab 

259_an SAMEA1569518 (ENA) 2005 Vietnam Anal swab 

266_an SAMEA1569452 (ENA) 2005 Vietnam Anal swab 

276_ax SAMEA1569532 (ENA) 2005 Vietnam Axilla swab 

295_c SAMEA1569392 (ENA) 2005 Vietnam Cannula entry 

338_an ERR263723 (ENA) 2006 Vietnam Anal swab 

338_ax ERR263724 (ENA) 2006 Vietnam Axilla swab 
1 ST402 isolate 

Examination of the metadata for each isolate indicated that the genome collection was largely 

varied, and included samples collected as early as 1985 and as recently as 2018 (Table 1). 

Strains also came from a diverse geographic background, with isolate representation seen for 

most continents (Fig. 6). While some strains in the collection are outbreak associated (e.g. 

Thailand and Bolivia isolates), these represent less than half of the collection (32 of 82), and 

most strains were sporadic in nature. The majority of isolates were healthcare associated, and 

varied in their colonisation site (respiratory, wound and catheter associated infections). Two 

isolates (IHIT38008, BAuABod-3) were obtained from animal sources. The variety of strains 

gathered suggests that this collection is appropriate for further detailed epidemiological 

exploration, and that it is possible to draw a conclusion on the viability of the K and OC locus 

as an epidemiological marker in this clonal lineage.   
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Figure 6. Geographical distribution of ST25 isolates identified in the bulk genome download (n=82). 

Countries are coloured by number of isolates present, with darkest blue indicating ten or more isolates 

(e.g. Bolivia) and the lightest blue indicating only one isolate originating from this country (e.g. Japan) 
 

 

2.2.2 Kaptive and QUAST Analysis Indicates Possible Poor Genome Assembly Quality 
of 25 Genomes in the Pool 
 

For an isolate to be included in this study, both the KL and OCL regions in the genome 

assembly must be confidently assigned. Previously, the quality of a genome assembly has been 

shown to be a critical factor for confident typing of the K and OC loci using Kaptive (Wyres et 

al., 2020). It was suggested that Kaptive assignments with a confidence level of ‘Good’ or 

lower may indicate a poor-quality sequence query. Thus, sequence quality was initially gauged 

via preliminary analysis of the KL and OCL regions within the 82 confirmed ST25 genome 

assemblies using Kaptive v. 0.7. Indeed, Kaptive analysis of the K locus revealed the following 

confidence levels: 22 (perfect), 20 (very high), 1 (high), 13 (good), 4 (low) and 22 (none), with 
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a total of 39 assemblies receiving a match confidence level of ‘Good’ or lower (see Appendix 

2).  Similarly, OCL analysis for the same set of genomes revealed confidence levels of: 3 

(perfect), 39 (very high), 2 (high), 14 (good), 2 (low) and 21 (none), with 37 receiving a match 

confidence level of ‘Good’ or lower (see Appendix 3). This preliminary analysis showed that 

~33% of genome assemblies could not be assigned a match with a confidence level of Perfect, 

Very high or High for both KL and OCL regions, indicating that a proportion of the query set 

of 82 ST25 genome assemblies may be of poor-quality sequence. However, poor genome 

quality does not necessarily prevent typing of K or OC loci. As this study is concerned with 

these genomic regions, poorer quality sequence elsewhere in the genome should not impact the 

typing outcome. Therefore, if genomes are assembled using sequence of poor quality it can still 

be possible to characterise the KL and OCL regions, and the KL and OCL were manually 

checked in each specific example examined.  

Firstly, all 82 confirmed ST25 genome assemblies were subjected to QUAST analysis 

for sequence quality checking. A total of 19 assemblies (Table 2) failed to pass the quality 

inclusion criteria outlined in Section 1.4. Of these assemblies, 15 had received a Kaptive OCL 

assignment with a confidence match of ‘none’ and a KL assignment of either ‘low’ (2) or ‘none’ 

(13). Further manual inspection of the KL and OCL regions could determine the locus types. 

Thus, these 15 isolates were excluded from further analyses.  

Three of the remaining four assemblies (Table 2) had Kaptive KL assignments of 

‘Good’ (1), ‘Low’ (1) or ‘None (1), and OCL assignments of ‘Very high’ (1) or ‘Low’ (2). 

However, typing of these loci was possible through manual inspection techniques outlined in 

Section 1.4. Therefore, these isolates were included in subsequent analysis. The final assembly, 

isolate 4190 (Assembly accession number ASM18971v2), had been created from short reads 

originally sequenced using 454 GS FLX sequencing technology. Poor quality sequence had 

been previously noted for this isolate (Shashkov et al., 2016), and the K locus had been re-
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sequenced in this study (see GenBank accession number KT266827). Thus, the identity of these 

regions could be confirmed, and the isolate was included in this study.  

 

Table 2. A summary of the 19 ST25 genome assemblies that did not meet sequence quality inclusion 

criteria. Match confidence scores and detected problems provided by Kaptive for K locus and OC locus 

analysis are included, as well as QUAST quality metrics for each isolate. Genome assemblies with 

confirmed locus regions that were subsequently recovered and included in the final pool of 61 isolates 

are shaded in grey 

K Locus OC Locus 

Assembly Strain Match 
Confidence Problem Match 

Confidence Problem QUAST 
Metrics 

ASM58105v1 984213 None 12/17 genes detected 
locus broken None 6/9 genes detected 

locus broken 
449 contigs, 

4.1Mbps 

ASM358353v1 MC103 None 12/20 genes detected 
locus broken None 6/9 genes detected 

locus broken 
489 contigs, 

3.7Mbp 

ASM358356v1 MC95 None 16/21 genes detected 
locus broken None 6/9 genes detected 

locus broken 
462 contigs, 

4.0Mbps 

ASM358357v1 MC94 None 8/20 genes detected 
locus broken None 6/9 genes detected 

locus broken 
474 contigs, 

3.7Mbps 

ASM358362v1 MC98 None 17/21 genes detected 
locus broken None 6/9 genes detected 

locus broken 
365 contigs, 

4.0Mbps 

ASM358430v1 MC101 None 11/20 genes detected 
locus broken None 6/9 genes detected 

locus broken 
527 contigs, 

3.7Mbps 

ASM358432v1 MC96 None 14/21 genes detected 
locus broken None 6/9 genes detected 

locus broken 
598 contigs, 

3.6Mbps 

ASM358436v1 MC91 None 12/20 genes detected 
locus broken None 6/9 genes detected 

locus broken 
555 contigs, 

3.7Mbps 

ASM358437v1 MC77 None 23/28 genes detected 
locus broken None 6/9 genes detected 

locus broken 
514 contigs, 

4.0Mbps 

ASM358444v1 MC90 None 14/21 genes detected 
locus broken None 6/9 genes detected 

locus broken 
332 contigs, 

3.9Mbps 

ASM359566v1 MC69 Low 18/20 genes detected 
locus broken None 6/9 genes detected 

locus broken 
311 contigs, 

3.9Mbps 

ASM359567v1 MC64 None 17/20 genes detected 
locus broken None 6/9 genes detected 

locus broken 
418 contigs 

4.1Mbps 

ASM359592v1 MC34 Low 19/20 genes detected 
locus broken None 6/9 genes detected 

locus broken 
355 contigs, 

4.2Mbps 
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Of the remaining genome assemblies that passed the sequence quality criteria for inclusion in 

this study (see Table 3), six received a KL or OCL match with a confidence level of ‘Good’ or 

lower. However, manual inspection of these assemblies could not determine the KL or OCL 

type. Hence, these assemblies were also excluded from the final pool. 

 

 

Table 3. A summary table of isolates which passed sequence quality criteria for inclusion by QUAST 

but were ultimately excluded from the final study pool due to poor sequence quality at the OC or K 

locus. 

K Locus  OC Locus 

Assembly Strain Match 
Confidence Problems Match 

Confidence Problems QUAST 
Metrics 

ASM358360v1 MC87 None 
16/21 genes 

detected 
locus broken 

None 6/9 genes detected 
locus broken 

291 contigs, 
3.8Mbps 

ASM358438v1 MC78 Good 
19/20 genes 

detected 
locus broken 

None 6/9 genes detected 
locus broken 

285 contigs, 
4.1Mbps 

ASM358445v1 MC71 None 
17/28 genes 

detected 
locus broken 

None 7/9 genes detected 
locus broken 

264 contigs, 
3.8Mbps 

ASM359576v1 MC59 Good 
19/20 genes 

detected 
locus broken 

None 7/9 genes detected 
locus broken 

244 contigs 
3.9Mbps 

ASM359595v1 MC31 None 
18/21 genes 

detected 
locus broken 

None 6/9 genes detected 
locus broken 

177 contigs, 
4.0Mbps 

ASM359620v1 MC18 Good 
18/20 genes 

detected 
locus broken 

None 6/9 genes detected 
locus broken 

185 contigs, 
3.9Mbps 

ASM359613v1 MC48 None 13/20 genes detected 
locus broken None 6/9 genes detected 

locus broken 
421 contigs, 

3.9Mbps 

ASM359617v1 MC27 None 23/28 genes detected 
locus broken None 6/9 genes detected 

locus broken 
334 contigs, 

3.9Mbps 

ASM257380v1 BAuABod-3 Good 15/17 genes detected 
locus broken Very high 10/10 genes 

detected 
329 contigs, 

4.5Mbps 

ASM359568v1 MC63 Low 17/20 genes detected 
locus broken Low 7/9 genes detected 

locus broken 
443 contigs, 

4.0Mbps 

ASM359593v1 MC32 None 
16/21 genes detected 

locus broken 
2 unexpected genes 

Low 7/9 genes detected 
locus broken 

400 contigs, 
4.0Mbps 

ASM18971v2 4190 None 13/24 genes detected 
locus broken High 8/9 genes detected 

locus broken 
396 contigs, 

4.0Mbps 
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Therefore, a total of 21 isolates were ultimately excluded from the study (Table 4), providing 

61 genome assemblies for further analysis. Most of the excluded genomes (20 of 21) came 

from the same sequencing project using Illumina MiSeq technology and included Bolivian 

isolates from a 2016 outbreak. The other isolate was 98421 (Assembly accession number 

ASM58105v1), which was also sequenced using Illumina sequencing technology and uploaded 

to the NCBI public whole genome database in February 2014.  

 

Table 4. A summary table of the final 21 isolates excluded from further analysis. 

K Locus OC Locus 

Assembly Strain KL Match 
Confidence Problems OCL Match 

Confidence Problems 

ASM58105v1 984213 KL14 None 
12/17 genes 

detected  
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM358353v1 MC103 KL3 None 
12/20 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM358356v1 MC95 KL22 None 
16/21 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM358357v1 MC94 KL65 None 
8/20 genes   
detected 

 locus broken 
OCL5 None 6/9 genes detected 

locus broken 

ASM358360v1 MC87 KL22 None 
16/21 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM358362v1 MC98 KL22 None 
17/21 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM358430v1 MC101 KL3 None 
11/20 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM358432v1 MC96 KL22 None 
14/21 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM358436v1 MC91 KL3 None 
12/20 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM358437v1 MC77 KL49 None 
23/28 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM358438v1 MC78 KL33 Good 
19/20 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM358444v1 MC90 KL22 None 
14/21 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 
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ASM358445v1 MC71 KL49 None 
17/28 genes 

detected 
locus broken 

OCL5 None 7/9 genes detected 
locus broken 

ASM359566v1 MC69 KL33 Low 
18/20 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM359567v1 MC64 KL33 None 
17/20 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM359576v1 MC59 KL33 Good 
20/20 genes 

detected 
locus broken 

OCL5 None 7/9 genes detected 
locus broken 

ASM359592v1 MC34 KL33 Low 
19/20 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM359595v1 MC31 KL22 None 
18/21 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM359613v1 MC48 KL33 None 
13/20 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM359617v1 MC27 KL49 None 
23/28 genes 

detected 
locus broken 

OCL5 None 6/9 genes detected 
locus broken 

ASM359620v1 MC18 KL33 Good 
18/20 genes 

detected 
locus broken 

OCL5 None 5/9 genes detected 
locus broken 

 

2.2.3 Kaptive Analysis Reveals Extensive Genomic Variation at the K locus 
 

For the 61 ST25 genome assemblies included in the final study pool, the confidence levels 

called by Kaptive during K locus assignment were: 22 (perfect), 20 (very high), 1 (high), 10 

(good), 2 (low) and 6 (none). The output summary of KL identification in the initial 82 isolates 

is presented in Appendix 2 of this document. The 22 genomes that Kaptive assigned a ‘perfect’ 

match confidence score had a locus match found on a single contig, with 100% sequence 

identity and 100% coverage to an existing K locus type. The 22 ‘perfect’ genomes were 

assigned a K locus match to 4 unique locus types, KL37 (7), KL23 (1), KL14 (13) and KL16 

(1). The K locus type KL14 was the most prevalent amongst ‘perfect’ isolates, KL37 was the 

second most common and shares a similar genetic structure to KL14. 

 

For those genomes that received a ‘Very high’ confidence score (20), the issues 

detected by Kaptive were limited to one or more of the expected genes in the locus being 
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detected with low nucleotide sequence identity (<95%) or coverage (>99%) to the best match 

locus. Nine sequences with one or more genes of low nucleotide sequence identity to the 

assigned match were manually inspected. However, the individual gene(s) of interest had a 

translated amino acid sequence identity of >85% to the translated sequence of the best match, 

indicating that the genes were not novel (Kenyon & Hall, 2013). Thus, the locus type could be 

confirmed as the assigned best match locus for each.  

A further isolate, 107m (Assembly accession ABIBUN_1), with a ‘Very high’ KL 

confidence score was flagged for a length discrepancy of an additional 889 bp to the best match 

locus type, KL32. As all other KL32 genes were present with high nucleotide sequence identity 

(>95%) on a single contig, and no additional known genes were detected within the locus, this 

sequence was determined to be a novel variant of KL32 and subjected to further analysis (see 

Section 2.2.4). 

Only one isolate, AB5256, received a Kaptive assignment of KL14 with a confidence 

score of ‘High’. An issue was detected with the wzc gene missing from the capsule export 

operon of the K locus. Manual examination of ORFs within the K locus of this assembly 

confirmed the presence of a wzc gene that had replaced the original wzc gene in sequence. 

Hence, this isolate was confirmed to carry the KL14 type. 

A total of 10 isolates were assigned KL matches with a ‘Good’ confidence score, and 

8 of these had the match found in more than one contig. By using manual methods outlined in 

Section 1.4, the contigs with K locus sequence could be directly abutted to form a single contig 

for these 8 isolates, allowing confirmation of the best match locus type assigned by Kaptive for 

each assembly. The remaining two isolates, LUH_7841 and MCR10179, were marked for other 

problems including the presence of additional genes, the absence of expected genes, and/or 

genes with low nucleotide sequence identity to the best match locus type Kaptive identified 

KL95 as the best match locus type for isolate LUH_7841 (Assembly accession 
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ASM100768v1), though an additional gene as identified in the locus with 90% sequence 

identity to qdtA. However, manual inspection of ORFs within the LUH_7841 locus using 

ORFfinder did not identify qdtA. ACT sequence alignment of the LUH_7841 K locus and the 

sequence for KL95 revealed 100% coverage and 100% identity between the two sequences, 

confirming that LUH_7841 K locus types was KL95.  For isolate MCR10179 (Assembly 

accession ASM292796v1), Kaptive assigned the KL10 type but identified numerous problems 

with this match, including low nucleotide sequence identity to reference KL10 sequence, and 

both the absence of expected genes (20/23 identified) and the presence of an additional gene. 

Moreover, 510 bp of sequence was missing from the K locus. These factors warranted further 

investigation into the possibility of this isolate containing a novel K locus type, and the 

assembly of this isolate was subjected to further analysis (see Section 2.2.4). 

The 2 isolates that were assigned matches with a ‘Low’ confidence score were also 

found to contain K locus sequence across multiple contigs in the assemblies. Kaptive further 

marked both isolates for problems including the absence of expected genes, which could be a 

consequence of discontinuous assembly at the K locus. Manual examination and abutment of 

the contigs within the locus was sufficient in correcting the problems for both isolates, and the 

best match locus types assigned by Kaptive were confirmed. 

Finally, nine isolates were assigned a match with a confidence score of ‘None’. All nine 

were manually assessed and found to contain either additional genes within the locus, missing 

expected genes, and/or expected genes with low nucleotide sequence identity to the best match. 

For two isolates, PR388 and HEU3, novel K types were suspected due to these factors, and 

were further examined in Section 2.2.4. A further isolate was identified as 4190, which had the 

KL re-sequenced as described above and confirmed as KL27. 
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2.2.4 KL Characterisation in the 61 ST25 Isolates Uncovered Three Novel KL Types 
and a Variant Type. 
 

As described in the previous section, three isolates were suspected of carrying novel KL 

sequences and one isolate was predicted to carry a variant of a known gene cluster.  

The suspected variant gene cluster was carried by isolate 107m (Assembly accession 

number ABIBUN_1). The gene cluster consisted of the same genetic content as KL32 but 

included an additional IS between atr9 and orf (Fig. 7a). This IS was identified as ISAba27 

using ISFinder (https://isfinder.biotoul.fr). The IS insertion does not disrupt any genes in KL32; 

therefore, it is not expected to affect the synthesis of the capsular polysaccharide in this isolate, 

and the variant was named KL32a. 

 
 
Figure 7. Novel and variant K locus types found in ST25 isolates, grouped (A, B, C, D) with the most 
related KL type. Grey shadow boxes highlight regions which define each KL as a novel or variant type. 
Arrows indicate direction of transcription. Asterix indicates a gene disrupted by breaks. 
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Isolate MCR10179 (Assembly accession number ASM292796v1) was found to carry a 

sequence closely related to the known KL95 locus sequence (Fig. 7b). However, the 

MCR10179 sequence contains the known gtr23-gtr24-wzy gene module that replaces gtr142-

gtr143-wzy-gtr33 in KL95. In addition, a fdtE gene replaces qdtE in the complex sugar 

synthesis pathway. This gene combination has not been seen previously, hence the sequence is 

considered novel and was designated KL132. 

The K locus type in isolate PR388 (Accession assembly number ASM213810v1) had 

no close relationship to a known KL type, and as such was designated KL133 (Fig. 7c). The 

PR388 sequence includes two novel glycosyltransferase genes, assigned as gtr203 and gtr204. 

Gtr203 was identified as belonging to glycosyltransferase family 2, clan GT-A (Pfam 

accession: CL0110) and had the closest match to Gtr152 (50% coverage) in the in-house 

database (Kenyon, unpublished data). Gtr204 was identified as a belonging to 

glycosyltransferase family 1, clan GT-B (Pfam accession: CL0113) and had the closest match 

to Gtr172 (30% coverage). The PR388 sequence also includes a novel sequence segment in the 

module of genes for simple sugar synthesis, which includes an unknown gene encoding a 

hypothetical protein. Immediately adjacent to the unknown gene, is a broken atr20 

acetyltransferase gene. The presence of the gene in three pieces is due to this K locus being 

manually joined as described above. 

The KL sequence from isolate HEU3 (Assembly accession number ASM292785v1) is 

most like previously identified KL types, KL116 and KL14 (Fig. 7d), which both appear in 

ST25 isolates in this collection. However, the sequence includes a gtr138 glycosyltransferase 

gene, identified by standalone BLASTp using an in-house gtr database. The KL sequence also 

unusually includes two wzy genes. The first wzy gene encodes a protein that has 100% shared 

identity to the Wzy encoded by KL14 (GenPept accession number WP_000367709.1), while 

the second wzy encodes a protein that is 56% identical to a Wzy repeat-unit polymerase from 
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Acinetobacter pittii (GenPept accession number WP_130174168.1). Though the presence of 

two wzy genes is atypical, biochemical studies would be required to determine if one or both 

genes are functional.  These features indicated that this sequence was also a novel KL type and 

thus the sequence was designated KL134. 

 

2.2.5 Review of the Gene Clusters Found at the K Locus in ST25 Genomes Reveals 
Extensive Genetic Variation 

 
Analysis performed on the 61 ST25 genome assemblies revealed a total of 19 different gene 

clusters at the K locus. The assignment of KL to each isolate in the collection can be found in 

Appendix 2 of this document. The genetic content of each KL type found amongst the ST25 

collection is shown in Figure 8. The most prevalent KL type in the collection is KL14, present 

in 19 isolates, followed by KL37 present in 13 isolates. Notably, both KL14 and KL37 share 

much of the same genetic content. Both types lack gene modules that direct the synthesis of 

complex sugars, instead carrying the same simple sugar synthesis gene pathway: galU, ugd, 

gpi, gne1, pgt1 and pgm.  

Closely related KL12 and KL13 gene clusters were found in 4 and 2 genome 

assemblies, respectively. These two gene clusters are closely related, differing only by the wzy 

gene, and contain a module of genes that encode for the non-2-ulosonic acid, 5,7-di-N-acetyl-

acinetaminic acid (Aci), only so far found in A. baumannii (Kenyon, Marzaioli, De Castro, et 

al., 2015). Three KL types containing the same complex sugar synthesis pathway, KL27, KL7 

and KL130 were found in 1 isolate each. This complex sugar synthesis pathway is responsible 

for producing another non-2-ulosonic acid, 5,7-di-N-acetyl-legionaminic acid (Leg). A third 

gene module for another non-2-ulosonic acid, 5,7-di-N-acetyl-pseudaminic acid (Pse), was 

found in 5 isolates carrying the K locus types, KL33 (3), KL16 (1) and KL23 (1). The presence 

of Leg and Pse in bacterial sugar structures have been correlated with enhanced virulence and 

pathogenicity in a variety of multi-drug resistant bacterial species (Glaze et al., 2008; Y. J. Lee 
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et al., 2011; Schoenhofen et al., 2006; Schoenhofen et al., 2009; Zunk & Kiefel, 2014), though 

the exact role of these sugars and their derivatives are yet to be fully understood. It can be 

speculated that the Aci sugar may also have a similar role in enhancing virulence in A. 

baumanii, as it belongs to the same family of non-2-ulosonic acids.  

 
Figure 8. Total diversity at the K locus responsible for CPS biosynthesis in all 61 isolates representing 

the ST25 clonal lineage. Individual genes are shown as arrows, the direction of which indicates direction 

of transcription. 
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2.2.6 Kaptive Analysis of the OC Locus in ST25 Genomes Reveals a Range of OCL 
Types 

 

The OCL assignments of the 61 ST25 genome assemblies had the following confidence levels 

called by Kaptive: 3 (perfect), 39 (very high), 3 (high), 14 (good) and 2 (low). The OCL 

identification output table generated by Kaptive is available as Appendix 3 in this document.  

The 42 isolates assigned a confidence score of ‘Perfect’ or ‘Very high’ were 100% coverage 

with >99% sequence identity to the best match locus assigned.  The three isolates with a 

‘Perfect’ identity score were all matched to OCL6, while the 39 isolates with a ‘Very high’ 

confidence matched were assigned to a variety of OCL types, including OCL5, OCL6, OCL7 

and OCL10. 

Three isolates assigned a match with a confidence score of ‘High’ included 741019 

(Assembly accession number ASM100777v1) and MC57 (Assembly accession number 

ASM359612v1), which were assigned to OCL10 as the best match locus and included an 

identical length discrepancy of an additional 1048 bp. Given this information, these isolates 

were speculated to be variations of OCL10 due to a sequence insertion, and were further 

investigated for confirmation (see Section 2.2.7). The third isolate assigned a match confidence 

of ‘High’ was 4190 (Assembly accession number ASM18971v2). This isolate was best 

matched to OCL5 with 100% coverage and 99% identity but was flagged as missing a gene 

(8/9 genes), atrOC1. Manual examination using ORFfinder identified 9 ORFs in the sequence, 

and BLASTp was able to identify atrOC1 (189aa) with 99% sequence identity to an atrOC1 in 

the NR database (protein ID: AHK10232.1). BLASTp noted a single amino acid change of 

glutamine (Q) for lysine (K) in the sequence, which is likely the cause of less than perfect 

confidence match by Kaptive. In summary, 4190 was confirmed as carrying the OC type OCL5. 

The 14 isolates assigned a match with a confidence score of ‘Good’ had various issues 

preventing a perfect match to the best match locus type. Of these, 13 were detected as having 
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the locus present across multiple contigs, with 10 of these missing expected genes. 8 of the 10 

flagged as missing expected genes were missing only one gene in the cluster, which was 

accounted for following reverse-complementation of reverse strands and abutment of contigs. 

The 8 isolates were found to contain three OCL types, including OCL5, OCL6 and OCL10. 

The remaining 2 sequences (Assembly accession numbers ASM358425v1 and ASM358431v1) 

were best matched to OCL5 by Kaptive, and both had only 7 of 9 genes accounted for, with 

the OCL region separated across 5 contigs. Manual manipulation of these contigs using 

reverse-complementation and abutment was successful in accounting for the 2 missing genes 

in both sequences, and so both were confidently assigned the OCL type, OCL5. In summary, 

13 of 14 isolates assigned a ‘Good’ match by Kaptive were able to be confidently assigned to 

the best match locus types assigned by Kaptive. However, one isolate in the 14, OCU_Ac2 

(Assembly accession number ASM356944v1), was a notable outlier. Kaptive revealed that only 

6 of 9 expected genes were present, with an additional gene present and genes present at low 

nucleotide sequence identity to the best match locus. Furthermore, this isolate had an OC locus 

length discrepancy of an additional 1743 bp. Considering this information, the isolate was 

subjected to further investigation to determine the presence of a novel locus type (see Section 

2.2.7).  

The two isolates (Assembly accession number ASM359568v1 and ASM359593v1) 

assigned a match with ‘Low’ confidence were both found by Kaptive to be discontinuous and 

were missing expected genes (7 of the 9 detected). Each sequence was spread across three 

contigs, and reverse complementation of reverse strands followed by abutment of contigs 

guided by ACT alignment was successful in typing these OCL as OCL5.  
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2.2.7 One Novel and One Variant OC locus Type were Discovered Amongst the ST25 
Genomes 

A total of three isolates were suspected of carrying novel OCL types, due to notable length 

discrepancies to the closest OCL match, and so these were manually examined. Using manual 

inspection methods outlined in Section 2.1.3, isolate OCU_Ac2 (Assembly accession number 

ASM356944v1) harboured an additional 1743 bp to the closest locus match and was found to 

carry a novel type (Fig. 9a). This novel type was designated OCL15 and belongs to the Group 

B OCL family. OCL15 appears to be a partial hybrid of OCL6 and OCL7, including gtrOC1-

rmlC from OCL6 and gtrOC24-gtrOC25 from OCL7. However, OCL15 includes an additional 

novel gene, gtrOC23, inserted between gtrOC19a and rmlB.  

 

 
Figure 9. Novel and variant OC locus types found in ST25 isolates compared to their closest OCL 
reference. Grey shadow boxes highlight regions which define each OCL as a novel or variant type. 
Arrows indicate direction of transcription. 
 

The same variant OCL type was found in isolates 741019 and MC57 (Fig. 9b). These 

two isolates were found to contain a length discrepancy of an additional 1048 bp compared to 

best locus match, OCL10. The additional sequence was located between gtrOC30 and orf3 and 
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was identified as the insertion sequence, ISAba13. The insertion of ISAba13 did not appear to 

disrupt either gene. While it is likely this intergenic insertion would not disrupt outer-core LOS 

production, as evidenced by previous studies, this would need to be confirmed by observing 

the produced structure from isolates 741019 and MC57.  

 

2.2.8 Variation at the OC Locus in ST25 Genomes Accounts for 5 Distinct OCL Types  

 
Analysis of the OC locus in the 61 ST25 genome assemblies revealed 5 distinct OCL types, 

with one being a novel OCL gene cluster, OCL15 (Fig. 10). A single variant of OCL10, named 

OCL10a, was also detected. It was shown that ST25 isolates include both OCL families (Group 

A and Group B) and contain a variety of genes that encode proteins for sugar synthesis, 

glycosyltransferase, acetyltransferase and of unknown function. The most common OCL type 

was OCL5, which was found in 57% of the isolates in this collection. The second most common 

OCL type was OCL6, which was in 25% of the isolates. The assignment of OCL to the 61 

isolates in the collection can be found in Appendix 1 of this document. 
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Figure 10. Total diversity at the OC locus responsible for outer-core lipooligosaccaride biosynthesis in 
ST25 clonal lineage. Loci are divided into their groups via the presence of pda1 or pda2 genes. Arrows 
indicate direction of transcription. 

 

2.2.9 Comparison of KL and OCL Variation Amongst Other Clonal Lineages Indicates 
Extensive Genomic Diversity in ST25 

 
Understanding the extent of KL and OCL diversity in ST25 requires a comparison to other 

major clonal lineages. Previous studies have assessed diversity amongst the major multi-drug 

resistant clonal groups, GC1 and GC2 (ST1 and ST2 in the Pasteur MLST scheme, 

respectively) (Holt et al., 2016; Schultz et al., 2016). However, these studies involved limited 

isolate collections that were mostly collected from the same hospital outbreaks or regions. 

Thus, isolates from the initial bulk download in this study that were found to belong to GC1, 

GC2 and ST10 by MLST analysis were also subjected to Kaptive analysis to elucidate KL and 

OCL types in these clones. Only KL and OCL locus matches with confidence levels above and 

including the ‘Good’ confidence threshold were included in the analysis. For the K locus 

analysis, this included 124 ST1, 1910 ST2, 47 ST10 and the 61 ST25 isolates identified 
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previously as part of this study. The OC locus analysis also contained a similar number of 

isolates for each lineage: 134 ST1, 1760 ST2, 49 ST10 and 61 ST25 isolates.  

As the clone with the largest isolate representation, ST2 (n=1910) was found to have 

the most diversity at the K locus, with 30 KL types identified (Fig. 11a). The most common 

KL type was KL2, which accounted for 34% of KL types identified in ST2. However, only 4 

OCL types were identified in the clone, with ~90% (n=1584) carrying the OCL1 gene cluster 

(Fig. 11b). ST1 had the second highest isolate count (n=134), with 12 different KL types found. 

KL1 was the most prominent, found in 33% of ST1 isolates. Notably, ST1 had more diversity 

at the OC locus than ST2, with 6 OCL types detected. The most common OCL type in ST1 

being OCL1 (40% of isolates). ST10 had a similar isolate representation as ST25, with 49 

isolates included in the comparative analysis. However, it demonstrated less diversity at both 

the KL and OCL region than ST25, with only 4 KL types and one OC locus type, OCL2. 

Comparatively, the ST25 collection included 19 KL and 5 OCL types. 35 of the 49 (~71%) 

ST10 collection had the KL type, KL49. 
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Figure 11: Frequency heatmap depicting distribution of KL (A) and OCL (B) locus types across four 
major clonal lineages, ST1, ST2, ST10 and ST25.  
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Chapter 3: Structural Determination of the CPS 
Produced by the K-Locus Identified in 
ST25 

This chapter describes the approach taken to correlate newly available CPS structural 

information (determined by multi-institutional team of collaborators lead by Prof. Yuriy Knirel 

in Moscow, Russia) with KL sequences from known A. baumannii ST25 isolates. More 

specifically, the genetic content of the KL32 gene cluster identified in ST25 isolates from the 

previous aim (Chapter 2) was correlated to the elucidated K32 CPS structure. Direct 

comparison of the CPS structure to the genes found at the K locus not only allows the functions 

of encoded proteins to be predicted but ensures that all genes for the biosynthesis of this 

structure have been identified and not otherwise located in genomic regions or prophage 

outside the K locus. While Kaptive is foremost a tool for epidemiological typing, correlating 

the genes within a locus and the produced CPS structure of a given isolate will bolster the future 

potential for Kaptive to work as a tool for structure prediction. 

Furthermore, this chapter collates all existing data on CPS structures identified in ST25 

isolates to draw linkages between shared structural features and common genetic elements 

found at the K locus.  Many studies have already elucidated the CPS structures produced by 

various A. baumannii isolates, including some belonging to ST25. However, the information 

on ST25 CPS structures and biosynthesis gene clusters has never been collated to build a 

comprehensive picture of the structural or genetic elements that are common within the ST25 

lineage, thus identifying shared epitopes that may be used to inform therapeutic approaches. 

The methodology and results presented in Sections 3.1.1 and 3.2.1, respectively, formed 

part of a manuscript that is published in Biochemistry (Moscow), accepted December 30th 

2019 (Cahill et al., 2020), which is attached in Appendix 5. This publication presents the 
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structure and KL genetics of K32 produced by A. baumannii isolate LUH 5549. Cultivation of 

LUH 5549, subsequent isolation of the produced CPS, and the elucidation of the chemical 

structure by NMR and sugar analysis was completed by collaborators lead by Prof. Yuriy 

Knirel at the Russian Academy of Sciences. Bioinformatics analysis including the assembly of 

the LUH 5549 genome sequence, and the identification and annotation of the KL32 gene 

cluster, as well as the assignment of encoded proteins to their respective biosynthesis roles was 

completed by the MPhil candidate at Queensland University of Technology as part of this 

thesis.  

 

3.1 METHODOLOGY  
 

3.1.1 Elucidation of the capsule polysaccharide structure from A. baumannii strain 
LUH5549 via Smith degradation and NMR spectroscopy 
 

Assigning encoded proteins in the KL to their respective biosynthesis roles in the CPS requires 

collaboration between biochemists and bioinformaticians. Subsequently, the elucidation of the 

CPS in the LUH5549 isolate was conducted by collaborators in Moscow, Russia across 

multiple institutes, the methods of which are detailed in the original publication (Cahill et al., 

2020) and summarised here. The isolate used in the study, LUH5549, belongs to a collection 

of pre-2000s isolates from Leiden University in The Netherlands and has been a part of 

influential early genomic sequencing schemes (Traub & Bauer, 2000). 

Briefly, the A. baumannii strain LUH5549 from the W. H. Traub collection Institut fur 

Medizinische Mikrobiologie und Hygiene, Universitat des Saarlandes (provided by Prof. Peter 

Reeves) was cultivated overnight and then harvested and dried. The CPS was then isolated and 

purified using standardised methodology including gel-permeation chromatography. 

Monosaccharide analysis was conducted to obtain alditol acetates by CPS hydrolysis. These 
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acetates were analysed using gas-liquid chromatography, and glucuronic acid in the CPS was 

identified using anion-exchange chromatography.  Next, Smith degradation was used to yield 

the modified polysaccharide product (MPS). The final CPS product was elucidated and 

characterised using established NMR spectroscopy methodology as outlined in the original 

publication (Cahill et al., 2020). 

3.1.2 Genome assembly and sequence typing of isolate LUH5549 from public short read 
data 
 

The LUH 5549 genome was assembled from short reads obtained from the Sequence Read 

Archive (SRA number DRS005644) using SPAdes v. 3.14 (Bankevich et al., 2012). To identify 

the sequence type of LUH 5549, the assembled genome sequence was subjected to MLST 

analysis using command-line MLST script and the PubMLST Institut Pasteur typing scheme 

for A. baumannii (abaumannii_2_scheme). The KL32 gene cluster was identified between 

conserved KL flanking genes, fkpA and lldP genes and annotated using the established 

nomenclature previously described (Kenyon & Hall, 2013).  

3.1.3 Assignment of encoded proteins in the KL32 gene cluster to their biosynthesis 
roles in the production of the CPS from LUH 5549 
 

The elucidated K32 CPS structure was used to correlate the presence of genes in KL32 by 

assigning encoded products to specific structural features including sugars in the K-unit, 

acetylation, pyruvylation and glycosylation patterns, as well as the linkages between sugars 

formed by glycosyltransferases and the linkages between K-units in the CPS chain formed by 

the Wzy polymerase.  

This approach involved first identifying each ORF within KL32 using ORFFinder 

(https://www.ncbi.nlm.nih.gov/orffinder/) and submitting the translated protein sequences to 

BLASTp to identify possible homologues of known or predicted function. For all gtr genes 
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(gtr67, gtr68, gtr69, gtr70), the encoded products were further searched against the 

Carbohydrate-Active enZYmes database (CAZy) (http://www.cazy.org/) (Lombard et al., 

2014) and Pfam (https://pfam.xfam.org/) (Finn et al., 2014) databases to confirm the 

assignment to glycosyltransferase family and to determine mechanism of glycosyltranfer 

(inverting or retaining) for each glycosyltransferase enzyme.  

3.1.4 Summarising Literature Predicting the CPS Biosynthesis Roles of KL Found in 
ST25 isolates   
 

Published research articles on the CPS structures and corresponding KL gene clusters in A. 

baumannii ST25 were collated, and the available structural and genetic information was 

compiled for direct comparison in the collection of ST25 isolates.  CPS structures produced by 

ST25 isolates were redrawn following the standardised Symbol Nomenclature for Glycans 

(SNFG) format (Neelamegham et al., 2019; Varki et al., 2015) and linkages between K-units 

were correlated to the causative glycosyltransferase where possible. 

 

3.2 RESULTS  

 

3.2.1 Assembly of the LUH5549 Genome and Reannotation of the KL32 Gene Cluster  

 

The LUH5549 genome was originally sequenced as part of an earlier study which charactered 

the KL gene clusters in an effort to develop a serotyping scheme, using a traditional 

nomenclature system (Hu et al., 2013). At this time, the KL gene cluster was described as the 

polysaccharide gene cluster (PSgc), and genes within were typed according to this previously 

used nomenclature system. Since then, many isolates included in that original study have had 

their produced CPS structures correlated with their KL gene cluster region. Because of this, 

many of these isolates have been reannotated and have had their KL gene clusters revised in 
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accordance with the more transparent and widely adopted K locus nomenclature system for A. 

baumannii used currently.  

In the original 2013 study, LUH5549 was found to contain PSgc21 (GenBank accession 

number KC526897.1) (Hu et al., 2013). However, this gene cluster was found to be missing 

the capsule export operon which included genes wza-wzb-wzc, the absence of which indicates 

potential assembly problems. Therefore, the short reads of LUH5549 (SRA number 

DRS005644) were obtained from the SRA database and reassembled using SPAdes v. 3.14. 

The KL gene cluster of LUH5549 was located between conserved K locus flanking genes fkpA 

and lldP, and was found to be 99.56% identical to the KL32 gene cluster described for a 

Vietnamese A. baumannii isolate, BAL_058 (GenBank accession number KT359615.1) 

(Schultz et al., 2016). The KL gene cluster of LUH5549 was renamed KL32 and genes 

contained within were reannotated according to the current nomenclature used for KL gene 

clusters (Kenyon & Hall, 2013).  

The KL32 gene cluster includes the conserved A. baumannii capsule export operon 

containing genes wzc-wzb-wza, as well as genes responsible for K-unit processing, both wzy 

and wzx. The galU-ugd-gpi-gne1-pgm simple sugar synthesis module indicates the likely 

presence of simple sugars in the K-units, such as UDP-D-Glcp, UDP-D-GlcpNAc, and UDP-

D-GalpNAc. Upstream of this simple sugar synthesis module is itrA2, which is known to code 

for an initiating transferase which adds D-GalpNac as the first residue of the K-unit, binding it 

to the lipid carrier in the inner membrane (Kenyon, Marzaioli, et al., 2014). The variable central 

region of the KL gene cluster was found to contain four genes encoding for four 

glycosyltransferases, gtr67, gtr68, gtr69 and gtr70. The presence of four gtr genes indicates 

that four internal KL unit sugar linkages are likely found in the produced CPS. The central 

region additionally contains a gene encoding an acetyltransferase (atr9), which indicates the 

potential acetylation of a sugar in the K-unit and an unidentified protein product (orf).  
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Interestingly, a second ugd gene exists in this central region, designated ugd3 (GenPept 

accession number AHB32286.1). This ugd3 was found to be only 20% identical (with 74% 

coverage) to the first ugd (GenPept accession number AHB32291.1) found in the simple sugar 

synthesis cluster of KL32. This ugd gene was first predicted to be responsible for conversion 

of UDP-D-Glcp to UDP-D-glucuronic acid (D-GlcpA) (Kenyon & Hall, 2013). While the role 

of ugd has been predicted before, and it is a feature common to the simple sugar synthesis 

cluster in all A. baumannii KL gene clusters, its role in CPS synthesis has never been 

established. In KL32, the ugd3 gene was found to be 27% identical (71% coverage) to the 

second ugd gene type (ugd2) identified in the species, found in the central region of the KL20 

and KL21 gene clusters. In both KL20 and KL21, the presence of Ugd2 (GenPept accession 

numbers AUG44319.1 and AIT56461.1) was found to be responsible for D-GlcpA in the 

produced CPS of both. Because of the similarity between ugd2 and ugd3, and the established 

role of ugd2 in other KL gene clusters, it could be speculated that the K32 CPS also contains 

D-GlcpA.  

 

Figure 12. The KL32 capsule biosynthesis cluster from A. baumannii LUH5549. Arrows indicate 

direction of transcription. Genes encoding for glycosyltransferases are coloured in green, genes 

encoding for initiating transferase is coloured red and the gene responsible for repeat unit processing is 

yellow. Genes that have no established role in synthesis are coloured in a dark grey.  

 

3.2.2 The KL32 gene cluster content is responsible for the produced CPS structure in A. 
baumannii isolate LUH5549 
 

The CPS structure of LUH5549 was determined by Knirel and colleagues and details of this 

work is reported in Cahill et al. 2019. The K32 CPS structure was found to consist of branched 
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pentasaccharide repeats (K-units) that include two N-Acetyl-D-Galactosamine (D-GalpNAc) 

residues, one N-Acetyl-D-Glucosamine (D-GlcpNAc), one D-Glucose (D-Glcp), and one D-

Glucuronic acid (D-GlcpA) sugar (Fig.13a).  

 

Figure 13. Structure of the K32 CPS from A. baumannii LUH5549 as determined through NMR 
spectroscopy (A). The K32 CPS structure starting from the first sugar in the K-unit, glycosyltransferase 
and initiating transferase products have been assigned to their predicted linkages (B) 

 

As predicted above, the D-GalpNAc, D-GlcpNAc, and D-Glcp sugars are synthesised by 

proteins encoded in the simple sugar synthesis gene module in KL32 (on the right in Figure 

12), and the presence of D-GlcA indicates the involvement of Ugd3 in the synthesis of this 

sugar as discussed in the previous section.  

 As the K32 structure includes two D-GalpNAc residues, it is unknown which sugar is 

the first sugar added by ItrA2. Thus, the identity of the first sugar in the pentassacharide was 

determined by examining the linkage between K-units in the CPS polymer formed by the 

WzyK32 polymerase (Fig. 13b). A BLASTp query search revealed that WzyK32 (GenPept 

accession number AHB32283.1) was 28% identical to WzyK116 (GenBank accession number 

MK399425.1) encoded by A. baumannii KL116, which has been shown to form the β-D-
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GalpNAc-(1→3)-D-GalpNAc linkage between units in the K116 CPS (Shashkov et al., 2019). 

In the structure of K32, there is an identical linkage and therefore WzyK32 could be assigned to 

it, establishing which D-GalpNAc is the first sugar residue in the chain. The confirmed 

topology of the K-unit with the first sugar drawn on the right is shown in Figure 13a.  

 

3.2.3 Determination of the Glycosyltransferase Functions in the K32 CPS via 
Assessment of Four gtr Genes in KL32 

 

Pfam (https://pfam.xfam.org/) and CAZy (http://www.cazy.org/) databases were used to 

confirm the family assignment of all four Gtr in the gene cluster of KL32. The assignment of 

the four Gtr produced by the KL32 gene cluster are summarised in Table 5 and include GenPept 

accession number. This analysis showed that Gtr68K32 was the only enzyme predicted to have 

a retaining mechanism, which retains the stereochemistry of the donor sugars anomeric bond 

(where α  α and β β).  

Table 5. Summary of Gtr classification and assignment in the KL32 gene cluster, including family 

assignment, GenPept accession number and linkage mechanism. 

Glycosyltransferases GenPept accession no. Family assignment Linkage mechanism 

Gtr67K32 AHB32281.1 
glycos_transf_2_family 

(Pfam PF00535) 
Inverting 

Gtr68K32 AHB32282.2 
glycos_transf_4_family 

(Pfam PF00953) 
Retaining 

Gtr69K32 AHB32284.1 
glycos_transf_2_family 

(Pfam PF00535) 
Inverting 

Gtr70K32 AHB32285.1 
glycos_transf_2_family 

(Pfam PF00535) 
Inverting 

 

The assembly of the K-unit structure in Figure 12 requires three inverting 

glycosyltransferases to form the three β-linkages, and one retaining enzyme for the only α-

linkage present. Therefore, Gtr68K32 was assigned to the α-linkage, α-D-GlcpNAc-(1→4)-D-
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GalpNAc. The remaining glycosyltransferases with inverting mechanisms were assigned to 

linkages based on their homology to enzymes with known or predicted activities in other 

structures in bacterial species as follows. 

Gtr70K32 (Table 5) was identified as belonging to family 2 and was classed as an inverting 

enzyme. A BLASTp query search found no match to predicted enzymes in A. baumannii, but 

did show 54% amino acid sequence identity to WdbN (GenPept accession number 

STM86374.1) from the E. coli O143 O-antigen gene cluster. The structure of O143 has been 

determined elsewhere and contains a β-D-GlcpA-(1→3)-D-GlcpNAc linkage (Landersjö et al., 

1996). A similar inverting linkage, β-D-GlcpA-(1→3)-D-GalpNAc, is found in K32 and 

therefore Gtr70K32 was assigned to this linkage (Fig, 13b). 

Gtr67K32 was found to belong to glycosyltransferase family 2 and was classed as an 

inverting enzyme (Table 5). A BLASTp search found that Gtr67K32 was 27% identical to 

Gtr75K37 (GenBank accession number KX712115.1) encoded by the KL37 gene cluster of A. 

baumannii, while 27% similarity between genes within the same species is low, this similarity 

can still provide some insight into potential linkages. The K37 CPS structure has been 

elucidated and characterised previously (Arbatsky et al., 2015; Shashkov et al., 2019). For this 

structure, it was determined that Gtr75K37 catalysed formation of the β-D-Glcp-(1→6)-D-

GalpNAc linkage. A similar linkage, β-D-Glcp-(1→6)-D-GlcpNAc, is also found in K32 as a 

side-branch, and hence Gtr67K32 was assigned to this linkage (Fig. 13b). As these linkages are 

similar yet not identical, the low sequence identity between them (27%) can be contextualised. 

The final glycosyltransferase, Gtr69K32, was found to belong to glycosyltransferase 

family 2 and is classed as an inverting enzyme (Table 5). However, a BLASTp search found 

no significant match to existing proteins in the NCBI NR database. Because only one linkage 

was left in the pentasaccharide, and as this linkage required an inverting enzyme, it was 
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possible to predict that Gtr69K32 would catalyse this linkage. Therefore, the final linkage, β-D-

GalpNAc-(1→4)-D-GlcpA, is predicted to be formed by Gtr69 (Fig. 13b). 

 

3.2.4 Determination of other genes coding for products in the KL32 gene cluster of 
LUH5549 

 

Earlier work theorised that the initial ugd present in the simple sugar synthesis module of A. 

baumannii isolates is redundant, and that a second ugd gene would be required for the synthesis 

of D-GlcpA in the resulting CPS (Kenyon & Hall, 2013). It was therefore hypothesised here 

following characterisation of the KL32 gene cluster that the second ugd gene in the locus, ugd3, 

would be responsible for synthesis of D-GlcpA in the CPS. Indeed, we saw in the K32 structure 

a D-GlcpA residue and therefore ugd3 could be predicted to synthesise this particular sugar 

residue.  

All structural features of the K32 CPS could therefore be assigned to products encoded by 

genes in the KL32 gene cluster. However, the KL32 gene cluster includes an additional 3 genes 

that could not be attributed to the CPS structure produced by LUH5549 (Fig. 12). The gna gene 

at the start of the gene cluster encodes a dehydrogenase that converts UDP-D-GlcpNAc to 

UDP-D-GlcpNAcA or UDP-D-GalpNAc to UDP-D-GalpNAcA and is not required for the 

synthesis of K32. Similarly, K32 does not contain acetyl or acyl groups, and therefore the role 

of Atr9 (GenPept accession number AHB32287.2) in the gene cluster could not be determined 

(Fig. 12). Furthermore, the product of orf (GenPept accession number AHB32288.2) found 

directly upstream of atr9 had no match to predicted proteins in the GenPept database and could 

not be assigned a function in CPS synthesis. It is likely that these two genes are remnants of a 

past evolutionary event. 

 



 

Chapter 3: Structural Determination of the CPS Produced by the K-Locus Identified in ST25  60 

3.2.5 Comparison of the CPS structures produced by ST25 isolates and correlation of 
structural similarities to shared genetic content of KL types found in the lineage. 
 

A review of the literature on A. baumannii CPS revealed that structures had been elucidated 

for 13 of the 19 KL types found in the ST25 clonal lineage (Aim 1 of this study), including the 

K32 structure reported in Cahill et al. 2019 described above (see Table 6 for the list of 

references reporting these structures). These structures had been determined from strains 

belonging to a variety of sequence types, not just ST25. In all cases, the produced CPS structure 

correlated with the genes present at the KL region, and no additional genes outside the locus 

were noted to affect CPS synthesis. For this comparison it is assumed that the same CPS 

structures are produced by these KL types in ST25, and therefore additional genes outside the 

K locus that may affect CPS synthesis are not present. 

  

     Table 6. Literature reporting structures derived from KL types found in the ST25 lineage.  

K116 
Shashkov, A. S., Cahill, S. M., Arbatsky, N. P., Westacott, A. C., Kasimova, A. A., 
Shneider, M. M., ... & Yanushevich, Y. G. (2019). Acinetobacter baumannii K116 capsular 
polysaccharide structure is a hybrid of the K14 and revised K37 structures. Carbohydrate 
research, 484, 107774. 

K37 
Arbatsky, N. P., Shneider, M. M., Kenyon, J. J., Shashkov, A. S., Popova, A. V., 
Miroshnikov, K. A., ... & Knirel, Y. A. (2015). Structure of the neutral capsular 
polysaccharide of Acinetobacter baumannii NIPH146 that carries the KL37 capsule gene 
cluster. Carbohydrate research, 413, 12-15. 

K14 
Kenyon, J. J., Hall, R. M., & De Castro, C. (2015). Structural determination of the K14 
capsular polysaccharide from an ST25 Acinetobacter baumannii isolate, 
D46. Carbohydrate research, 417, 52-56. 

K27 

Shashkov, A. S., Kenyon, J. J., Senchenkova, S. Y. N., Shneider, M. M., Popova, A. V., 
Arbatsky, N. P., ... & Knirel, Y. A. (2016). Acinetobacter baumannii K27 and K44 capsular 
polysaccharides have the same K-unit but different structures due to the presence of 
distinct wzy genes in otherwise closely related K gene clusters. Glycobiology, 26(5), 501-
508.  

K7 

Arbatsky, N. P., Kenyon, J. J., Shashkov, A. S., Shneider, M. M., Popova, A. V., 
Kalinchuk, N. A., ... & Knirel, Y. A. (2019). The K5 capsular polysaccharide of the 
bacterium Acinetobacter baumannii SDF with the same K-unit containing Leg5Ac7Ac as 
the K7 capsular polysaccharide but a different linkage between the K-units. Russian 
Chemical Bulletin, 68(1), 163-167. 
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K33 
Arbatsky, N. P., Shneider, M. M., Shashkov, A. S., Popova, A. V., Miroshnikov, K. A., 
Volozhantsev, N. V., & Knirel, Y. A. (2016). Structure of the N-acetylpseudaminic acid-
containing capsular polysaccharide of Acinetobacter baumannii NIPH67. Russian 
Chemical Bulletin, 65(2), 588-591. 

K16 
Kenyon, J. J., Arbatsky, N. P., Sweeney, E. L., Shashkov, A. S., Shneider, M. M., Popova, 
A. V., ... & Knirel, Y. A. (2019). Production of the K16 capsular polysaccharide by 
Acinetobacter baumannii ST25 isolate D4 involves a novel glycosyltransferase encoded in 
the KL16 gene cluster. International journal of biological macromolecules, 128, 101-106. 

K12 
Kenyon, J. J., Marzaioli, A. M., Hall, R. M., & De Castro, C. (2015). Structure of the K12 
capsule containing 5, 7-di-N-acetylacinetaminic acid from Acinetobacter baumannii isolate 
D36. Glycobiology, 25(8), 881-887. 

K13 
Kenyon, J. J., Kasimova, A. A., Notaro, A., Arbatsky, N. P., Speciale, I., Shashkov, A. S., 
... & Knirel, Y. A. (2017). Acinetobacter baumannii K13 and K73 capsular polysaccharides 
differ only in K-unit side branches of novel non-2-ulosonic acids: di-N-acetylated forms of 
either acinetaminic acid or 8-epiacinetaminic acid. Carbohydrate research, 452, 149-155. 

K52 
Hu, D., Liu, B., Dijkshoorn, L., Wang, L., & Reeves, P. R. (2013). Diversity in the major 
polysaccharide antigen of Acinetobacter baumannii assessed by DNA sequencing, and 
development of a molecular serotyping scheme. PloS one, 8(7), e70329. 

K9 
Hu, D., Liu, B., Dijkshoorn, L., Wang, L., & Reeves, P. R. (2013). Diversity in the major 
polysaccharide antigen of Acinetobacter baumannii assessed by DNA sequencing, and 
development of a molecular serotyping scheme. PloS one, 8(7), e70329. 

K32 
Cahill, S. M., Arbatsky, N. P., Shashkov, A. S., Shneider, M. M., Popova, A. V., Hall, R. 
M., ... & Knirel, Y. A. (2020). Elucidation of the K32 Capsular Polysaccharide Structure 
and Characterization of the KL32 Gene Cluster of Acinetobacter baumannii LUH5549. 
Biochemistry (Moscow), 85(2), 241-247. 

K22 
Arbatsky, N. P., Shneider, M. M., Kenyon, J. J., Shashkov, A. S., Popova, A. V., 
Miroshnikov, K. A., Volozhantsev, N. V., & Knirel, Y. A. (2015). Structure of the neutral 
capsular polysaccharide of Acinetobacter baumannii NIPH146 that carries the KL37 
capsule gene cluster. Carbohydrate research, 413, 12–15.  

 

These 13 structures were compiled into the same figure to draw direct and novel 

comparisons between the structures, along with the corresponding gene cluster. In all cases bar 

K22, a correlation between the structure and the corresponding gene cluster had been made 

previously and the functions of the encoded Gtrs, Itr and Wzy proteins had been assigned 

(shown in Figure 14). However, the following comparisons have been made between diverse 

CPS structures and their corresponding KL in this collection relating to ST25, rather than to 

the closest known CPS or KL otherwise found in the species as published in the literature.  

Shared sugars, linkages between sugars and linkages between K-unit structures correlate 

perfectly with shared sequence portions in the corresponding gene clusters. A direct 
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comparison of the KL gene clusters responsible for the synthesis of these structures is shown 

in Figure 14. 

 

Figure 14. Summary of the 13 known CPS structures and their corresponding KL gene cluster in the 

ST25 isolates analysed in this study. CPS structures are presented in structure nomenclature for glycans 

(SNFG) and glycosyltransferase responsible for K-unit linkages are noted where known. Shared genes 

between adjacent gene clusters are indicated by grey shadow boxes.  
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This collection of K-unit structures have diverse topologies and structural features. Seven 

structures are pentasaccharides with differing side-branches of 1 or 2 sugar residues (Fig. 14). 

Four structures are tetrasaccharides and two are trisaccharides representing the K-units with 

the smallest number of sugar residues. Interestingly, complex non-2-ulosonic acid sugars (Aci, 

Leg, and Pse) are found in six different CPS structures, while three structures contain only 

simple monosaccharides. 

The smallest trisaccharide K-units in the collection, K33 and K16, both contain Pse and 

the simple sugar, D-Galactose (D-Galp), but differ in the third sugar and one of the two internal 

linkages. The linkages between these K-units are also different from each other. This 

corresponds to the shared presence of gtr5 and psa genes for Pse synthesis in the KL33 and 

KL16 gene clusters, and presence of one different gtr gene and a different wzy gene (Fig. 14). 

The CPS structures, K7 and K27 both contain the non-2-ulosonic acid, Leg5Ac7Ac in 

their K-unit. Similarly, the KL7 and KL27 gene clusters both include lga genes for Leg5Ac7Ac 

synthesis. However, K27 is a pentasaccharide unit with four glycosyltransferases responsible 

for the glycosidic bonds between each sugar residue, whereas K7 is a shorter tetrasaccharide 

with only four sugar residues glycosylated by three glycosyltransferase enzymes, and this is 

reflected by a difference of gtr genes in the corresponding gene clusters. The KL12 and KL13 

gene clusters also contain lga genes, though they include the additional aciABCD genes for the 

extended synthesis pathway to produce Aci from a Leg precursor. KL12 and KL13 are closely 

related, and have been previously shown to differ only in the wzy gene sequence responsible 

for forming the linkage between K-units (Kenyon, Kasimova, et al., 2017).  

The KL116, KL14 and KL37 gene clusters are also closely related, and have previously 

been shown to produce related CPS (Shashkov et al., 2019). However, none of these structures 

is similar to the ten other structures produced by KL found in the ST25 lineage.  
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The final 4 KL, KL52, KL9, KL32 and KL22 have largely differing genetic content and 

therefore produce unique CPS structures in this collection (Fig. 14). The CPS structure of K52 

and K9 were amongst the first CPS structures of A. baumannii to be isolated and correlated 

with the genomic content at the K locus (Hu et al., 2013), though the nomenclature for gene 

clusters at this time differed from the nominated method (Kenyon & Hall, 2013) and were 

reannotated in this study. However, when comparing all CPS in this set, it is observed that K32 

is the only structure to include D-GlcA due to the presence of ugd3 in the KL32 gene cluster. 

Similarly, K52 is the only structure in this set to include N-Acetyl-D-mannosamine (ManNAc) 

due to the presence of mnaA gene in KL52. The K9 structure is also unique in that it includes 

an L-FucNAc sidebranch, though this sugar is also found in the mainchains of K12 and K13. 

Currently, the structure for K22 is published and discussed in various studies (Arbatsky et al., 

2015; Yang et al., 2017). Yet, the assignment of glycosyltransferases to K-unit linkages is for 

the most part unpublished (Arbatsky et al., 2015). The structure of K22 is identical to another 

known structure, K3 and produces a side branch unique to the 13 K structures, UDP-D-

GlcpNAc3NAcA (Kenyon & Hall, 2013). This side-branch is an O-acetylated derivative of 

2,3-diacetamido-2,3-dideoxy-α-D-glucuronic acid, due to the presence of the complex sugar 

synthesis operon, gna-dgaA-dgaB-dgaC (Kenyon & Hall, 2013). 

 While the CPS structures of 13 of the 19 identified KL types in ST25 had been 

previously characterised in literature, the structures of six KL types (K23, K130, K132, K95, 

K133, K134) are yet to be determined to explore how the genetic variation identified in ST25 

affects the CPS structure. The CPS structures for these seven types will be elucidated in future 

studies once the appropriate strains have been acquired for experimental analysis.  
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Chapter 4: Discussion 

The following chapter provides an in-depth discussion of the results obtained from the in-silico 

exploration of both aims addressed in this project. Firstly, the extensive variation discovered 

at the genomic K and OC loci in the ST25 clonal lineage in Aim 1 will be discussed with 

respect to existing literature on the variation observed in other clonal lineages. Furthermore, 

the implications these results have on current epidemiological typing schemes will be explored 

in detail, outlining potential future directions of the project and possible areas of expansion 

regarding surface polysaccharide research. Secondly, the results from Aim 2 will be discussed 

in the context of how these findings add value to existing knowledge and guide future studies 

informing therapeutics research. Finally, the limitations of this study will be addressed, and 

future directions will be proposed for expanding this research to explore the evolution of the 

ST25 lineage.  

 

4.1  GENERAL DISCUSSION 
 

The first aim of this study was to identify the level of variation at the K and OC loci in the 

genomes of isolates belonging to the ST25 clonal lineage of A. baumannii. The decision to 

focus on the ST25 clonal lineage is multifaceted but is driven by a major knowledge gap 

concerning the surface polysaccharide variation within the emerging ST25 global clone. 

Though ST25 isolates have been recovered in many countries, studies are often limited to 

outbreaks in a single geographical location (da Silva et al., 2018; Di Popolo et al., 2011; Stietz 

et al., 2013; Zarrilli et al., 2011), and therefore a complete understanding of global 

dissemination is yet to be ascertained. As a lineage that has been shown to harbour extensive 

AMR, with a significant number of isolates showing resistance to last-line drugs, tracking the 
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spread of ST25 globally is a priority. Previous studies have investigated the efficacy of the KL 

and OCL genomic regions as epidemiological markers in other clonal groups. Specifically, a 

2016 study on the evolution of GC1 proved that multiple successful subclones of GC1 existed 

globally, and that GC1 could be delineated into sublineages through distinctions in their surface 

polysaccharide gene loci (Holt et al., 2016). Since this time, a similar finding has been made 

for other A. baumannii clonal lineages, including GC2 and emerging clones such as ST10 

(Hamidian & Nigro, 2019; Leungtongkam et al., 2018; Meumann et al., 2019). While WGS 

technologies allow for precise epidemiological tracing of isolates using schemes such as 

MLST, the high degree of genome plasticity and frequent recombination seen in the A. 

baumannii species stresses the requirement for a combination of distinct genomic regions as 

epidemiological markers. As KL and OCL are distinct regions, which experience frequent 

recombination non-tangentially, they are attractive targets for a highly specific typing scheme 

(Wyres et al., 2020). 

 The first step was to gather existing whole genome sequences of A. baumannii from 

public databases and to identify which of these genomes belong to the ST25 clonal lineage. 

Previous studies had taken an in-silico approach to obtaining genome sequences of ST25 with 

some success. Specifically, a 2015 study assessed genomic diversity in the ST25 lineage by 

taking a dual in-silico and in-vitro approach, sequencing 7 known ST25 genomes, and 

downloading a further 12 publicly deposited ST25 genomes (Sahl et al., 2015). This approach 

allowed for an assessment of phenotypic diversity, in correlation with genotypic traits. 

However, the overall genome pool in this study was limited to 19 ST25 sequences. While this 

could be reflective of the limited number of publicly available ST25 genomes at that time, the 

number of genomes restricted the understanding gained on the global dissemination and 

genotypic diversity of ST25. Since 2015, further ST25 genomes have been publicly released 
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providing the current study with a sizeable genome pool to better understand the genomic 

diversity at the K and OC locus in ST25.    

In this study, 82 ST25 genome sequences were gathered from various public databases, 

including NCBI WGS and NR databases as well as ENA SRA, many of which were sequenced 

in or after 2015 (42/82 genomes). A large portion of the newly sequenced 42 isolates (32) were 

from multiple hospital associated A. baumannii outbreaks in Bolivia (Cerezales et al., 2019; 

Cerezales et al., 2020). The ST25 clonal lineage is often colloquially referred to as the South 

American clone, due to its prevalence on the continent, and this trend was seen in the 82 

genome sequences. The study pool contained 34 genomes from Argentina, Bolivia and 

Colombia, with 3 isolates seen in nearby Central American countries including Honduras and 

Mexico. However, it is important to note that the genome collection in this study identified 

outbreaks of ST25 outside of South America, in particular within Asian countries, which 

included 6 Thailand and 10 Vietnam isolates. Furthermore, numerous sporadic isolates were 

noted worldwide, including in geographically isolated locations like Australia. Thus, it can be 

deduced that ST25 is globally disseminated and has been observed on nearly every continent. 

 The original 82 ST25 genomes were not only geographically dispersed, but had been 

isolated over four decades, with the oldest isolate in the collection being from 1985 and the 

most recent sequence isolated in 2018. This extensive range likely illustrates that ST25 is not 

a newly emerged clone, but rather had delineated from an ancestral genetic pool. The same 

2015 study that assessed genomic diversity in a smaller collection of ST25 genomes concluded 

through their phylogenomic analysis, that the SNP (single nucleotide polymorphism) density 

seen in the ST25 lineage was likely due to homoplasy driven by homologous recombination 

events (Sahl et al., 2015). This is also similar to what has been observed for GC1 genomes 

(Hamidian et al., 2019; Holt et al., 2016). Further, while many notable STs belong to a clonal 

complex (e.g. CC1 including ST1, ST7, ST8, ST19 and ST20), ST25 is genetically distinct 
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from any clonal complex, with studies indicating a likely delineation from CC3 sometime in 

the distant past, due to the high number of allelic mismatches shared between (Diancourt et al., 

2010). The genetic distinction from other clonal lineages indicates a pattern of true clonal 

spread of ST25 globally, as opposed to possible spontaneous generation events. The collection 

of 82 ST25 genomes presents an opportunity to assess the genomic evolution of the ST25 clone 

in further detail in a future study expanding on the information gained in this project on the KL 

and OCL diversity. 

Unfortunately, the present study found that the complete collection of 82 ST25 genomes 

were not all of good sequence quality. In-house quality control of these genomes revealed that 

21 assemblies that had untypable K and OC loci also had a large number of contigs indicating 

potential poor genome sequence quality. However, other isolates that were also found to have 

poor quality genome assemblies were included in this study if the KL and OCL regions could 

be recovered and typed. Therefore, it is also possible that the 61 genomes with typable KL and 

OCL regions may have issues in other areas of the genome, and an in-depth quality control 

with specific exclusion criteria will need to be implemented on these ST25 genomes for any 

future analysis.  

 The hypothesis of the KL and OCL regions representing viable epidemiological 

markers to track ST25 clonal isolates was demonstrated by the finding of diverse KL and OCL 

regions in A. baumannii ST25 genomes studied. Trends could also be deduced from a 

combination of distinct KL and OCL types. The most common combination of KL and OCL 

type was KL14 with OCL6, which was seen in five countries: U.S.A, Germany, Australia, 

United Arab Emirates, and the Netherlands. Several countries were also found to carry unique 

combinations or singleton KL or OCL types in the collection suggesting a single outbreak strain 

circulating in these regions. For example, Japan was the only country with the combination of 

KL14 and OCL15, and similarly Mexico with KL7 and OCL7, Italy with KL27 and OCL5, 
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and Iraq with KL12 and OCL5, though these were all countries with only one ST25 isolate 

noted. However, KL types were paired with an array of OCL types and vice versa, indicating 

that these genomic regions evolve independently from each other and may also be replaced via 

homologous recombination as seen in GC1 (Holt et al., 2016).  

It is important to note that certain countries, particularly those with endemic ST25 

strains such as Bolivia and Vietnam, presented multiple locus type combinations. Bolivia 

isolates included the KL types: KL37, KL33 and KL22 as well as the OCL types: OCL10a, 

OCL10 and OCL5. These could indicate multiple specific strains of A. baumannii in circulation 

through the healthcare of Bolivia, as the Bolivian isolates in this pool were known to be 

collected from more than one hospital location.  

Interestingly, the comparison of KL and OCL variation in multiple lineages, including 

GC1, GC2, ST10 and ST25 indicated that ST25 has notably more diverse genomic content at 

the KL and OCL regions in consideration of the number of genomes available. While GC2 had 

the most KL types found (30), this variation can be explained by the overwhelming number of 

publicly available GC2 genomes included in this study (n= 1910). As there were similar isolate 

counts for ST10 and ST25, with 47 and 61 respectively, it was expected that similar diversity 

at the KL and OCL would be seen. Another reason to suspect similar diversity in both lineages, 

is because both are considered globally prevalent MDR clades. ST10 has shown enhanced 

virulence potential, and has been implicated in high mortality rate outbreaks in a number of 

hospitals globally (Abhari et al., 2019; Jones et al., 2015). Yet, the results of this analysis 

revealed that the 47 ST10 isolates carried only 4 KL types and 1 OCL type, which is 

dramatically less than the 19 KL and 6 OCL types found amongst the 61 ST25 genomes. This 

may be due to a bias in publicly available sequences if the isolates were recovered from a 

homogenous sample group including similar geographical and clinical backgrounds, which 

would have some effect on how varied these surface polysaccharide structures would be. 
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However, brief investigation of the metadata associated with 38 of the 49 ST10 isolates 

revealed similar country distribution and collection dates. The 36 ST10 isolates were recovered 

from human and 2 were isolated from companion dogs in Germany, with the oldest isolate 

collected in 1994 and the latest isolate collected in 2016. Unlike ST25, 5 of the ST10 isolates 

were from providences across China, though this is the most notable difference in metadata 

between both collections. Interestingly, ~71% of ST10 isolates had the KL49 capsule type. The 

CPS produced by this KL type includes a complex sugar synthesis module for the production 

of legionaminic acid. Recent studies have alluded to the enhanced virulence associated with 

strains possessing KL49 (Deng et al., 2020), as the addition of legionaminic acid aids the 

bacterium in mimicking the host cell surface, preventing detection from the host immune 

system (Jones et al., 2015). Ultimately, further investigation is needed to understand why the 

KL and OCL in ST25 are so extensively varied, and furthermore, why ST10 demonstrates so 

little KL and OCL variation.  

It is likely that there are external factors here influencing capsule divergence and 

driving whole capsule switching events in ST25, though the reason behind capsule switching 

in A. baumannii is currently unclear (Holt et al., 2016). It is speculated that host-immune 

factors, pressure from antimicrobials or bacteriophage could be drivers in genomic diversity at 

the KL and OCL region (Geisinger & Isberg, 2015; Holt et al., 2016). However, to date, no 

study has investigated the exact reasons why bacteria produce a wide variety of structures of 

the same surface polysaccharide. Therefore, a future direction of this project would be to assess 

the reason for KL or OCL phenotypes in vitro using an isogenic background for direct 

comparison of types in a variety of biological assays assessing specific components of 

virulence, such as biofilm formation, adherence and invasion of host cells potential and 

desiccation resistance.   
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The second aim of this project was complementary to the first aim and provided a 

correlation of the KL content with the corresponding CPS structure. However, the K32 

structure was the only CPS structure for ST25 that had been made available for analysis from 

our collaborators, and many of the most common KL types found in this lineage had been 

correlated with a structure previously. The study of the K32 structure and KL32 gene cluster 

added to the pool of KL gene clusters found in ST25 that had corresponding CPS structural 

data available in the literature. The analysis of KL32 in conjunction with the structural data 

allowed the function of various enzymes, such as glycosyltransferases and initiating 

transferases to be inferred, strengthening our understanding of enzyme specificity in CPS 

synthesis. The comparison of the structures produced by 13 of the 19 KL types identified 

amongst the 61 ST25 isolates indicates that the vast genomic diversity seen at the K locus 

translates to incredibly varied CPS structures. This CPS diversity is not only limited to the 

simple and complex sugars which make up the CPS K-units, but also the linkages which bind 

the K-units together and has many implications for future research. The diversity CPS 

complicates the design of phage therapies, the most current of which utilise structural 

depolymerase tail spikes to recognise and digest specific CPS (Knirel et al., 2020; Oliveira et 

al., 2019). The specificity of these phage combined with the noted diversity of CPS in A. 

baumannii highlights the necessity of phage libraries in treating A. baumannii infections. 

Furthermore, the dramatic variation seen in a single sequence type of A. baumannii (ST25) in 

this study further indicates that phage libraries may be the most appropriate option for treatment 

of infections caused by A. baumannii.  

Recently, studies have considered the value of specific sugars identified in capsules as 

an epitope in glycoconjugate vaccine development. Namely, the use of pseudaminic acid as an 

epitope in a prophylactic glycoconjugate vaccine was able to induce antibodies that could 

recognise surface polysaccharide from ~40% of 250 other clinical A. baumannii strains (Lee et 
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al., 2018). Indeed, glycoconjugate vaccines are a promising therapeutic for option for treating 

a range of bacterial infections, including A. baumannii. However, the complexity observed at 

the CPS in A. baumannii again presents as an issue in development of a vaccine. Conversely, 

the variability in genomic content at the K locus has proved advantageous in other recent 

studies concerning both treatment and identification of hypervirulent isolates (Deng et al., 

2020). Using schemes such as MLST genotyping to identify hypervirulent CRAB isolates is 

not optimal due to the spread of virulence elements across multiple genotypes. However, 

identifying genes conserved across hypervirulent isolates allows for unique strategies into 

tracking and treatment of these isolate, as proven in recent studies (Deng et al., 2020; Hua et 

al., 2021). Specifically, gtr100 found only in KL49, a KL type noted to coincide with a 

hypervirulence phenotype, proved a valuable target for rapid identification. Moreover, in vitro 

studies indicated that the linkage established by gtr100 specifically is closely related to the 

virulence potential of these KL49 A. baumannii isolates (Deng et al., 2020). These recent 

discoveries emphasise the need for elucidation of new CPS structures, and the importance of 

correlating structures with genomic content with at the KL region, as this underpins research 

into future therapeutics and methods of rapid identification. 

In summary, the extensive variation seen at the KL and OCL in ST25 isolates 

establishes these regions as ideal candidates for epidemiological markers, as seen in other 

clinically relevant A. baumannii lineages (Hamidian & Nigro, 2019; Holt et al., 2016). The 

advantages of in-silico typing schemes utilising WGS and the K and OC locus, such as Kaptive, 

have been affirmed. Importantly, the insight gained in this study on the global dissemination 

and genomic diversity of ST25 warrants further investigation into the genomic evolution of 

this unique clade, with specific emphasis on capsule switching and evolution. Furthermore, the 

ease of in-silico typing using Kaptive, and the potential knowledge on clade dissemination and 

diversity, opens the door for future studies on other notable A. baumannii clades, such as ST10. 
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This study has also stressed the importance of combined typing schemes, especially in bacterial 

species with notably high recombination potential, such as that seen here in A. baumannii. 

Recent studies have stressed the importance of utilising multiple genomic sequence typing 

schemes, (Kongthai et al., 2020; Wyres et al., 2020), due to the high frequency of 

recombination occurring within the species. By combining schemes like MLST with the 

surface polysaccharide loci gene typing explored here, it is possible to generate a high degree 

of distinction between otherwise similar isolates as determined using only one scheme. Further, 

the specificity achieved through typing these gene loci has implications for epidemiological 

tracking in not only A. baumannii, but potentially other clinically relevant Gram-negative 

bacterial pathogens, such as E. coli. The comparisons of known ST25 CPS structures also 

informs the design of future therapeutic studies, specifically those involving phage therapies. 

Importantly, the CPS diversity noted in ST25 further solidifies the current thought that a phage 

library is necessary for treating A. baumannii infections.
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Chapter 6: Appendices 

 
Strain Assembly Year Country KL OCL 

741019 ASM100777v1 2011 Argentina KL9 OCL10a 

D46 7468_2_59 2010 Australia KL14 OCL6 

D4 7521_8_34 2006 Australia KL16 OCL5 

MC104 ASM358425v1 2016 Bolivia KL22 OCL5 

MC102 ASM358427v1 2016 Bolivia KL22 OCL5 

MC100 ASM358431v1 2016 Bolivia KL22 OCL5 

MC89 ASM358442v1 2016 Bolivia KL22 OCL5 

MC29 ASM358448v1 2016 Bolivia KL33 OCL5 

MC93 ASM358451v1 2016 Bolivia KL22 OCL5 

MC63 ASM359568v1 2016 Bolivia KL33 OCL5 

MC51 ASM359581v1 2016 Bolivia KL37 OCL10 

MC39 ASM359586v1 2016 Bolivia KL37 OCL10 

MC32 ASM359593v1 2016 Bolivia KL22 OCL5 

MC57 ASM359612v1 2016 Bolivia KL37 OCL10a 

MC14 ASM359623v1 2016 Bolivia KL33 OCL5 

107m ABIBUN_1 N/A Colombia KL32a OCL5 

NIPH146 Acin_baum_NIPH_146_V1 1993 Czech Republic KL37 OCL6 

161/07 ASM100781v1 2007 Germany KL130 OCL5 

BAuABod-3 ASM257380v1 2015 Germany KL14 OCL6 

IHIT38008 ASM415359v1 2018 Germany KL14 OCL6 

4390 ASM100776v1 2003 Greece KL37 OCL7 

HEU3 ASM292785v1 2016 Honduras KL134 OCL6 

MCR10179 ASM292796v1 2015 Honduras KL132 OCL10 

CI86 ASM51657v2 2005 Iraq KL12 OCL5 

CI79 ASM51663v2 2005 Iraq KL12 OCL5 

4190 ASM18971v2 2009 Italy KL27 OCL5 

OCU_Ac2 ASM356944v1 2014 Japan KL14 OCL15 

7804 ASM343138v1 2006 Mexico KL7 OCL7 

AB_2008-15-69 ASM30133v1 N/A N/A KL14 OCL5 

PR388 ASM213810v1 N/A N/A KL133 OCL5 

ARLG1317 ASM214397v1 N/A N/A KL12 OCL5 
AR_0088 ASM300603v1 N/A N/A KL14 OCL6 

R348 ASM395535v1 N/A N/A KL14 OCL5 

LUH_7841 ASM100768v1 2002 Netherlands KL95 OCL7 

RUH1486 ASM100770v1 1985 Netherlands KL14 OCL6 

LUH_6220 ASM100774v1 2000 Netherlands KL37 OCL7 

HWBA8 ASM208278v1 2013 South Korea KL14 OCL5 

4300STDY7045700 24276_2_166 2016 Thailand KL116 OCL5 

4300STDY7045786 24276_2_251 2016 Thailand KL14 OCL6 

Appendix 1. Summary of KL and OCL type for 61 isolates. Country data and year of isolate collection 
has been included to highlight the extent of locus variability across geographically confined strains. 
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4300STDY7045802 24276_2_267 2016 Thailand KL14 OCL6 

4300STDY7045824 24276_2_289 2016 Thailand KL14 OCL6 

4300STDY7045840 24276_2_305 2016 Thailand KL14 OCL6 

4300STDY7045893 24276_3_50 2016 Thailand KL14 OCL6 

NM3 ASM100772v1 2008 United Arab Emirates KL14 OCL6 

AB5256 ASM24170v2 2009 USA KL14 OCL6 

OIFC143 AcbauOIFC143v1.0 2003 USA KL23 OCL5 

1429530 ASM58113v1 2014 USA KL14 OCL6 

ABBL018 ASM143254v1 2005 USA KL14 OCL5 

AB2828 ASM161199v1 2006 USA KL12 OCL5 

AB3638 ASM161209v1 2007 USA KL13 OCL5 

AB3806 ASM161210v1 2007 USA KL13 OCL5 

UV_1036 SAMEA1569559 2003 Vietnam KL37 OCL5 

UV_964 SAMEA1569507 2003 Vietnam KL52 OCL5 

UV_973 SAMEA1569410 2003 Vietnam KL52 OCL5 

238_an SAMEA1569453 2005 Vietnam KL14 OCL5 

259_an SAMEA1569518 2005 Vietnam KL37 OCL5 

266_an SAMEA1569452 2005 Vietnam KL37 OCL5 

276_ax SAMEA1569532 2005 Vietnam KL37 OCL5 

295_c SAMEA1569392 2005 Vietnam KL37 OCL5 

338_an ERR263723 2006 Vietnam KL37 OCL5 

338_ax ERR263724 2006 Vietnam KL37 OCL5 

 
  

Appendix 1.  Summary of KL and OCL type for 61 isolates. Country data and year of isolate collection 
has been included to highlight the extent of locus variability across geographically confined strains. 
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Assembly Strain Best 

match  
Match 

confidence 
Problems Coverage Identity Length 

discrepancy 
Expected genes 

in locus 
Other genes in locus, details 

8346_4#10 UV_1036 KL37 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

8346_4#80 259_an KL37 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

8346_4#83 266_an KL37 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

8346_4#86 276_ax KL37 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

8346_4#94 295_c KL37 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

9262_1#33 338_an KL37 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

9262_1#34 338_ax KL37 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

AcbauOIFC143v1.0 OIFC143 KL23 Perfect 
 

100.00% 100.00% n/a 21 / 21 (100%) 
 

ASM30133v1 AB_2008-15-69 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

ASM100772v1 NM3 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

ASM143254v1 ABBL018 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

ASM208278v1 HWBA8 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

ASM300603v1 AR_0088 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

ASM395535v1 R348 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

ASM415359v1 IHIT38008 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

7468_2_59 D46 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

7521_8_34 D4 KL16 Perfect 
 

100.00% 100.00% n/a 20 / 20 (100%) 
 

24276_2_251 4300STDY7045786 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

24276_2_267 4300STDY7045802 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

24276_2_289 4300STDY7045824 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

24276_2_305 4300STDY7045840 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

24276_3_50 4300STDY7045893 KL14 Perfect 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

8346_4#3 UV_964 KL52 Very high * 100.00% 97.28% -2 bp 17 / 17 (100%) 
 

8346_4#6 UV_973 KL52 Very high * 100.00% 97.28% -2 bp 17 / 17 (100%) 
 

8346_4#76 238_an KL14 Very high 
 

100.00% 99.96% n/a 17 / 17 (100%) 
 

Acin_baum_NIPH_146_V1 NIPH146 KL37 Very high * 100.00% 97.15% n/a 17 / 17 (100%) 
 

Appendix 2. Kaptive KL analysis output for the original 82 ST25 isolates including key output details. Isolates which were excluded from the final genome 
pool are highlighted in grey 
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ABIBUN_1 107m KL32 Very high 
 

100.00% 97.67% +889 bp 19 / 19 (100%) 
 

ASM51657v2 CI86 KL12 Very high * 100.00% 95.32% -5 bp 31 / 31 (100%) 
 

ASM51663v2 CI79 KL12 Very high * 100.00% 95.32% -5 bp 31 / 31 (100%) 
 

ASM58113v1 1429530 KL14 Very high 
 

100.00% 100.00% n/a 17 / 17 (100%) 
 

ASM100770v1 RUH1486 KL14 Very high 
 

100.00% 98.98% n/a 17 / 17 (100%) 
 

ASM100774v1 LUH_6220 KL37 Very high 
 

100.00% 98.50% +6 bp 17 / 17 (100%) 
 

ASM100777v1 741019 KL9 Very high * 100.00% 96.84% +3 bp 21 / 21 (100%) 
 

ASM100781v1 161/07 KL130 Very high 
 

100.00% 100.00% n/a 24 / 24 (100%) 
 

ASM161199v1 AB2828 KL12 Very high * 100.00% 95.32% -5 bp 31 / 31 (100%) 
 

ASM161209v1 AB3638 KL13 Very high * 100.00% 95.30% -5 bp 31 / 31 (100%) 
 

ASM161210v1 AB3806 KL13 Very high * 100.00% 95.30% -5 bp 31 / 31 (100%) 
 

ASM214397v1 ARLG1317 KL12 Very high * 100.00% 95.32% -5 bp 31 / 31 (100%) 
 

ASM343138v1 7804 KL7 Very high 
 

100.00% 99.99% n/a 22 / 22 (100%) 
 

ASM358448v1 MC29 KL33 Very high 
 

100.00% 98.80% -4 bp 20 / 20 (100%) 
 

ASM359623v1 MC14 KL33 Very high 
 

100.00% 98.80% -4 bp 20 / 20 (100%) 
 

24276_2_166 4300STDY7045700 KL116 Very high * 100.00% 96.15% -1 bp 17 / 17 (100%) 
 

ASM24170v2 AB5256 KL14 High - 100.00% 100.00% -1 bp 16 / 17 (94.1%) 
 

ASM100768v1 LUH_7841 KL95 Good +* 100.00% 100.00% n/a 22 / 22 (100%) KL80/KL7_qdtA (90%) 

ASM100776v1 4390 KL37 Good ? 100.00% 98.51% n/a 17 / 17 (100%) 
 

ASM257380v1 BAuABod-3 KL14 Good ?- 99.82% 99.14% n/a 15 / 17 (88.2%) 
 

ASM292796v1 MCR10179 KL10 Good -+* 96.91% 94.48% -510 bp 20 / 23 (87.0%) KL24/KL7_fdtE (98%) 

ASM356944v1 OCU_Ac2 KL14 Good ?- 100.00% 100.00% n/a 16 / 17 (94.1%) 
 

ASM358425v1 MC104 KL22 Good ? 100.00% 99.93% n/a 21 / 21 (100%) 
 

ASM358427v1 MC102 KL22 Good ?- 99.60% 99.92% n/a 19 / 21 (90.5%) 
 

ASM358431v1 MC100 KL22 Good ?- 98.82% 99.93% n/a 20 / 21 (95.2%) 
 

ASM358438v1 MC78 KL33 Good ?- 100.00% 98.80% n/a 19 / 20 (95%) 
 

ASM358442v1 MC89 KL22 Good ? 100.00% 99.93% n/a 21 / 21 (100%) 
 

ASM358451v1 MC93 KL22 Good ? 100.00% 99.93% n/a 21 / 21 (100%) 
 

ASM359576v1 MC59 KL33 Good ? 100.00% 98.80% n/a 20 / 20 (100%) 
 

Appendix 2. Kaptive KL analysis output for the original 82 ST25 isolates including key output details. Isolates which were excluded from the final genome 
pool are highlighted in grey 
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ASM359620v1 MC18 KL33 Good ?- 98.31% 98.77% n/a 18 / 20 (90%) 
 

ASM359566v1 MC69 KL33 Low ?- 91.97% 98.68% n/a 18 / 20 (90%) 
 

ASM359568v1 MC63 KL33 Low ?- 92.51% 98.68% n/a 17 / 20 (85%) 
 

ASM359581v1 MC51 KL37 Low ?-+* 93.45% 96.28% n/a 14 / 17 (82.4%) KL101/KL14_gtr8 (81%) 

ASM359592v1 MC34 KL33 Low ?- 94.38% 98.72% n/a 19 / 20 (95%) 
 

ASM58105v1 984213 KL14 None ?- 86.23% 100.00% n/a 12 / 17 (70.6%) 
 

ASM213810v1 PR388 KL124 None ?-+* 86.85% 91.22% n/a 11 / 18 (61.1%) KL118/KL5_wzx(96%); 
KL103/KL6_ptr6(89%) 

ASM292785v1 HEU3 KL67 None -+* 100.00% 92.50% -2 bp 16 / 19 (84.2%) KL14/KL16_pgt1 (100%); 
KL10/16_gtr5 (99%); 

KL100/KL14_itrA2 (95%) 
ASM358353v1 MC103 KL3 None ?- 71.65% 99.23% n/a 12 / 20 (60%) 

 

ASM358356v1 MC95 KL22 None ?- 86.40% 99.91% n/a 16 / 21 (76.2%) 
 

ASM358357v1 MC94 KL65 None ?- 51.86% 97.22% n/a 8 / 20 (40%) 
 

ASM358360v1 MC87 KL22 None ?- 80.84% 99.91% n/a 16 / 21 (76.2%) 
 

ASM358362v1 MC98 KL22 None ?- 88.68% 99.92% n/a 17 / 21 (81.0%) 
 

ASM358430v1 MC101 KL3 None ?- 62.86% 99.35% n/a 11 / 20 (55%) 
 

ASM358432v1 MC96 KL22 None ?-+* 78.48% 99.90% n/a 14 / 21 (66.7%) KL101/KL14_gtr8 (98%) 

ASM358436v1 MC91 KL3 None ?- 77.06% 99.17% n/a 12 / 20 (60%) 
 

ASM358437v1 MC77 KL49 None ?- 87.32% 99.19% n/a 23 / 28 (82.1%) 
 

ASM358444v1 MC90 KL22 None ?- 79.97% 99.90% n/a 14 / 21 (66.7%) 
 

ASM358445v1 MC71 KL49 None ?- 74.63% 99.03% n/a 17 / 28 (60.7%) 
 

ASM359567v1 MC64 KL33 None ?- 86.92% 98.60% n/a 17 / 20 (85%) 
 

ASM359586v1 MC39 KL37 None ?-* 86.96% 95.93% n/a 13 / 17 (76.5%) 
 

ASM359593v1 MC32 KL22 None ?-+* 94.13% 99.92% n/a 16 / 21 (76.2%) KL93/KL22_pgt1 (99%); 
KL93/KL24_pgt1 (100.0%) 

ASM359595v1 MC31 KL22 None ?- 89.35% 99.92% n/a 18 / 21 (85.7%) 
 

ASM359612v1 MC57 KL37 None ?-* 75.83% 95.37% n/a 11 / 17 (64.7%) 
 

ASM359613v1 MC48 KL33 None ?- 78.57% 98.40% n/a 13 / 20 (65%) 
 

ASM359617v1 MC27 KL49 None ?- 86.44% 99.19% n/a 23 / 28 (82.1%) 
 

ASM18971v2 4190 KL27 None ?- 95% 95% n/a 16 / 24 (64.2%) 
 

Appendix 2. Kaptive KL analysis output for the original 82 ST25 isolates including key output details. Isolates which were excluded from the final genome 
pool are highlighted in grey 
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Assembly Strain Best 
match 

Match 
confidence 

Problems Coverage Identity Length 
discrepancy 

Expected genes 
in locus 

Other genes in locus 

ASM58113v1 1429530 OCL6 Perfect 
 

100.00% 100.00% n/a 10 / 10 (100%) 
 

ASM415359v1 IHIT38008 OCL6 Perfect 
 

100.00% 100.00% n/a 10 / 10 (100%) 
 

7468_2_59 D46 OCL6 Perfect 
 

100.00% 100.00% n/a 10 / 10 (100%) 
 

8346_4#10 UV_1036 OCL5 Very high 
 

100.00% 99.73% +1 bp 9 / 9 (100%) 
 

8346_4#80 259_an OCL5 Very high 
 

100.00% 99.76% +1 bp 9 / 9 (100%) 
 

8346_4#83 266_an OCL5 Very High 
 

100.00% 99.76% +1 bp 9 / 9 (100%) 
 

8346_4#86 276_ax OCL5 Very High 
 

100.00% 99.76% +1 bp 9 / 9 (100%) 
 

8346_4#94 295_c OCL5 Very High 
 

100.00% 99.73% +1 bp 9 / 9 (100%) 
 

9262_1#33 338_an OCL5 Very High 
 

100.00% 99.73% +1 bp 9 / 9 (100%) 
 

9262_1#34 338_ax OCL5 Very High 
 

100.00% 99.73% +1 bp 9 / 9 (100%) 
 

8346_4#3 UV_964 OCL5 Very High 
 

100.00% 99.73% +1 bp 9 / 9 (100%) 
 

8346_4#6 UV_973 OCL5 Very High 
 

100.00% 99.73% +1 bp 9 / 9 (100%) 
 

8346_4#76 238_an OCL5 Very High 
 

100.00% 99.73% +1 bp 9 / 9 (100%) 
 

ASM24170v2 AB5256 OCL6 Very high 
 

100.00% 99.99% n/a 10 / 10 (100%) 
 

AcbauOIFC143v1.0 OIFC143 OCL5 Very high 
 

100.00% 99.76% +1 bp 9 / 9 (100%) 
 

Acin_baum_NIPH_146_V1 NIPH146 OCL6 Very high 
 

100.00% 99.89% n/a 10 / 10 (100%) 
 

ABIBUN_1 107m OCL5 Very high 
 

100.00% 99.76% +1 bp 9 / 9 (100%) 
 

_ASM51657v2 CI86 OCL5 Very high 
 

100.00% 99.73% +1 bp 9 / 9 (100%) 
 

ASM51663v2 CI79 OCL5 Very high 
 

100.00% 99.73% +1 bp 9 / 9 (100%) 
 

ASM100768v1 LUH_7841 OCL7 Very high 
 

100.00% 98.78% +3 bp 9 / 9 (100%) 
 

ASM100770v1 RUH1486 OCL6 Very high 
 

100.00% 99.89% n/a 10 / 10 (100%) 
 

ASM100772v1 NM3 OCL6 Very high 
 

100.00% 99.99% n/a 10 / 10 (100%) 
 

ASM100774v1 LUH_6220 OCL7 Very high 
 

100.00% 98.78% +3 bp 9 / 9 (100%) 
 

ASM143254v1 ABBL018 OCL5 Very high 
 

100.00% 99.76% +1 bp 9 / 9 (100%) 
 

ASM161199v1 AB2828 OCL5 Very high 
 

100.00% 99.75% +1 bp 9 / 9 (100%) 
 

ASM161209v1 AB3638 OCL5 Very high 
 

100.00% 99.75% +1 bp 9 / 9 (100%) 
 

ASM161210v1 AB3806 OCL5 Very high 
 

100.00% 99.75% +1 bp 9 / 9 (100%) 
 

Appendix 3. Kaptive OCL analysis output for the original 82 ST25 isolates including key output details. Isolates which were excluded from the final genome 
pool are highlighted in grey 
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ASM208278v1 HWBA8 OCL5 Very high 
 

100.00% 99.78% +1 bp 9 / 9 (100%) 
 

ASM213810v1 PR388 OCL5 Very high 
 

100.00% 99.75% +1 bp 9 / 9 (100%) 
 

ASM214397v1 ARLG1317 OCL5 Very high 
 

100.00% 99.75% +1 bp 9 / 9 (100%) 
 

ASM257380v1 BAuABod-3 OCL6 Very high 
 

100.00% 99.51% n/a 10 / 10 (100%) 
 

ASM292796v1 MCR10179 OCL10 Very high 
 

100.00% 99.91% n/a 11 / 11 (100%) 
 

ASM300603v1 AR_0088 OCL6 Very high 
 

100.00% 99.99% n/a 10 / 10 (100%) 
 

ASM343138v1 7804 OCL7 Very high 
 

100.00% 98.78% +3 bp 9 / 9 (100%) 
 

ASM358442v1 MC89 OCL5 Very high 
 

100.00% 99.88% +1 bp 9 / 9 (100%) 
 

ASM395535v1 R348 OCL5 Very high 
 

100.00% 99.76% +1 bp 9 / 9 (100%) 
 

7521_8_34 D4 OCL5 Very high 
 

100.00% 99.76% +1 bp 9 / 9 (100%) 
 

24276_2_166 4300STDY7045700 OCL5 Very high 
 

100.00% 99.71% n/a 9 / 9 (100%) 
 

24276_2_251 4300STDY7045786 OCL6 Very high 
 

100.00% 99.99% n/a 10 / 10 (100%) 
 

24276_2_267 4300STDY7045802 OCL6 Very high 
 

100.00% 99.99% n/a 10 / 10 (100%) 
 

24276_2_289 4300STDY7045824 OCL6 Very high 
 

100.00% 99.99% n/a 10 / 10 (100%) 
 

24276_2_305 4300STDY7045840 OCL6 Very high 
 

100.00% 99.99% n/a 10 / 10 (100%) 
 

ASM100777v1 741019 OCL10 High - 100.00% 99.87% +1048 bp 10 / 11 (90.9%) 
 

ASM18971v2 4190 OCL5 High ?- 99.93% 99.84% -1 bp 10 / 11 (90.9%) 
 

ASM359612v1 MC57 OCL10 High - 99.93% 99.84% +1048 bp 10 / 11 (90.9%) 
 

ASM30133v1 AB_2008-15-69 OCL5 Good ?- 100.00% 99.75% n/a 8 / 9 (88.9%) 
 

ASM100776v1 4390 OCL7 Good ? 100.00% 98.78% n/a 9 / 9 (100%) 
 

ASM100781v1 161/07 OCL5 Good ?- 100.00% 99.74% n/a 8 / 9 (88.9%) 
 

ASM292785v1 HEU3 OCL6 Good ?- 100.00% 99.99% n/a 9 / 10 (90%) 
 

ASM356944v1 OCU_Ac2 OCL7 Good -+* 78.52% 92.65% +1743 bp 6 / 9 (66.7%) OCL6/OCL04_gtrOC19a (82%) 

ASM358425v1 MC104 OCL5 Good ?- 96.05% 99.89% n/a 7 / 9 (77.8%) 
 

ASM358427v1 MC102 OCL5 Good ? 100.00% 99.82% n/a 9 / 9 (100%) 
 

ASM358431v1 MC100 OCL5 Good ?- 98.87% 99.85% n/a 7 / 9 (77.8%) 
 

ASM358448v1 MC29 OCL5 Good ?- 99.76% 99.87% n/a 8 / 9 (88.9%) 
 

ASM358451v1 MC93 OCL5 Good ?- 99.09% 99.88% n/a 8 / 9 (88.9%) 
 

Appendix 3. Kaptive OCL analysis output for the original 82 ST25 isolates including key output details. Isolates which were excluded from the final genome 
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ASM359581v1 MC51 OCL10 Good ?- 100.00% 99.87% n/a 10 / 11 (90.9%) 
 

ASM359586v1 MC39 OCL10 Good ?- 100.00% 99.87% n/a 10 / 11 (90.9%) 
 

ASM359623v1 MC14 OCL5 Good ? 100.00% 99.88% n/a 9 / 9 (100%) 
 

24276_3_50 4300STDY7045893 OCL6 Good ?- 100.00% 100.00% n/a 9 / 10 (90%) 
 

ASM359568v1 MC63 OCL5 Low ?- 94.99% 99.88% n/a 7 / 9 (77.8%) 
 

ASM359593v1 MC32 OCL5 Low ?- 90.73% 99.73% n/a 7 / 9 (77.8%) 
 

ASM58105v1 984213 OCL5 None ?- 77.04% 99.74% n/a 6 / 9 (66.7%) 
 

ASM358353v1 MC103 OCL5 None ?- 73.36% 99.92% n/a 6 / 9 (66.7%) 
 

ASM358356v1 MC95 OCL5 None ?- 73.59% 99.92% n/a 6 / 9 (66.7%) 
 

ASM358357v1 MC94 OCL5 None ?- 71.81% 99.92% n/a 6 / 9 (66.7%) 
 

ASM358360v1 MC87 OCL5 None ?- 76.58% 99.92% n/a 6 / 9 (66.7%) 
 

ASM358362v1 MC98 OCL5 None ?- 74.09% 99.92% n/a 6 / 9 (66.7%) 
 

ASM358430v1 MC101 OCL5 None ?- 83.29% 99.03% n/a 6 / 9 (66.7%) 
 

ASM358432v1 MC96 OCL5 None ?- 76.45% 99.92% n/a 6 / 9 (66.7%) 
 

ASM358436v1 MC91 OCL5 None ?- 77.00% 99.92% n/a 6 / 9 (66.7%) 
 

ASM358437v1 MC77 OCL5 None ?- 78.78% 99.88% n/a 6 / 9 (66.7%) 
 

ASM358438v1 MC78 OCL5 None ?- 74.95% 99.92% n/a 6 / 9 (66.7%) 
 

ASM358444v1 MC90 OCL5 None ?- 75.65% 99.94% n/a 6 / 9 (66.7%) 
 

ASM358445v1 MC71 OCL5 None ?- 84.59% 99.92% n/a 7 / 9 (77.8%) 
 

ASM359566v1 MC69 OCL5 None ?- 84.56% 99.92% n/a 6 / 9 (66.7%) 
 

ASM359567v1 MC64 OCL5 None ?- 77.52% 99.92% n/a 6 / 9 (66.7%) 
 

ASM359576v1 MC59 OCL5 None ?- 88.74% 99.92% n/a 7 / 9 (77.8%) 
 

ASM359592v1 MC34 OCL5 None ?- 89.80% 99.92% n/a 6 / 9 (66.7%) 
 

ASM359595v1 MC31 OCL5 None ?- 76.99% 99.92% n/a 6 / 9 (66.7%) 
 

ASM359613v1 MC48 OCL5 None ?- 74.81% 99.90% n/a 6 / 9 (66.7%) 
 

ASM359617v1 MC27 OCL5 None ?- 72.96% 99.92% n/a 6 / 9 (66.7%) 
 

ASM359620v1 MC18 OCL5 None ?- 72.72% 99.95% n/a 5 / 9 (55.6%) 
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Appendix 4. Workflow diagram of ST25 genome assembly collection and KL and OCL 
identification outlined in Aim 1.  



Capsular polysaccharide (CPS) is produced on the

cell surface of many bacterial pathogens including the

nosocomial species, Acinetobacter baumannii. It serves as

a major pathogenicity determinant by providing a layer

protecting against host immune factors [1, 2]. It also pro-

tects cells from desiccation and other environmental

stressors [3, 4]. CPS is composed of a long chain of

oligosaccharide repeats (K units), which consist of two to

six sugar residues of various types joined by specific gly-

cosidic linkages. The biosynthesis and export of CPS in

A. baumannii is mostly determined by the genes at the

chromosomal K locus (KL), which comes in diverse

forms [5].

The K locus includes an operon of genes (wza-wzb-

wzc) responsible for the CPS export, and a divergently

transcribed region for the synthesis of specific K units.

The latter includes genes for sugar synthesis, initiation of

K-unit synthesis (itr), glycosyl transfer (gtr), K-unit

translocation (wzx) and polymerization (wzy), and occa-

sionally for addition of acetyl or pyruvyl groups (atr/ptr).

The arrangement of KL gene clusters carried by iso-

lates from the Traub collection that were used to establish

the original serotyping scheme for A. baumannii [6] had

been examined previously [7]. However, these gene clus-
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ters were originally described as polysaccharide gene clus-

ters (PSgc) and annotated using a traditional nomencla-

ture system. The structures of CPSs produced by many of

these isolates have now been established and, for all of

them, their sugar content and configuration correlate

perfectly with the genes in the gene cluster found at the K

locus [8-12]. Accordingly, the annotations of these gene

clusters have been revised [8-14] in accordance with the

more transparent and widely adopted K locus nomencla-

ture system for A. baumannii CPS biosynthesis gene clus-

ters [5].

In this work, we establish for the first time the CPS

structure of another strain from this collection,

LUH5549, which carries the KL32 gene cluster, previ-

ously designated PSgc21.

MATERIALS AND METHODS

Bacterial strain and cultivation of bacteria.

Acinetobacter baumannii LUH5549 was originally from

the W. H. Traub collection at the Institut fur

Medizinische Mikrobiologie und Hygiene, Universitat

des Saarlandes (Saarland, Germany) and was kindly pro-

vided by Prof. Peter Reeves. The bacteria were cultivated

in 2TY media overnight; the cells were harvested by cen-

trifugation (10,000g, 20 min), washed with phosphate

buffered saline, resuspended in aqueous 70% acetone,

precipitated, and dried.

Isolation of CPS. CPS preparation was obtained by

phenol–water extraction [15] of bacterial cells (1.1 g); the

extract was dialyzed without layer separation and clarified

from insoluble contaminants by centrifugation. The

resulting solution was treated with cold (4°C) 50% aque-

ous CCl3COOH; after centrifugation, the supernatant

was dialyzed against distilled water and freeze-dried to

yield a crude CPS sample (370 mg). For CPS purifica-

tion, this sample (120 mg) was heated with 2% aqueous

AcOH at 100°C for 2 h, and CPS (27 mg) was purified by

gel-permeation chromatography on a Sephadex G50

Superfine column 60 × 2.5 cm in 0.1% aqueous AcOH;

eluted fractions were monitored with a differential refrac-

tometer (Knauer, Germany).

Monosaccharide analysis. Alditol acetates [16] were

obtained by CPS hydrolysis with 2 M CF3COOH (120°C,

2 h) and analyzed by gas-liquid chromatography on an

HP-5 capillary column with a Maestro (Agilent 7820)

chromatograph (Interlab, Russia) using a temperature

gradient of 160°C (1 min) to 290°C at 7°C/min.

Glucuronic acid was identified by anion-exchange chro-

matography on a DA×8 resin column (7 × 0.4 cm) in

5 mM potassium phosphate buffer (pH 3) at 70°C; elu-

tion was monitored using bicinchoninic acid assay.

Smith degradation. CPS sample (12 mg) was oxi-

dized with NaIO4 (29 mg in 1.5 ml water) at 20°C for 72 h

in the dark and then reduced with NaBH4 (30 mg) for

24 h; water was evaporated and boric acid was removed

by evaporation with 10% aqueous AcOH in methanol

(three times). The degradation product was desalted on a

Sephadex G-25 column (108 × 1.2 cm) in water; elution

was monitored as described above. The obtained polymer

was hydrolyzed with 2% aqueous AcOH (100°C, 2 h),

and the products of hydrolysis were fractionated by gel-

permeation chromatography on Sephadex G-25 as

described above to yield modified polysaccharide (MPS)

(2.6 mg).

NMR spectroscopy. The samples were deuterium-

exchanged by freeze-drying from 99.9% D2O and then

examined after dissolving in 99.95% D2O. The NMR

spectra were recorded on an Avance II 600 MHz spec-

trometer (Bruker, Germany) at 60°C. Sodium 3-

trimethylsilylpropanoate-2,2,3,3-d4 (δH 0, δC −1.6) was

used as an internal reference for calibration. 2D NMR

spectra were obtained using standard Bruker software;

NMR data were acquired and processed with the Bruker

TopSpin 2.1 program. A spin-lock time of 60 ms and a

mixing time of 150 ms were used in TOCSY and ROESY

experiments, respectively. A 60-ms delay was used for the

evolution of long-range coupling to optimize 1H,13C

HMBC experiments.

Bioinformatics analysis. Short reads for the

LUH5549 genome sequence were obtained from the

Sequence Read Archive (SRA number DRS005644) and

assembled into contigs using SPAdes [17]. The KL32

gene cluster was identified between the fkpA and lldP

genes and re-annotated using the nomenclature system

described previously [5]. CAZy (http://www.cazy.org/)

[18] and Pfam (https://pfam.xfam.org) [19] databases

were used to assign encoded proteins to their respective

biosynthesis roles. The assembled sequence and the newly

assigned annotations are available in GenBank under

accession number KC526897.2. The genome sequence

was assigned to a sequence type (ST) using the Pasteur

MLST scheme for A. baumannii (https://pubmlst.org/

bigsdb?db=pubmlst_abaumannii_pasteur_seqdef).

RESULTS AND DISCUSSION

The sequence of the PSgc21 CPS biosynthesis gene

cluster from A. baumannii LUH5549 (GenBank acces-

sion number KC526897.1) was found to be incomplete as

it lacked the wza-wzb-wzc export genes, indicating a

potential assembly issue. As the sequence had been previ-

ously assembled from short reads using Velvet 2.0 [7],

these short reads (SRA number DRS005644) were

reassembled into contigs using SPAdes. The complete

sequence of the gene cluster between the conserved fkpA

and lldP genes that flank the K locus was identified and

found to be 99.56% identical to the KL32 gene cluster

previously described for the A. baumannii Vietnamese iso-

late, BAL_058 (GenBank accession number
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KT359615.1) [20]. Hence, the LUH5549 gene cluster was

renamed KL32 and its genes were reannotated according

to the established nomenclature system [5]. The updated

sequence and the annotations were deposited in the

GenBank under accession number KC526897.2.

KL32 (Fig. 1) includes genes responsible for the K

unit processing (wzy and wzx) and a galU-ugd-gpi-gne1-

pgm gene module responsible for the synthesis of simple

sugars, such as UDP-D-Glcp, UDP-D-GlcpNAc, and

UDP-D-GalpNAc. Adjacent to galU, there is an itrA2

gene known to be responsible for initiating K unit synthe-

sis by adding a D-GalpNAc residue as the first sugar of

the K unit to the lipid carrier in the inner membrane [21].

The central region of KL32 also includes four predicted

glycosyltransferase genes (gtr67, gtr68, gtr69, gtr70) for

four internal K unit sugar linkages, an acetyltransferase

gene (atr9), and a gene encoding an unidentified protein

product (Orf).

In the central region, another ugd gene, designated

ugd3, is also present. Ugd3 (GenPept accession number

AHB32286.1) is only 20% identical (74% coverage) to the

product of the ugd gene (GenPept accession number

AHB32291.1) located in the simple sugar synthesis gene

module, which was previously predicted to be responsible

for the conversion of UDP-D-Glcp to UDP-D-glu-

curonic acid (D-GlcpA) [5]. However, though ugd is a

feature common to all A. baumannii KL gene clusters, its

role in the CPS synthesis has never been established.

Ugd3 is also 27% identical (71% coverage) to the second

Ugd type (Ugd2) identified in the species, encoded in the

central region of the KL20 and KL21 gene clusters. K20

and K21 CPSs contain D-GlcpA, which correlates with

the presence of Ugd2 (GenPept accession numbers

AUG44319.1 and AIT56461.1) [22]. The presence of

ugd3 also in the central region of KL32 specific to the

CPS synthesis suggests that the K32 CPS may also con-

tain D-GlcpA.

For the structure elucidation, CPS was isolated from

the bacterial mass by phenol/water extraction followed by

heating with 2% AcOH to remove contaminating short-

chain lipopolysaccharides and then purified by gel-per-

meation chromatography on Sephadex G-50 Superfine.

Sugar analysis using gas-liquid chromatography of alditol

acetates derived after full acidic hydrolysis of CPS

revealed the presence of Glc, GlcNAc, and GalNAc in

the 1 : 1.6 : 1.8 ratio (detector response). In addition,

GlcA was identified by anion-exchange chromatography.

The absolute configuration of the monosaccharides was

not determined chemically but inferred from the genetic

data (see above).

The 1H NMR and 13C NMR (Fig. 2) spectra of the

CPS showed signals for five monosaccharide residues and

Fig. 1. The KL32 capsule biosynthesis gene cluster from A. baumannii LUH5549. Arrows indicate the direction of transcription and are drawn

to scale using the sequence from GenBank accession number KC526879.2. Genes for glycosyltransferases (gtr) are depicted in light grey; ini-

tiating transferase gene (itrA2) is shown in black. Genes shown in dark grey (atr9, orf) have no established role in the synthesis of the K32

CPS.

Fig. 2. 13C NMR spectrum of the K32 CPS from A. baumannii LUH5549. Numbers refer to carbons in sugar residues denoted by letters as

indicated in the table and Fig. 3.
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three N-acetyl groups. Assignment of the spectra using

two-dimensional 1H,1H COSY, 1H,1H TOCSY, 1H,1H

ROESY, 1H,13C HSQC, and 1H,13C HMBC experiments

revealed spin systems for one residue each of β-Glc (unit

E), β-GlcA (unit B), α-GlcNAc (unit D), and two

residues of β-GalNAc (units A and C), all being in the

pyranose form (table). The α-gluco configuration of unit

D, β-gluco configuration of units B and E, and β-galacto

configuration of units A and C were inferred from the
3JH,H coupling constants for the ring protons, which were

estimated from the one- and two-dimensional NMR

spectra. The anomeric configuration of units A-C and E

was confirmed by H-1/H-5 correlations in the ROESY

spectrum.

Low-field positions of signals for C-3 of units C and

A at δ 79.0 and 81.3, C-4 of units C and B at δ 74.9 and

81.2, respectively, as well as C-6 of unit D at δ 69.3

(table), as compared with their positions in the corre-

sponding non-substituted monosaccharides [23, 24],

showed that the CPS is branched and allowed determina-

tion of the glycosylation pattern in the K unit.

Accordingly, the 13C NMR chemical shifts for

Fig. 3. Structures of the K32 CPS from A. baumannii LUH5549 and MPS derived by Smith degradation of the CPS. Glycosyltransferases, Wzy

polymerase, and ItrA2 initiating transferase are shown near the linkage they presumably form.

1H and 13C NMR chemical shifts (ppm) of the K32 CPS from A. baumannii LUH5549

Sugar residue

→3)-β-D-GalpNAc-(1→

→4)-β-D-GlcpA-(1→

→3,4)-β-D-GalpNAc-(1→

→6)-α-D-GlcpNAc-(1→

β-D-Glcp-(1→

→3)-β-D-GalpNAc-(1→

→4)-β-D-GlcpA-(1→

→3)-β-D-GalpNAc-(1→

C-1
H-1

104.1
4.54

105.3
4.58

102.9
4.53

98.3
4.86

104.0
4.47

103.7
4.58

105.4
4.50

102.3
4.51

C-2
H-2

0.76 ± 0.16

52.5
3.83

73.5
3.40

52.8
4.06

55.3
3.90

74.5
3.35

52.4
3.97

73.9
3.36

52.4
3.95

C-3
H-3

0.76 ± 0.16

81.3
3.89

75.2
3.64

79.0
3.84

71.9
3.87

77.2
3.49

81.1
3.85

75.1
3.57

80.7
3.80

C-4
H-4

0.76 ± 0.16

69.2
4.06

81.2
3.84

74.9
4.22

70.9
3.71

71.2
3.40

69.1
4.12

81.1
3.76

69.3
4.16 

Notes: 1H NMR chemical shifts are italicized. Chemical shifts for the N-acetyl groups are δH 1.96-2.06, δC 23.3-24.0 (Me) and 175.3-175.5 (CO).

C-5
H-5

0.76 ± 0.16

75.9
3.59

74.8
4.01

77.0
3.73

72.0
4.34

77.2
3.43

76.0
3.64

77.9
3.68

76.0
3.70

C-6
H-6

0.76 ± 0.16

62.6
3.74; 3.82

172.1

61.6
3.64; 3.68

69.3
4.06; 4.32

62.4
3.72; 3.91

62.3
3.76; 3.78

62.3
3.77; 3.81

A

B

C

D

E

A

B

C

CPS

MPS
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C-2,3,4,5,6 of the terminal unit E (table) were close to

those of unsubstituted β-glucopyranose [23].

The 1H,13C HMBC spectrum of the CPS [Fig. S1;

see Supplement to this paper on the web sites of the jour-

nal (http://protein.bio.msu.ru) and Springer (Link.

springer.com)] showed correlations between the anomer-

ic protons and linkage carbons at δ 4.47/69.3, 4.53/81.2,

4.54/79.0, 4.58/81.3, and 4.86/74.9, which were assigned

to the E H-1/D C-6, C H-1/B C-4, A H-1/C C-3, B H-

1/A C-3, and D H-1/C C-4 correlations, respectively.

The glycosylation pattern of the CPS was confirmed by

correlations of the anomeric protons and anomeric car-

bons with protons at the linkage carbons in the 1H,1H

ROESY (see Fig. S2 in the Supplement) and 1H,13C

HMBC spectra, respectively.

Therefore, the K32 CPS of A. baumannii LUH5549

has the structure shown in Fig. 3, which, to our knowl-

edge, is unique among the known bacterial polysaccha-

ride structures deposited in the Bacterial Carbohydrate

Structure Database (BCSD; http://csdb.glycoscience.ru/

bacterial/) [25]. This structure was confirmed by Smith

degradation, which yielded a modified polysaccharide

(MPS). Its structure (Fig. 3) was established by one- and

two-dimensional NMR spectroscopy as described above

for the CPS (see the table for assigned 1H and 13C NMR

chemical shifts of the MPS).

The K32 CPS was found to be composed of pen-

tasaccharide K units that include the common sugars, D-

GalpNAc, D-GlcpNAc, and D-Glcp, as well as D-

GlcpA, as predicted. We previously suggested that the ugd

gene present in the module for the simple sugar synthesis

may be redundant with respect to the CPS production

[5], and that D-GlcpA can only be a component of the A.

baumannii CPS when a second ugd gene is present in the

corresponding KL gene cluster [22]. Indeed, KL32 con-

tains a ugd3 gene in the central region, and as a result,

K32 CPS contains D-GlcpA.

As the CPS structure determined includes two D-

GalpNAc residues (Fig. 3), it was unclear which residue

was the first monosaccharide of the K32 unit that is added

by ItrA2 (GenPept accession number AHB32289.2).

However, the identity of the first sugar was determined by

examining the linkage formed by the WzyK32 polymerase

responsible for joining K units together into the CPS

chain, as this linkage would connect the first and the last

sugars in the chain of K units. WzyK32 (GenPept accession

number AHB32283.1) was found to be 28% identical to

WzyK116 encoded by A. baumannii KL116 (GenBank

accession number MK399425.1), which forms the β-D-

GalpNAc-(1→3)-D-GalpNAc linkage [26]. As an identi-

cal linkage is present in the K32 unit, WzyK32 was assigned

to it. Therefore, the structure of the K32 unit begins with

the monosubstituted D-GalpNAc residue as drawn in

Fig. 3.

The assembly of this K unit would therefore require

three inverting glycosyltransferases to form the three β

linkages, and one glycosyltransferase with a retaining

mechanism for the only α linkage. Only one glycosyl-

transferase encoded by KL32, Gtr68K32 (GenPept acces-

sion number AHB32282.2), was identified as a retaining

enzyme belonging to the GT4 family of retaining glyco-

syltransferases in the CAZy database [18]. Therefore,

Gtr68K32 was assigned to the α-D-GlcpNAc-(1→4)-D-

GalpNAc linkage.

The remaining glycosyltransferases were assigned to

linkages in the K32 unit based on their homology to

enzymes with known or predicted activities as follows.

Gtr70K32 (GenPept accession number AHB32285.1) is

54% identical to WdbN from the Escherichia coli O143 O-

antigen gene cluster (GenPept accession number

STM86374.1), and the O143 structure contains the β-D-

GlcpA-(1→3)-D-GlcpNAc linkage [27]. A similar link-

age, β-D-GlcpA-(1→3)-D-GalpNAc, is present in K32

(Fig. 3), and therefore Gtr70K32 was assigned to this link-

age. Gtr67K32 (GenPept accession number AHB32281.1)

was found to be 27% identical to Gtr75K37 encoded by A.

baumannii KL37 gene cluster (GenBank accession num-

ber KX712115.1). The structure of K37 is known [26],

and Gtr75K37 was predicted to catalyze formation of the

β-D-Glcp-(1→6)-D-GalpNAc linkage. Hence, the β-D-

Glcp-(1→6)-D-GlcpNAc side branch of K32 would be

formed by Gtr67K32. Finally, Gtr69K32 (GenPept acces-

sion number AHB32284.1) that falls into the

glycos_transf_2 family (Pfam PF00535) of glycosyltrans-

ferases, returns no significant hits to other proteins in

BLASTp. However, as there was only one linkage left to be

assigned in the K32 structure, Gtr69K32 was assigned to

the β-D-GalpNAc-(1→4)-D-GlcpA linkage (Fig. 3).

Since the K32 unit contains no acetyl or other acyl

groups, and all its structural features were attributed to

the presence of other genes encoded by KL32, a role for

Atr9 (GenPept accession number AHB32287.2) and Orf

(GenPept accession number AHB32288.2) in the synthe-

sis of the CPS could not be established.

Previously, the KL32 gene cluster had been identi-

fied in the widely disseminated clonal group, Global

Clone 2 (GC2; equivalent to sequence type ST2 in the

Pasteur MLST scheme) [20]. We found that A. baumannii

LUH5549 belongs to another type, ST354, suggesting

that the KL32 gene cluster is distributed amongst multi-

ple distinct clonal lineages.
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