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Abstract

Horizontal gene transfer via conjugative plasmids has a large impact on the dissemi-

nation of antimicrobial resistance genes. This work focused on studying the transfer

of multidrug resistance plasmids in planktonic and biofilm populations of Klebsiella

pneumoniae. Firstly, a flow cytometry fluorescence reporter system was evaluated

for monitoring transfer of the pKpQIL plasmid. Next, plasmid transfer from a set

of carbapenemase-producing clinical isolate donors was determined. Isolate CPE16

transferred its carbapenenmase plasmid at high frequency in both planktonic and

biofilm populations, with a higher transfer frequency in a biofilm. In some cases,

multiple plasmids were transferred from the donors into the recipient. There was

no obvious growth impact on transconjugants upon plasmid acquisition. Transcon-

jugant gene expression was investigated to establish any effect of the plasmid on

the host transcriptome across three planktonic and biofilm conditions. The effect of

lifestyle on plasmid gene expression was also determined. This revealed that plasmid

carriage in the biofilm lifestyle had the largest impact on the host transcriptome,

and that lifestyle affected plasmid gene expression.



Acknowledgements

I would like to thank my supervisors, Dr Michelle Buckner and Professor Willem

van Schaik, for their encouragement and support throughout.

I feel incredibly privileged to have had the chance to work with several fantastic

scientists during this project. For flow cytometry and confocal microscopy technical

assistance respectively, thank you to Dr Adriana Flores-Langarica and Dr Alessandro

Di Maio. For access to clinical isolates, thank you to Dr Claire McMurray and staff

at the Queen Elizabeth Hospital. For assistance with recombineering protocols,

thank you to Dr Jack Bryant and Dr Jessica Gray. For assistance with cloning

protocols, thank you to Dr Helen McNeil. For Bioinformatics assistance, thank you

to all members of the ARM and McNally groups.

Thank you to the University of Birmingham for funding this project, and to the

Wellcome Trust Doctoral Training Programme.

Thank you to all members (past and present) of the Buckner lab, ARM, the McNally

lab, the Blair lab and ARG for always being willing to help.

Thank you to Dr Beth Grimsey, Dr Georgina Lloyd and Onalenna Neo for all their

support.

To Mum, Dad, Nicola and Pete, thank you for being my biggest supporters. Without

you this wouldn’t have been possible. Thank you so much for all that you do.



Clarification of collaborative work

The agar MIC experiment was prepared and performed by Elizabeth Darby. Sarah

Jane Element grew up strains to add to the experiment and read the resulting MIC

values for those strains. The data are presented in Table 5.1.



Contents

1 Introduction 1

1.1 Antimicrobial resistance . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Antibiotic resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Resistance mechanisms . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Mechanisms of carbapenem resistance . . . . . . . . . . . . . . . . . . 4

1.3.1 Treatment of carbapenem-resistant infections . . . . . . . . . . 5

1.4 K. pneumoniae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4.1 K. pneumoniae colonisation and disease . . . . . . . . . . . . 7

1.4.2 Drug-resistant K. pneumoniae infections . . . . . . . . . . . . 8

1.4.3 Epidemic clones and plasmids . . . . . . . . . . . . . . . . . . 9

1.5 Horizontal gene transfer in Gram-negative bacteria . . . . . . . . . . 10

1.5.1 Conjugation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.5.2 Studying conjugation . . . . . . . . . . . . . . . . . . . . . . . 14

1.5.3 Conjugative plasmids . . . . . . . . . . . . . . . . . . . . . . . 16

1



1.5.4 Plasmid mobilisation . . . . . . . . . . . . . . . . . . . . . . . 18

1.5.5 F-type plasmids: classification . . . . . . . . . . . . . . . . . 19

1.5.6 Genetic organisation of F-type conjugation modules . . . . . . 19

1.6 Plasmid features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.6.1 Plasmid carriage and fitness . . . . . . . . . . . . . . . . . . . 21

1.7 Mobilisation of resistance genes . . . . . . . . . . . . . . . . . . . . . 22

1.8 Insights from genome sequencing . . . . . . . . . . . . . . . . . . . . 24

1.8.1 Combining short- and long-read WGS technologies . . . . . . 26

1.8.2 Linking genotype to phenotype . . . . . . . . . . . . . . . . . 27

1.8.3 RNA-sequencing . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.9 Bacterial lifestyles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.9.1 Biofilm and planktonic populations are distinct . . . . . . . . 30

1.9.2 A method to study biofilms . . . . . . . . . . . . . . . . . . . 30

1.10 Importance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

1.11 Aims, hypotheses and objectives . . . . . . . . . . . . . . . . . . . . . 32

2 Materials and Methods 34

2.1 Bacterial strains, plasmids and primers . . . . . . . . . . . . . . . . . 34

2.2 Crystal violet biofilm assays . . . . . . . . . . . . . . . . . . . . . . . 39

2.3 Growth kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2



2.4 Viable counts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.5 Fluorescence reporter system for flow cytometry and microscopy . . . 40

2.6 Flow cytometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.6.1 Preparation of biofilm growth plates in 6-well format for flow

cytometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.6.2 Sample preparation for flow cytometry . . . . . . . . . . . . . 42

2.6.3 Experiment settings . . . . . . . . . . . . . . . . . . . . . . . 42

2.7 Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.8 Construction of KP16 control strain . . . . . . . . . . . . . . . . . . 44

2.9 Conjugation assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.9.1 Planktonic conjugation assays (plating method) . . . . . . . . 45

2.9.2 Biofilm conjugation assays (plating method) . . . . . . . . . . 46

2.10 Colony PCR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.11 Gel electrophoresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.12 Construction of a hygromycin-resistant KP1 recipient strain . . . . . 48

2.12.1 Method overview . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.12.2 Method details . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.13 Whole Genome Sequencing . . . . . . . . . . . . . . . . . . . . . . . . 53

2.14 RNA-sequencing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.14.1 Evaluating plasmid persistence . . . . . . . . . . . . . . . . . 55

3



2.14.2 Processing cell pellets . . . . . . . . . . . . . . . . . . . . . . . 56

2.15 Bioinformatics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.15.1 Manual annotation . . . . . . . . . . . . . . . . . . . . . . . . 56

2.15.2 Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.15.3 Phylogenetic tree . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.15.4 Strain validation . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.15.5 RNA-Seq analysis . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.15.6 Statistical analyses and data analyses . . . . . . . . . . . . . . 58

3 Monitoring conjugation in planktonic and biofilm populations using

a fluorescence reporter system 59

3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.1.1 Aims and hypotheses . . . . . . . . . . . . . . . . . . . . . . . 61

3.2 Strain characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.3 Development of a biofilm model . . . . . . . . . . . . . . . . . . . . . 66

3.4 Evaluating plasmid transmission in K. pneumoniae using flow cytom-

etry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.4.1 Evaluating the contribution of coincident events . . . . . . . . 73

3.4.2 Adjusting the acquisition setup . . . . . . . . . . . . . . . . . 78

3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4



3.6.1 Key findings . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4 Investigating the plasmid and AMR gene content of five carbapenemase-

producing K. pneumoniae (CPE) clinical isolates 90

4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.2 Core genome phylogenetic analysis . . . . . . . . . . . . . . . . . . . 92

4.3 Investigating the accessory genome . . . . . . . . . . . . . . . . . . . 98

4.4 Carbapenem resistance plasmids . . . . . . . . . . . . . . . . . . . . 102

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.6 Limitations and future work . . . . . . . . . . . . . . . . . . . . . . . 114

4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.7.1 Key findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5 Conjugation of carbapenem resistance plasmids in planktonic and

biofilm lifestyles 117

5.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.1.1 Aims and hypotheses . . . . . . . . . . . . . . . . . . . . . . . 120

5.2 Initial characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.3 Strain construction and validation: KP20 . . . . . . . . . . . . . . . . 124

5.4 KP20 characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.5 Planktonic conjugation assays . . . . . . . . . . . . . . . . . . . . . . 129

5.6 Transconjugant characterisation . . . . . . . . . . . . . . . . . . . . . 134

5



5.7 Biofilm conjugation assays . . . . . . . . . . . . . . . . . . . . . . . . 136

5.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

5.9.1 Key findings . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6 Investigating the impact of plasmid acquisition and lifestyle on gene

expression 150

6.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6.2 Selection of a suitable transconjugant . . . . . . . . . . . . . . . . . . 151

6.3 Lifestyle impact on chromosomal gene expression . . . . . . . . . . . 153

6.4 Plasmid impact on chromosomal gene expression . . . . . . . . . . . . 158

6.5 Evaluating a chromosomal plasmid signature . . . . . . . . . . . . . . 166

6.6 Lifestyle impact on plasmid gene expression . . . . . . . . . . . . . . 168

6.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

6.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

6.8.1 Key findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

7 Discussion 181

7.1 The application of flow cytometry to study conjugation in

bacterial populations . . . . . . . . . . . . . . . . . . . . . . . . . 181

7.2 Conjugation monitoring in K. pneumoniae populations us-

ing clinical isolate donors . . . . . . . . . . . . . . . . . . . . . . . 182

6



7.3 The evaluation of plasmid and lifestyle impacts on gene ex-

pression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

7.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

8 Appendices 254

8.1 Appendix 1 - Chapter 2 . . . . . . . . . . . . . . . . . . . . . . . . . 254

8.2 Appendix 2 - Chapter 3 . . . . . . . . . . . . . . . . . . . . . . . . . 258

8.3 Appendix 3 - Chapter 4 . . . . . . . . . . . . . . . . . . . . . . . . . 260

8.4 Appendix 4 - Chapter 5 . . . . . . . . . . . . . . . . . . . . . . . . . 262

8.5 Appendix 5 - Chapter 6 . . . . . . . . . . . . . . . . . . . . . . . . . 267

7



List of Tables

2.1 Bacterial strains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.2 Plasmids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3 Primers and colony PCR annealing temperatures . . . . . . . . . . . 38

2.4 Reaction components for colony PCR . . . . . . . . . . . . . . . . . . 47

2.5 Colony PCR conditions . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.6 PCR conditions for DNA donor molecule preparation . . . . . . . . . 51

2.7 Reaction components for DNA donor molecule preparation . . . . . . 51

2.8 DpnI digestion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.1 Plasmid replicons and AMR profiles . . . . . . . . . . . . . . . . . . . 101

4.2 CPE01 and CPE25 Flye plasmid replicons and AMR profiles . . . . . 105

4.3 GenBank sequences similar to carbapenem resistance plasmids . . . . 109

5.1 CPE isolates agar MIC . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.2 Plasmids in transconjugants . . . . . . . . . . . . . . . . . . . . . . . 133

8



6.1 pCPE16_3 plasmid persistence . . . . . . . . . . . . . . . . . . . . . 153

S1 Antibiotic stock preparation . . . . . . . . . . . . . . . . . . . . . . . 254

S2 Agar MIC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262

9



List of Figures

1.1 The evolution of antimicrobial resistance . . . . . . . . . . . . . . . . 2

1.2 Virulence factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Pathotypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 Mechanisms of horizontal gene transfer . . . . . . . . . . . . . . . . . 12

1.5 Conjugation overview in Gram-negative bacteria . . . . . . . . . . . . 14

1.6 Flow cytometer schematic . . . . . . . . . . . . . . . . . . . . . . . . 16

1.7 Structure of mobilisable and conjugative plasmids . . . . . . . . . . . 18

1.8 F-type plasmid conjugation module regulation overview . . . . . . . . 20

1.9 Insertion Sequence structure . . . . . . . . . . . . . . . . . . . . . . . 23

1.10 Phylogenetic tree of K. pneumoniae species complex and relatives . . 25

1.11 Hybrid genome assembly method . . . . . . . . . . . . . . . . . . . . 27

1.12 Biofilm and planktonic lifestyles . . . . . . . . . . . . . . . . . . . . . 29

2.1 Flow cytometry fluorescence reporter system . . . . . . . . . . . . . . 41

2.2 RNA-Sequencing condition comparisons . . . . . . . . . . . . . . . . 55

10



3.1 Crystal violet biofilm formation . . . . . . . . . . . . . . . . . . . . . 62

3.2 Growth kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.3 mcherry fragment schematic . . . . . . . . . . . . . . . . . . . . . . . 65

3.4 mcherry mRNA secondary structure . . . . . . . . . . . . . . . . . . 65

3.5 Viable counts for OD-corrected cultures . . . . . . . . . . . . . . . . . 67

3.6 Ratio-corrected biofilm crystal violet assays . . . . . . . . . . . . . . 68

3.7 Confocal microscopy of biofilm . . . . . . . . . . . . . . . . . . . . . . 70

3.8 Flow cytometry gating by fluorescence (planktonic and biofilm pop-

ulations) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.9 Sample dilution controls for planktonic and biofilm flow cytometry

samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.10 Flow cytometry gating by fluorescence (non-conjugative control) . . . 76

3.11 Sample dilution controls for non-conjugative control flow cytometry

samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.12 Increasing total events acquired using volume-based sample acquisition 80

4.1 CPE isolate phylogenetic tree . . . . . . . . . . . . . . . . . . . . . . 93

4.2 Pathogenwatch examples and CPE isolates K. pneumoniae world maps 94

4.3 CPE01 and CPE25 alongside ST147 Pathogenwatch collection se-

quences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.4 CPE16 alongside ST14 Pathogenwatch collection sequences . . . . . . 97

4.5 Unicycler hybrid assembly graphs . . . . . . . . . . . . . . . . . . . . 99

11



4.6 Annotated putative carbapenem resistance plasmids from CPE iso-

lates (AMR, replicon(s) & transfer genes) . . . . . . . . . . . . . . . . 103

4.7 CPE01 and CPE25 Flye assembly graphs . . . . . . . . . . . . . . . . 104

4.8 Annotated putative carbapenem resistance plasmids from CPE iso-

lates (Insertion Sequences) . . . . . . . . . . . . . . . . . . . . . . . . 107

4.9 Genetic context of the CPE carbapenem resistance genes . . . . . . . 108

5.1 CPE isolate growth kinetics in LB . . . . . . . . . . . . . . . . . . . . 122

5.2 CPE isolate biofilm formation . . . . . . . . . . . . . . . . . . . . . . 122

5.3 CPE isolate growth kinetics in TSBs . . . . . . . . . . . . . . . . . . 123

5.4 Validation of candidate KP20 . . . . . . . . . . . . . . . . . . . . . . 125

5.5 Check for loss of recombineering plasmid pACBSCE . . . . . . . . . . 126

5.6 Annotated cassette sequence from KP20 . . . . . . . . . . . . . . . . 127

5.7 KP20 biofilm and growth profiles . . . . . . . . . . . . . . . . . . . . 128

5.8 Planktonic conjugation frequencies . . . . . . . . . . . . . . . . . . . 129

5.9 Donor:recipient ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.10 Transconjugant colony PCR check . . . . . . . . . . . . . . . . . . . . 132

5.11 Transconjugant growth kinetics . . . . . . . . . . . . . . . . . . . . . 135

5.12 CPE16 and KP20 24 h biofilm . . . . . . . . . . . . . . . . . . . . . . 137

5.13 CPE16 and KP20 biofilm conjugation frequency . . . . . . . . . . . . 138

6.1 KP20/pCPE16 transconjugants replicon check . . . . . . . . . . . . . 152

12



6.2 Multidimensional scaling plot comparing lifestyles . . . . . . . . . . . 155

6.3 Differential expression of chromosomal genes heatmap . . . . . . . . . 157

6.4 Multidimensional scaling plot comparing transconjugant samples against

KP20 reference genome . . . . . . . . . . . . . . . . . . . . . . . . . . 159

6.5 Biofilm COG categories . . . . . . . . . . . . . . . . . . . . . . . . . 161

6.6 Exponential planktonic COG categories . . . . . . . . . . . . . . . . 162

6.7 Heatmap of differentially-expressed chromosomal genes (biofilm con-

dition) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

6.8 Heatmap of differentially-expressed chromosomal genes (planktonic

exponential condition) . . . . . . . . . . . . . . . . . . . . . . . . . . 165

6.9 Heatmap of common differentially-expressed chromosomal genes across

lifestyles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

6.10 Multidimensional scaling plot comparing transconjugant samples against

KP20/pCPE16_3 reference genome . . . . . . . . . . . . . . . . . . . 169

6.11 Heatmap of common differentially-expressed plasmid genes across

lifestyles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

6.12 Heatmap of differentially-expressed plasmid genes . . . . . . . . . . . 172

S1 Spectra for GFP and mCherry . . . . . . . . . . . . . . . . . . . . . . 254

S2 ’Total bacteria’ gate . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

S3 blaSHV chromosomal sequence in KP1 . . . . . . . . . . . . . . . . . . 256

S4 Hygromycin resistance cassette from pSIM18 . . . . . . . . . . . . . 257

S5 Predicted final sequence of inserted cassette . . . . . . . . . . . . . . 258

13



S6 Flow cytometry gating by fluorescence (volume parameter) . . . . . 259

S7 Predicted final sequence of inserted cassette . . . . . . . . . . . . . . 260

S8 CPE24 contig 4 match to chromosomal sequence . . . . . . . . . . . 261

S9 Amplified pSIM18 cassette . . . . . . . . . . . . . . . . . . . . . . . 263

S10 KP20 candidate on agar plates . . . . . . . . . . . . . . . . . . . . . 263

S11 Biofilm transconjugants PCR validation . . . . . . . . . . . . . . . . 264

S12 Biofilm conjugation assays (donor:recipient ratio) . . . . . . . . . . . 264

S13 Biofilm conjugation assays mixed populations CFU/mL . . . . . . . . 265

S14 Morphology comparisons of CPE16 and KP20 . . . . . . . . . . . . . 266

S15 Percentage variance MDS plots (lifestyle comparison) . . . . . . . . . 267

14





Abbreviations

+/- With/without
µg Micrograms
µL Microlitre
µM Micromolar
µs Microseconds
AMR Antimicrobial resistance
ANOVA Analysis of variance
A Absorbance
bp Base pair
CFU Colony forming units
COG Clusters of orthologous genes
CV Crystal violet
dNTP Deoxynucleotide triphosphate
DNA Deoxyribonucleic acid
dsDNA double stranded DNA
EDTA Ethylenediaminetetraacetic acid
FSC Forward scatter
g grams
x g Multiplied by gravity
GFP Green fluorescent protein
h Hours
Kb Kilobase
L Litre
LBB Lysogeny broth
LBA Lysogeny broth agar
Mb megabases
mg miligram
MIC Minimum inhibitory concentration
min minute(s)
mL millilitre
mm milimetre
mM millimolar
MDS Multidimensional scaling
nm nanometre
OD Optical density
PBS Phosphate buffered saline
PCR Polymerase chain reaction
RNA Ribonucleic acid
rpm Revolutions per minute
s second(s)
SD Standard deviation
SDW Sterile distilled water
SNP Single nucleotide polymorphism
SSC Side scatter
ssDNA single stranded DNA
TAE Tris acetate-EDTA
TC Transconjugant
TSBs Tryptic soy broth supplemented
T4SS Type 4 secretion system
V volt(s)
WGS Whole genome sequencing
WT Wild-type 2



3



Chapter 1

Introduction

1.1 Antimicrobial resistance

Antimicrobial resistance (AMR) is the ability of viruses, parasites, fungi and bac-

teria to overcome the effects of antimicrobial drugs. In a population exposed to

antimicrobials, resistant organisms are more likely to survive and reproduce than

susceptible organisms, thus leading to the resistant population becoming the ma-

jority (Figure 1.1). AMR remains an urgent unresolved international public health

issue because it limits treatment options for infections and impacts the effective-

ness of prophylaxis for other medical applications (O’Neill, 2016; Prestinaci et al.,

2015). Acknowledgement of the problem is increasingly reflected in focused public

research, development funding and action plans, along with campaigns to improve

public knowledge on AMR (CDC, 2020; Department of Health and Social Care, 2020;

Kelly et al., 2016; World Health Organization, 2015). Despite this, drug-resistant

infections continue to cause significant morbidity and mortality (Dadgostar, 2019).

Predictions indicate that this problem will have a major impact on routine medical

procedures and on mortality rates if the spread of resistance is not reduced (O’Neill,

2016).
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Figure 1.1: The evolution of antimicrobial resistance, using bacterial cells as an
example. A: Mixed population of susceptible (dark purple) and resistant (teal) bac-
terial cells. B: Upon encountering antibiotic stress (lightning bolt), the susceptible
population dies (now indicated in light purple). C: The resistant population can
proliferate and becomes the majority. Note: some cells may be tolerant to antibi-
otic stress and exist in a dormant state (not shown) (Gollan et al., 2019). Created
with BioRender.com.

1.2 Antibiotic resistance

Resistance to antibiotics, a subgroup of antimicrobial agents which target bacteria

(O’Neill, 2016), has been a concern since these drugs were first introduced clinically.

However, for a period, new agents were developed at such a rate that the impact of

AMR was not in the public consciousness (Ventola, 2015). Now there is a lack of

new drugs, especially against Gram-negative organisms (Hawkey et al.; Kmietowicz,

2017). AMR has become critical due to an increased incidence of resistant infec-

tions and treatment failures (Currie et al., 2014; Smith et al., 2015). Clinicians

are increasingly forced to treat patients with toxic antibiotic drugs because infect-

ing organisms are resistant to previously-effective treatment options (Dookie et al.,

2016). Human actions and behaviour provides strong selective pressure for mainte-

nance or development of resistance, above that present in nature (Bengtsson-Palme

et al., 2018; Fair and Tor, 2014; Holmes et al., 2016). This includes overuse of antibi-

otics (Ventola, 2015), release of antibiotics into the environment (Davies and Davies,
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2010) and use of these agents in agriculture and food production (Ayukekbong et al.,

2017), although controlled use will still provide selective pressure for resistance evo-

lution (Bell and MacLean, 2018). There is a need for behavioural change to reduce

resistance, such as an overhaul of prescribing practices using antimicrobial stew-

ardship programmes (Doron and Davidson, 2011). In addition, the development of

new drugs to treat resistant infections is urgently required (O’Neill, 2016). History

indicates that the evolution of resistance to antibiotics is likely inevitable (Ventola,

2015), and some researchers argue that the development of evolution-proof antibi-

otics is unlikely (Bell and MacLean, 2018). Alternative methods to treat infectious

diseases are thus needed (Stanton, 2013). Long-term solutions to the problem of

AMR will require a combined approach of new antibiotics, improved infrastructure

for waste management, access to clean water and better hygiene practices (O’Neill,

2016; Stanton, 2013).

1.2.1 Resistance mechanisms

Mechanisms of resistance to antibiotics can be acquired or intrinsic. For example,

a bacterium can acquire a resistance gene from another bacterium or may lack a

particular drug target (Blair et al., 2015). Intrinsic mechanisms relate to existing

features that act to reduce drug susceptibility. Examples include the outer mem-

brane present on the Gram-negative bacterial cell wall, which is a structural barrier

that prevents some drugs from entering the cell (Blair et al., 2011), or the presence

of efflux pumps, which can remove unwanted agents from the cell such that a greater

environmental antibiotic concentration is required for inhibition (Blair et al., 2014,

2015). Antimicrobial resistance mechanisms can vary between species and there may

be multiple routes leading to resistance to a given drug class (Munita and Arias,

2016).

Acquired resistance is thought to contribute more to clinical treatment challenges

(Munita and Arias, 2016). This resistance relates to chromosomal mutations and
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resistance genes, the products of which can induce gene expression changes (e.g. to

cause de-repression), modify drug targets (e.g. by methylation), inactivate drugs

(e.g. by hydrolysis) and bypass metabolic pathways (e.g. by overproduction of tar-

get sites so there are more target sites than drug molecules to act on them) (Blair

et al., 2015; Munita and Arias, 2016). One of the most notable and problematic

examples of resistance resulting from drug inactivation involves carbapenemase en-

zymes (Meletis, 2016).

1.3 Mechanisms of carbapenem resistance

Carbapenems are frequently-used, well-tolerated beta-lactam drugs effective against

a wide range of bacterial pathogens (Hawkey and Livermore, 2012; Papp-Wallace

et al., 2011; Ur Rahman et al., 2018). These antibiotics are especially valuable when

resistance has arisen to alternative drugs like the penicillins, and cephalosporins,

and as such are viewed as a last-resort against otherwise resistant Gram-negative

bacterial infections (Papp-Wallace et al., 2011). The carbapenems, like the other

beta-lactams, exert their bactericidal effect through binding to the penicillin bind-

ing proteins on the bacterial cell wall and inhibiting cell wall synthesis (Bush and

Bradford, 2016). Unfortunately, resistance to carbapenems is increasingly reported

(De Oliveira et al., 2020). This is mostly attributed to the carriage of carbapenem

resistance genes, which encode enzymes that hydrolyse the beta-lactam ring and ren-

der the antibiotics inactive (Bush and Bradford, 2016; Cui et al., 2019), but target

modification and other routes can also result in resistance (Zeng and Lin, 2013).

Beta-lactamases, of which carbapenemases are a sub-group (Queenan and Bush,

2007), can be classified based on their sequence into Ambler groups A-D, although

additional classification systems based on function may be used (Bush and Jacoby,

2010). Carbapenemases are encoded by a variety of beta-lactamase (bla) genes such

as blaNDM (New Delhi Metallo-beta-lactamase), blaKPC (Klebsiella pneumoniae car-
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bapenemase) and blaOXA-48-like (oxacillinase), the products of which can be grouped

on the basis of the co-factor they use for drug hydrolysis (Cui et al., 2019; Lisa et al.,

2017; Nordmann et al., 2011; Papp-Wallace et al., 2011; Sheu et al., 2019; Yang et al.,

2021). Newly identified homologous enzymes are named using consecutive number-

ing (Bush and Bradford, 2019). First reported more than 20 years ago in the United

States (Yigit et al., 2001), KPC carbapenemases, which use a serine in the active

site for hydrolysis, are now found worldwide in Gram-negative bacteria, particularly

in K. pneumoniae. KPC enzymes are currently the most widespread of the serine

co-factor group (Bush and Bradford, 2019; Kazmierczak et al., 2016).The NDM en-

zymes, which use a zinc co-factor, were recently identified. The first member of this

group was reported in 2008 from a K. pneumoniae urine isolate from India (Yong

et al., 2009). Unlike the more restricted spread of some of the other metallo-beta-

lactamases, NDM enzymes are now found worldwide (Bush and Bradford, 2019).

The degree of resistance is dependent on the enzyme (its activity and expression)

as well as host-specific factors (Queenan and Bush, 2007). Carbapenem resistance

genes can be present on the chromosome and on plasmids, leading to diverse means

of spread within bacterial populations (David et al., 2020).

1.3.1 Treatment of carbapenem-resistant infections

Treatment of infections caused by organisms carrying carbapenem resistance genes

can sometimes only be achieved by using toxic drugs of last resort such as polymyxins

(Rodríguez-Baño et al., 2018). This is because beta-lactamase-producing (includ-

ing carbapenemase-producing) organisms often carry genes conferring resistance to

other drug classes (Paterson and Bonomo, 2005; Rodríguez-Baño et al., 2018). The

mortality rate associated with infections caused by carbapenem-resistant Enterobac-

teriaceae (CRE) is high. For example, for bloodstream infections in particular, in

one study in a hospital in the United States CRE was reported to cause death in

approximately 50% of cases (Patel et al., 2008). This problem is compounded if
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initial treatment is inappropriate due to the multidrug resistance of the infecting

organism(s) (Livermore, 2009). One CRE which causes significant global disease

burden is K. pneumoniae (Wyres and Holt, 2022).

1.4 K. pneumoniae

Multidrug resistant K. pneumoniae has been listed as a ‘priority pathogen’ by The

World Health Organization, indicating that research into this organism is of high im-

portance (Tacconelli et al., 2017). K. pneumoniae often carries multiple AMR genes

and contributes to their spread by transferring these genes to other Gram-negative

bacteria (Wyres and Holt, 2018). This is a ubiquitous rod-shaped organism which

can act as an opportunistic pathogen in both human and other animal hosts (Mar-

tin and Bachman, 2018; Wyres et al., 2020a; Yang et al., 2019). This usually non-

motile bacterium is a facultative anaerobe and is found to colonise the intestines,

mouth and skin in its role as a commensal in humans (Carabarin-Lima et al., 2016;

Guo et al., 2012; Martin and Bachman, 2018; Pope et al., 2019). For its infectious

lifestyle, K. pneumoniae makes use of a set of factors including a capsule (a pro-

tective polysaccharide coating around the cell which aids immune evasion), fimbriae

(proteins arranged in a filament which aid adhesion), lipopolysaccharide (LPS) and

iron-capturing siderophores to facilitate pathogenicity (Figure 1.2) (Clegg and Mur-

phy, 2016; Gomes et al., 2021; Hsieh et al., 2012; Mol and Oudega, 1996; Struve

and Krogfelt, 2003). In an infection context, some or all of these factors facilitate

K. pneumoniae survival as it infects its host (Paczosa and Mecsas, 2016).
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Figure 1.2: Section of the K. pneumoniae cell envelope and cytoplasm. The main
virulence factors that may be used by K. pneumoniae are indicated: capsule, fim-
briae, LPS (lipopolysaccharide) and siderophores, where the text box fill colours
correspond to the colour of the feature in the figure. Created with BioRender.com.

1.4.1 K. pneumoniae colonisation and disease

K. pneumoniae strains can be split into two pathotypes on the basis of the infec-

tions they tend to cause (Figure 1.3) (Russo et al., 2018). Classical K. pneumoniae

generally cause infections in hospitals such as urinary tract infections (UTI) and

pneumonia in the immunocompromised (Choby et al., 2020; Holt et al., 2015). In

contrast, hypervirulent K. pneumoniae strains, so defined because they usually pro-

duce extensively mucoid colonies and show a greater ability than classical strains to

withstand killing in ‘virulence’ assays (Russo et al., 2018), ordinarily cause invasive

infections such as liver abscesses in the immunocompetent (Choby et al., 2020). The

spread of pathogenic K. pneumoniae adds to a challenging disease burden from this

organism. For example, K. pneumoniae is a leading cause of UTI. These common

infections impact millions of people globally, both in terms of health and economic

consequences. Recurrence may be frequent and AMR strains complicate treatment

(Flores-Mireles et al., 2015). Intestinal colonisation by K. pneumoniae is reported

as a pre-disposing factor for development of subsequent infection (Struve et al.,
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2009). Indeed, intestinal colonisation was associated with later disease in a recent

nosocomial outbreak of bloodstream infections caused by multidrug resistant K.

pneumoniae, where second-line antibiotics were required. Closely-related isolates to

those from the outbreak have been detected internationally (Martin et al., 2021).

Community-acquired (usually antibiotic-sensitive (Martin and Bachman, 2018)) and

antimicrobial-resistant infections are reported with increasing frequency (Paczosa

and Mecsas, 2016).

Figure 1.3: Examples of typical features of ’classical’ and ’hypervirulent’ K. pneu-
moniae. Created with BioRender.com.

1.4.2 Drug-resistant K. pneumoniae infections

A challenging aspect of treating hospital-acquired K. pneumoniae infections is that

they are often resistant to multiple antimicrobial drugs, mirrored in the large num-

ber of AMR genes carried by circulating strains (Bassetti et al., 2019; Wyres et al.,

2020a). The effect of AMR gene carriage is reflected in patient outcomes. For exam-
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ple, pooled mortality rates for patients infected with carbapenem-resistant strains

can be higher than 40% according to a recent estimate (Xu et al., 2017). Although

hypervirulent strains are usually susceptible to antimicrobials, there are reports of

hypervirulent-AMR strains leading to hybrid phenotypes (Gu et al., 2018; Shankar

et al., 2020). Recent evidence suggests that virulent strains are more likely to ac-

quire AMR than AMR strains are to acquire virulence determinants (Lam et al.,

2021). Although relatively rare at the moment, convergence of these phenotypes

has been found internationally (Lam et al., 2021). In addition, reports of plasmids

carrying both virulence and AMR determinants raises the possibility of horizontal

transfer (Wyres et al., 2020b). This trend is concerning because it may increase the

risk of treatment failure (Lam et al., 2021; Xu et al., 2019). Globally, drug resis-

tant K. pneumoniae is a growing problem, which has led to work to understand the

phylogenetic relatedness of this species (Holt et al., 2015).

1.4.3 Epidemic clones and plasmids

Some clones of K. pneumoniae have been more successful than others at spreading

AMR internationally, for example via animals, medical settings and the environ-

ment (Navon-Venezia et al., 2017). These ‘high-risk’ clones can be described by

their sequence type (assigned by Multilocus Sequence Typing, MLST), which facili-

tates use of this existing classification system for comparative studies (Wyres et al.,

2020a). Current examples include ST258 (and its close relative ST512), ST147 and

ST14 amongst others, which have all been reported to carry AMR genes and be

implicated in outbreaks. For example, a multidrug resistant clone of ST147 was

recently implicated in an outbreak in Italy (Martin et al., 2021). However, some

clones may provide a large disease burden without being multidrug-resistant, or

may be problematic locally. It is thought that the expansion of clones, rather than

horizontal gene transfer (HGT), is principally responsible for the spread of AMR

K. pneumoniae. However, the impact of HGT is nonetheless a contributing factor
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(Navon-Venezia et al., 2017; Wyres et al., 2020a).

Potentiating the high-risk clones are mobile genetic elements such as plasmids, which

can associate with them and contribute multiple AMR genes. For example, ST258

has been reported to stably carry the epidemic plasmid pKpQIL, which itself carries

blaKPC-3 on a transposon (Tn4401a) (Navon-Venezia et al., 2017). Indeed, it has

been demonstrated in a recent study of patient-isolated K. pneumoniae genomes

that a small number of clones are responsible for the majority of K. pneumoniae

carbapenem resistance gene carriage in Europe, and that hospitals provide a route

for dissemination (David et al., 2019). However, the picture is not clear cut. Using

the same set of genome sequences in a parallel study, David et al. showed that in

addition to via clonal spread (e.g. blaKPC), carbapenem resistance genes can also

be transferred through carriage on a single plasmid (e.g. pOXA-48) or via multi-

ple plasmid transfer events to diverse K. pneumoniae hosts (David et al., 2020).

This further highlights that plasmids have a key role in the dissemination of car-

bapenem resistance genes. In combination, horizontal and vertical transmission of

carbapenem resistance genes has led to the current carbapenem-resistance problem

(Ferreira et al., 2021), and it is therefore vital that all of the processes and set-

tings contributing to carbapenem resistance gene transmission are studied. One

prominent process that can lead to carbapenem resistance is HGT (Potter et al.,

2016).

1.5 Horizontal gene transfer in Gram-negative

bacteria

Cell division is responsible for the vertical transmission of genetic information from

a parent cell to offspring (Reyes-Lamothe and Sherratt, 2019; Rothfield and Justice,

1997). In bacteria, mechanisms for DNA transfer between cells, known as HGT,

significantly contribute to adaptation and evolution (Lorenzo-Díaz et al., 2017).
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For example, HGT can deliver genes within and between species, can occur quickly

and facilitate responses to new environmental conditions (Dimitriu et al., 2019; Król

et al., 2013; Nolivos et al., 2019; Norman et al., 2009; Vogan and Higgs, 2011; Woods

et al., 2020). Nonetheless, most occurrences of horizontal transfer are not likely to

provide a benefit (Hall et al., 2020; Vogan and Higgs, 2011). Several mechanisms of

HGT have been reported including transduction (DNA uptake facilitated by bacte-

rial viruses (bacteriophage)), transformation (DNA uptake from the environment),

conjugation (pilus-mediated DNA transfer between neighbouring cells) and other

routes (such as via vesicles) (Figure 1.4) (Thomas and Nielsen, 2005; Tran and

Boedicker, 2019). Despite this variety of HGT routes, not all bacterial species use

all of these mechanisms (Thomas and Nielsen, 2005). Although acquiring chromoso-

mal mutations can lead to drug resistance, the rapid global spread of AMR has been

mainly attributed to HGT of plasmids carrying resistance determinants (Knopp and

Andersson, 2018; Pornsukarom and Thakur, 2017). For K. pneumoniae, both bac-

teriophage and plasmid-mediated HGT are thought to be common (Wyres et al.,

2019). Due to its large impact on the transmission of plasmids and AMR genes

(Cabezón et al., 2015; Carattoli, 2013; San Millan and MacLean, 2017), plasmid

transfer by conjugation will be the focus of this work.
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Figure 1.4: Overview of the main horizontal gene transfer mechanisms. A: Trans-
duction mediated by a bacteriophage which injects DNA into a host cell. B: Trans-
formation, where naked DNA (here illustrated by a red and blue helix) is taken up
from the environment. C: Conjugation, where DNA is transferred from a donor to a
recipient cell via a pilus. Here a Gram-negative bacterial cell is shown, and a single
strand of plasmid DNA is transferred to the recipient cell. See Figure 1.5 for more
information on conjugation. Created with BioRender.com.

1.5.1 Conjugation

Although conjugative elements are not limited to plasmids (Burrus et al., 2002),

other elements are beyond the scope of this work. While much is still undetermined

about the precise order and steps of conjugation, the general process can be described

(Figure 1.5) (Waksman, 2019). Conjugation in Gram-negative bacteria involves the

transfer of single-stranded DNA (ssDNA) from a donor to a recipient cell (De La

Cruz et al., 2010). To transfer by conjugation, plasmids must carry genes encoding

products for mating pair formation (the coming together of the donor and recipi-

ent cells (Schröder and Lanka, 2005)) and subsequent DNA transport via a Type 4

Secretion System (T4SS) (Norman et al., 2009; Ramsay and Firth, 2017), which as-

sembles to produce a pilus/channel (Waksman, 2019). Conjugation requires energy

(De La Cruz et al., 2010), and close cell proximity or cell-cell contact effected by

a pilus which, depending on the type, may extend and retract dynamically (Clarke

et al., 2008; Waksman, 2019).
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A donor cell containing a plasmid to be transferred attaches via a pilus to a recipient

cell (Arutyunov and Frost, 2013; Hu et al., 2019). The plasmid DNA is nicked by

the relaxase (part of the relaxosome nucleoprotein complex which also contains some

additional proteins) at the nic site at the origin of transfer (oriT ) and split into

two single strands (De La Cruz et al., 2010; Ilangovan et al., 2017). The relaxase

attaches to the 5’ end of a DNA strand (Arutyunov and Frost, 2013; Graf et al.,

2019) and this complex is transferred through the T4SS channel into the recipient

cell (Álvarez-Rodríguez et al., 2020; Dostál et al., 2011; Gruber et al., 2016). Mating

pair formation and DNA transport processes are linked by a coupling protein via

delivery to and interaction with the relaxosome-DNA complex at the T4SS channel

(Álvarez-Rodríguez et al., 2020; Ramsay and Firth, 2017). Once transferred the

ssDNA is circularised by the relaxase and replicated to form dsDNA (replication

also occurs in the donor cell) (Graf et al., 2019). The recipient is now known as

a transconjugant and may be able to donate the plasmid on to new recipient cells

(Alderliesten et al., 2020; Graf et al., 2019). In a new cell, plasmid genes might

be expressed to a higher or lower level (e.g. accessory AMR genes (Guiney et al.,

1984)) due to strain background differences (Miyakoshi et al., 2009), so a phenotype

may not be maintained to the same degree in a new host.
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Figure 1.5: Conjugation overview in Gram-negative bacteria. 1: A donor cell (blue)
contacts a recipient cell (purple) via a pilus. 2: Plasmid DNA is nicked by the
relaxase at the origin of transfer. A single strand is transferred by the relaxosome
nucleoprotein complex to the recipient cell. 3: The ssDNA is circularised by the
relaxase and replicated to dsDNA in the donor and the recipient. The recipient
containing the transferred plasmid is known as a transconjugant, which may pass
on the plasmid to a new recipient cell. Created with BioRender.com.

1.5.2 Studying conjugation

Conjugation has traditionally been studied using plating assays where transconju-

gants are selected on antibiotic-containing media (Bethke et al., 2020). To perform

these experiments, the donor and recipient strain must have different drug resis-

tance profiles, such that the donor will be inhibited by the antibiotic used to se-

lect the recipient, and vice versa. Resulting transconjugants can then be selected

for and counted on dual antibiotic agar, and mixed populations can be plated on

single antibiotics to select and quantify donors and recipients. Although colony

forming units (CFU)/mL determination is considered the ‘gold-standard’ approach,
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these assays are restricted by the need to use donors and recipients with distinct

resistance profiles. Suitable donors/recipients can be challenging to find when us-

ing multidrug-resistant strains as this may limit the available selective antibiotics.

In addition, these assays provide a relatively slow and low-throughput method for

transconjugant quantification, as culturing of resultant transconjugant colonies is

required before counting (Alderliesten et al., 2020). It is also possible that colonies

may result from overlapping cells on an agar plate, leading to an underestimation

of the number of transconjugant, donor and recipient colonies. The need for serial

dilution of culture may also contribute error (Chase and Hoel, 1975; Hazan et al.,

2012).

Alternative methods for studying conjugation, for example those using microscopy

(Carranza et al., 2021) or high-throughput genetic screening (Alalam et al., 2020),

have been developed to complement plating assays, which are still required for val-

idation (Alalam et al., 2020; Carranza et al., 2021). Techniques such as flow cy-

tometry, which employs a stream of fluid to separate samples into single cells before

passing them through a laser beam and collecting information about their properties

(Wilkinson, 2018), are also promising for this application (Figure 1.6). Flow cytom-

etry can provide multiparametric information about thousands of individual cells

and allow sub-populations to be identified without the need for culture (Álvarez-

Barrientos et al., 2000). Flow cytometry has been used successfully in the past

to monitor conjugation in bacterial populations, for example using donors contain-

ing fluorescently-tagged conjugative plasmids (Buckner et al., 2020; Sørensen et al.,

2003).
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Figure 1.6: Simplified flow cytometer schematic. Cell suspensions are focused to
single cells before they pass the laser interrogation point. Here, cells scatter the
light. This information can be detected to give information about individual cells.
Created with BioRender.com.

1.5.3 Conjugative plasmids

Plasmids are semi-autonomously replicating, typically circular DNA elements which

are distinct from the bacterial chromosome (Carroll and Wong, 2018; Norman et al.,

2009). They form part of the accessory genome (Jackson et al., 2011; Tazzyman

and Bonhoeffer, 2015), and genes they carry may provide an advantage to the host

under certain conditions (Wein et al., 2021). Plasmids themselves carry a set of core

genes which facilitate their continued proliferation and can be used for classification

(Orlek et al., 2017).

Conjugative plasmids carry a ‘backbone’ of genes encoding essential functions (Fig-

ure 1.7). These can be broadly divided into three categories: genes for replication,
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stability and propagation. Replication genes include those for low copy-number

(<10 copies/cell) maintenance to reduce the metabolic burden of plasmid carriage

(Ni et al., 2021; Norman et al., 2009). Considering plasmid stability, active parti-

tioning (par) genes are needed to ensure that a copy of the plasmid remains present

in daughter cells (Baxter and Funnell, 2014). Addiction/post-segregational killing

systems, such as toxin-antitoxin systems where a toxin will kill any daughter cells

without the antitoxin, may also be present to prevent plasmid-free cell survival

(Kroll et al., 2010; Norman et al., 2009). This is in contrast to cells containing high

copy number, non-conjugative plasmids, where the random distribution of plasmids

within the cell before division may be sufficient to ensure plasmid maintenance in

daughter cells (Norman et al., 2009). Propagation genes refer to those genes re-

quired for production of conjugative transfer machinery. Conjugative plasmids may

also carry additional features via accessory genes that, when present in a host cell,

may confer a benefit in particular environmental conditions (Norman et al., 2009).

For example, the conjugative plasmid pQBR103 in Pseudomonas provides resistance

to mercury (Kottara et al., 2018), and the conjugative plasmid pKpQIL provides

resistance to carbapenem antibiotics in species including K. pneumoniae (Doumith

et al., 2017; Leavitt et al., 2010).

Conjugative plasmids contribute to evolution by facilitating HGT across species

boundaries which permits widespread gene sharing and environmental adaptation.

These plasmids are usually large (>30 kb) and can be costly to carry although

host-plasmid co-evolution can contribute to fitness cost reduction (Harrison and

Brockhurst, 2012; Ni et al., 2021; Norman et al., 2009). Other HGT mechanisms,

transformation and transduction, are restricted by requirement for competence and a

narrow host-range respectively (Norman et al., 2009). Although many cells in a pop-

ulation may contain a particular conjugative plasmid, signals indicating favourable

conditions, such as sufficient population density, are required for transfer compe-

tence of (some) donors. Even with an induction signal, the majority of donor cells

will not become competent for conjugation (Bingle and Thomas, 2001; Koraimann
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and Wagner, 2014). Plasmids can be transferred into new hosts by conjugation, but

not all plasmids have the required transfer machinery (Prensky et al., 2021).

Figure 1.7: Schematic of the structure of mobilisable and conjugative plasmids. A
bacterial cell containing a chromosome and two plasmids is shown. Larger scale
(A) mobilisable and (B) conjugative plasmids are indicated. Plasmid genes can
be classified on the basis of their function. For mobilisable plasmids, the minimum
requirement for transfer is an oriT sequence, although mobilisation (mob) genes may
be present. Conjugative plasmids generally contain genes for replication, stability
and transfer. Both plasmid types may contain accessory genes such as AMR genes
which may be beneficial in some environments. Created with BioRender.com.

1.5.4 Plasmid mobilisation

Non-conjugative plasmids can transfer by making use of machinery from a conjuga-

tive plasmid present in the same cell (Orlek et al., 2017). In this case, the plasmid

is known as mobilisable. The minimum requirement for mobilisation of a plasmid

is now thought to be the presence of an oriT sequence (Ramsay and Firth, 2017).

In fact, there is increasing appreciation for the lesser-studied small mobilisable plas-

mids, for example in co-transfer with conjugative plasmids carrying antimicrobial

resistance genes (Barry et al., 2019) or themselves as vectors of AMR gene spread
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(Moran and Hall, 2017). Indeed, traditional conjugation experiments may miss

transfer of mobilisable plasmids if they are selecting only for a conjugative plasmid

of interest. The contribution of plasmid mobilisation to bacterial evolution may be

underestimated (Rodríguez-Beltrán et al., 2021).

1.5.5 F-type plasmids: classification

Of the different types of plasmids, F-type conjugative plasmids are perhaps some

of the best-studied (Fernandez-Lopez et al., 2016). The prototypical F plasmid was

first identified by Lederberg and Tatum as a “fertility factor” in 1946 (Hu et al.,

2019; Lederberg and Tatum, 1946), and it later emerged that unlike the other F-

type plasmids studied to date (Koraimann, 2018), conjugative transfer of this plas-

mid is de-repressed due to a mutation in a negative regulator of the process, FinO

(Yoshioka et al., 1987). The F-type plasmids were originally grouped together on

the basis of their experimentally-determined incompatibility profile but remain clus-

tered when updated grouping, for example using signature plasmid PCR targets or

relaxase (mob) gene similarity, is used for classification. F-type plasmids can be

further sub-divided based on plasmid multilocus sequence typing (pMLST) which

classifies using allele differences (Rozwandowicz et al., 2018). As well as shared

features, F-type plasmids exhibit diversity, such as in their accessory gene content

(Fernandez-Lopez et al., 2016). They may also carry multiple replicons of different

types, which is thought to aid in their dissemination and in overcoming incompati-

bility (Rozwandowicz et al., 2018; Villa et al., 2010).

1.5.6 Genetic organisation of F-type conjugation modules

In F-type plasmids, conjugation genes are typically present on a discrete module

(Norman et al., 2009), generally arranged in an approximately 33 kb operon (Frost

et al., 1994) under the control of the Py promoter (Figure 1.8). Regulators of this
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promoter include the plasmid-encoded activator protein TraJ (which is itself nega-

tively regulated post-transcriptionally by FinP (anti-sense RNA) and its chaperone

FinO (Fernandez-Lopez et al., 2016) and the positively-acting chromosomal regula-

tor ArcA (Lu et al., 2019). Although there are approximately 40 conjugation genes

on the prototypical F plasmid conjugation module, not all are essential for con-

jugation or conserved across F-type plasmids (Fernandez-Lopez et al., 2016; Frost

et al., 1994). Perhaps due to the energy requirement for expression of the conjuga-

tion machinery, the operon is ordinarily repressed (Frost et al., 1994; Norman et al.,

2009). When the operon is expressed (which happens due to an as-yet-undefined

signal), conjugation is thought to happen in a small proportion of the population

(Koraimann and Wagner, 2014). However, temporary de-repression of conjugation

module genes may occur in new donor cells (transconjugants) (Frost et al., 1994).

Figure 1.8: Overview of the regulation of conjugation modules in F-type plasmids.
The Py promoter controls expression of the conjugation module which contains genes
required for plasmid transfer. The TraJ protein activates Py upon induction by an
unknown signal (indicated by a plus sign). TraJ itself is negatively regulated post-
transcriptionally (indicated by a ‘minus’ sign) by the antisense RNA FinP, which is
accompanied by its chaperone FinO. The default state of the Py promoter is ‘off’.
Created with BioRender.com.
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1.6 Plasmid features

In addition to performing specific functions for the plasmid, genes carried on plas-

mids may affect expression of chromosomal genes (and vice versa) or act directly or

indirectly to alter host cell phenotypes (Gama et al., 2020; Hall et al., 2021; Mad-

sen et al., 2016). For example, some reports identify a positive association with

biofilm formation and carriage of plasmids with conjugation modules (Gama et al.,

2020; Ghigo, 2001). This is thought to relate to the potential for conjugative pili

to facilitate adhesion (Gama et al., 2020). Additionally, plasmid genes conferring

resistance to, for example, antimicrobials or heavy metals may permit host survival

in the presence of these substances (Carroll and Wong, 2018). Genes on plasmids

are also subject to the effect of the increased copy number of plasmids compared to

the chromosome. Multiple plasmid copies produce multiple gene copies which can

amplify gene expression to impact phenotype (Rodríguez-Beltrán et al., 2021). For

example, higher copy number of a plasmid encoding blaOXA-232 was determined to

be a plausible cause of increased carbapenem resistance in a K. pneumoniae clinical

isolate (Shen et al., 2020). Plasmid sequences are also more likely to recombine

compared to the chromosome, in part due to the presence of transposable elements

and their action (discussed further in section 1.7). This may explain the large pro-

portion of publicly available plasmid sequences that are hybrids of more than one

original sequence, and the difficulty in using phylogenetic trees to illustrate plasmid

evolutionary relationships (Matlock et al., 2021; Rodríguez-Beltrán et al., 2021).

1.6.1 Plasmid carriage and fitness

It has been suggested that a beneficial plasmid gene will be integrated into the host

chromosome and that costly plasmids will be lost without selection (Dorado-Morales

et al., 2021). Nonetheless, plasmids are widespread and, as discussed above, there

may be additional (e.g. recombination or expression) benefits to carrying genes on a
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plasmid (Dorado-Morales et al., 2021; Matlock et al., 2021; Rodríguez-Beltrán et al.,

2021).

Although plasmids can benefit their host cell, plasmid carriage is frequently reported

to be energetically costly. Despite this, some plasmids can be maintained without

positive selection, calling into question the ‘metabolic burden’ argument. This cost-

benefit conflict has been termed the ‘plasmid paradox’ (Carroll and Wong, 2018;

Harrison and Brockhurst, 2012) and explanations for this phenomenon are currently

incomplete (Carroll and Wong, 2018). Compensatory evolution through mutation

may act to reduce cost-of-carriage. Recent work has introduced the idea that fitness

costs (here defined as causing a reduction in successful reproduction and survival

(Orr, 2009)) may relate to gene conflicts (Hall et al., 2021), putting into question the

broader ‘metabolic burden’ explanation (Hall et al., 2021; San Millan and MacLean,

2017). However, not all plasmids produce a fitness cost for the host, and some plas-

mids may increase fitness without selection (Carroll and Wong, 2018). For example,

a recent study determined that carriage of the pOXA-48_K8 plasmid was of benefit

for some patient gut microbiota isolates on the basis of competition experiments

and growth assays (Alonso-del Valle et al., 2021). Another recent study found that

some E. coli strains which acquired the pLL35 plasmid had enhanced growth versus

the plasmid-free recipient (Dunn et al., 2021). In work comparing two pKpQIL-like

plasmids, gene expression changes rather than mutations were sufficient to reduce

plasmid carriage costs (Buckner et al., 2018). The cost-benefit balance may switch

quickly upon encountering new environmental conditions (Heuer et al., 2008), and

host background can have a large impact on fitness (Alonso-del Valle et al., 2021).

1.7 Mobilisation of resistance genes

Horizontal transfer of resistance genes is a major route of AMR transmission (Vran-

cianu et al., 2020). These genes (and others) are often associated with intracellular

22



mobile genetic elements like Insertion Sequences (IS) (Partridge et al., 2018; Razavi

et al., 2020; Vrancianu et al., 2020). IS are simple transposable elements usually

carrying only a transposase gene (for their own transfer) and generally flanked by

inverted repeat sequences (containing the target for the transposase enzyme) (Fig-

ure 1.9). Direct target DNA repeats which result from target site duplications of a

given (characteristic) length may also be present outside of the inverted repeats due

to the mechanism of DNA insertion (Mahillon and Chandler, 1998; Siguier et al.,

2014).

Figure 1.9: General structure of an Insertion Sequence (IS). A transposase gene, for
transport of the IS, is flanked by a pair of inverted repeat sequences. Direct target
repeats, which result from duplication of the IS target site, may also be present.
Created with BioRender.com.

IS are likely the most common intracellular mobile genetic elements (Siguier et al.,

2014). They can facilitate the transfer of resistance genes either to new locations

between or within intercellular mobile genetic elements such as plasmids, between

intercellular mobile genetic elements and the chromosome (and vice versa), or within

the chromosome (Consuegra et al., 2021; Razavi et al., 2020; Vandecraen et al.,

2017; Vrancianu et al., 2020). Flanking of an AMR gene(s) by a pair of IS (forming

a structure called a composite transposon), or in some cases a single IS, can be

sufficient for mobilisation of cargo gene(s) (Partridge et al., 2018; Vandecraen et al.,

2017).

Interestingly, it appears that IS26, which is often found clustered around AMR genes

in Gram-negative bacteria, may be more likely to transfer into locations where an
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existing copy is already present. This may indicate a target preference where many

IS do not appear to have one (Harmer et al., 2014; Partridge et al., 2018). Apart

from transferring genes, IS can also exert other effects. For example, IS insertion can

inactivate a gene through interrupting its sequence, positively affect gene expression

by providing an upstream promoter sequence (Vandecraen et al., 2017), or delete

regions of sequence (Siguier et al., 2014). Gene copy number (e.g. due to carriage on

a multicopy plasmid) as well as the variant of a gene (e.g. blaKPC-2 versus KPC-3 may

also affect level of phenotypic resistance (Dimitriu et al., 2021; Stoesser et al., 2017).

Overall, plasmids, in concert with other mobile genetic elements like IS contribute

significantly to AMR gene spread (Partridge et al., 2018).

1.8 Insights from genome sequencing

A deeper insight into the biology of K. pneumoniae, such as tracking of resistance

genes and infection monitoring and management, is aided by tools such as whole

genome sequencing (WGS). WGS has enabled an in-depth look at K. pneumo-

niae population structure, and revealed large diversity within the species’ accessory

genome (defined as the genes that are not shared by all K. pneumoniae) (Wyres

et al., 2020a). It has also permitted closely-related species within the K. pneumoniae

species complex to be identified where otherwise these would be indistinguishable

by standard laboratory tests (Figure 1.10) (Rodrigues et al., 2019).
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Figure 1.10: Whole-genome-based tree showing the phylogenetic relationships be-
tween K. pneumoniae, its close relatives in the K. pneumoniae species complex (red
branches), other select members of the Klebsiella genus (black branches) and fam-
ily Enterobacteriaceae (grey branches). The tree was inferred from mash distances
of representative whole genome sequences. Scale bar is the estimated average nu-
cleotide divergence. Figure and shortened legend reproduced with permission from
Wyres et al. (2020a).

Large-scale genomic studies investigating K. pneumoniae have facilitated identifica-

tion of dominant lineages, resistance profiles and distribution (Wyres et al., 2020a).

Typing schemes have been applied or developed to aid this process and provide a

common starting point for comparison between studies. Examples include MLST,

where each allele of seven housekeeping genes is assigned a number and the al-

lele combination has a unique number signature (Diancourt et al., 2005), and core

genome MLST, which makes use of a set of highly conserved core genes (cgMLST)

(Bialek-Davenet et al., 2014). cgMLST also uses number assignment for alleles, but

uses a far larger number of genes to improve the resolution (de Sales et al., 2020).

In conjunction with curated databases such as ResFinder (for known AMR genes)
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(Bortolaia et al., 2020) and PlasmidFinder (for known plasmid replicons) (Carat-

toli et al., 2014) isolates can be sequenced, classified and interrogated for features

of interest. As tools are built upon and improved, existing sequences can be re-

queried and conclusions updated to reflect any new findings (Anjum et al., 2017).

With ever-increasing numbers of publicly-available bacterial genomes (Land et al.,

2015), alongside community-driven development of a variety of open-source analysis

pipelines, such as Unicycler for genome assembly (Wick et al., 2017b) and compar-

ative visualisation tools such as Microreact (Argimón et al., 2016), sequencing data

continues to provide a rich data source (Argimón et al., 2016).

1.8.1 Combining short- and long-read WGS technologies

An accurate and cost-effective WGS technology is Illumina short-read sequencing

(Wick et al., 2017a). However, one limitation of this method is that it cannot

decipher repetitive regions of sequence and therefore struggles to resolve plasmid

sequences (De Maio et al., 2019). The creation of hybrid genome assemblies, which

combine short-read and long-read (such as Oxford Nanopore) sequencing data, is a

suitable method for resolving plasmids (Figure 1.11). The long-read data aids in re-

solving genome structure as it can create reads longer than repetitive regions, whilst

the accuracy of the short-read data is retained (Wick et al., 2017a). Such data can

provide information on the presence of AMR genes and plasmids in clinical isolates

(George et al., 2017). This is important because, for example, a single plasmid

can provide a reservoir of multiple resistance genes (Darphorn et al., 2021). There-

fore, identification of plasmid sequences is essential to the successful monitoring of

antimicrobial resistance.
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Figure 1.11: Schematic of hybrid genome assembly methods. (A) WGS is carried
out using two methods to produce short and long reads. (B) Long-read data can be
used to determine genome structure and bridge repeats. Short reads can be used to
improve accuracy. (C) Combining these approaches can resolve plasmids to give a
complete circularised genome. Created with BioRender.com.

1.8.2 Linking genotype to phenotype

Accurate annotation can be challenging as genomes annotated on the basis of exper-

imental data are infrequently available for reference (Baric et al., 2016). Homology

methods are often used to predict gene presence and functionality, but can be unre-

liable if reference sequences are not well-validated (Pearson, 2013; Richardson and

Watson, 2013). Therefore, phenotypic studies are important to determine how well

genomic data reflects the biology (Baric et al., 2016). Smaller-scale studies facil-

itate a detailed assessment of both genomic data (e.g. via thorough annotation)

and phenotypic profiles (e.g. through experimentation), therefore enabling linking

of genotype to phenotype (e.g. Liu et al. (2021)). For conjugation studies, pheno-

typic assessment can reveal whether annotated genes are functional and plasmids

are conjugative.
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1.8.3 RNA-sequencing

WGS is a powerful tool which can inform on, for example, gene presence/absence

(Gabrielaite and Marvig, 2020), and variation by comparison to reference sequences

(Marco-Puche et al., 2019; Uelze et al., 2020). RNA-sequencing (RNA-seq) permits

gene expression to be studied and reveals functional sequence in a given condition

(Wang et al., 2009). RNA-seq is becoming a popular technique in studies of bacterial

populations as it can provide substantial insight into the biological processes that

are important in a given environment (Haas et al., 2012; Imdahl et al., 2020).

1.9 Bacterial lifestyles

Biofilms are a problem in hospital environments where they can reside on surfaces

(Costa et al., 2019) and are commonly found at infection sites (Chhibber et al.,

2017; Devanga Ragupathi et al., 2020). Bacteria can exist in both planktonic and

biofilm lifestyles although biofilms are thought to be the most common lifestyle in

nature (Figure 1.12) (Ghigo, 2001; Hall and Mah, 2017). Biofilms are composed of

aggregated cells that are often surface-attached (Hall-Stoodley et al., 2004; Wingen-

der et al., 2016). Conversely, planktonic cells are suspended individually in liquid

(Hall-Stoodley et al., 2004; Mikkelsen et al., 2007) and as a result experience mixing

in their environment (Stalder and Top, 2016). Planktonic cells are therefore likely

to have equal exposure to environmental conditions as their neighbours (Hall and

Mah, 2017; Hall-Stoodley et al., 2004) and are unlikely to remain in close proximity

to each other, reducing the probability of cell-cell contact (Stalder and Top, 2016).

In contrast, cells in a biofilm produce extracellular polymeric substance (EPS) com-

posed of polysaccharides, DNA, lipids and proteins, which forms a matrix to main-

tain biofilm structure and provide protection against harmful environmental condi-

tions (Wingender et al., 2016). Biofilms can form on surfaces with a range of prop-
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erties, including urinary catheters, teeth, microplastics and plants (Arias-Andres

et al., 2018; Donlan, 2002; Karatan and Watnick, 2009; Marsh, 2006; Schroll et al.,

2010). The lack of mixing in a biofilm creates gradients of, for example, nutrients

and oxygen. As a result, cells at the base of a biofilm are likely to experience nutri-

ent and oxygen depletion whereas surface-exposed cells may have ample oxygen and

nutrients available. These gradients, in combination with the variable composition

of the matrix, create a heterogeneous environment within the biofilm (Wingender

et al., 2016). In addition, cells in a biofilm are in close proximity to each other

which may have implications for HGT permitted by cell-cell contact (Stalder and

Top, 2016).

Figure 1.12: Biofilm and planktonic lifestyles. Left: Biofilm cells are in close prox-
imity, surface-attached and encased in a self-produced protective matrix. Right:
Planktonic cells, here shown in a flask for illustrative purposes, are free-floating and
can be physically distant from each other. Created with BioRender.com.
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1.9.1 Biofilm and planktonic populations are distinct

Biofilms provide vastly different conditions to those encountered by planktonic cells

(Wingender et al., 2016) and are inherently more drug-tolerant than planktonic

cells (Hall and Mah, 2017). Biofilm formation comprises several stages, from initial

attachment to a surface to microcolony formation, maturation and dispersal (Hall-

Stoodley et al., 2004; Stanley and Lazazzera, 2004). Perhaps due to ease of manip-

ulation, many studies on bacterial cells have been carried out on planktonic popu-

lations (Trampari et al., 2021). However, it is essential to study these two lifestyles

separately as it is challenging to determine the state of biofilm-embedded cells from

that of planktonic cells and vice versa (Wingender et al., 2016). In fact, several stud-

ies have demonstrated characteristic transcriptional profiles for cells in the biofilm

lifestyle compared to planktonic cells (Guilhen et al., 2016; Lim et al., 2017; Pysz

et al., 2004). Guilhen et al. (2016) found, when comparing gene expression in K.

pneumoniae biofilm and planktonic cultures, that transcriptional fingerprints could

be determined relating to growth stages in planktonic cultures (exponential phase

versus stationary phase) and biofilms (aggregates versus 3D structures and cells

dispersed from a biofilm). This demonstrated that gene expression is specifically

tailored to the growth stage within each lifestyle. Taken together, it is clear that

biofilms are important and unique bacterial lifestyles which require individual study.

1.9.2 A method to study biofilms

Although multiple methods have been used to study biofilms, biofilm is often grown,

and its formation measured, in microtitre plates. This is a simple protocol where

the planktonic population can be removed by washing, and the adhered population

stained with, for example, crystal violet for quantification (using absorbance as a

proxy for cell mass) in a microplate reader (Azeredo et al., 2017; O’Toole, 2010).

Although this method has been used to quantify biofilm in multiple bacterial species
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(O’Toole, 2010), its applications are somewhat limited by the need for staining (crys-

tal violet is anti-bacterial (Maley and Arbiser, 2013), so cells cannot be taken forward

for subsequent experiments), and the readout which provides a crude approximation

of cell number (Beal et al., 2020). Nonetheless, this remains a broadly-applicable

screening tool that can be carried out at low cost (Wilson et al., 2017), and the

resulting data can be compared between studies. Crystal violet biofilm assays have

been used to investigate several research areas, including evaluating biofilm forma-

tion of K. pneumoniae clinical isolates (Cusumano et al., 2019) and assessing any

impact of plasmid presence on biofilm formation (Gama et al., 2020)).

1.10 Importance

K. pneumoniae is particularly problematic in hospital settings where it contributes

to the burden of infections in some of the most vulnerable patients (Wyres et al.,

2020a). K. pneumoniae is also a carrier of AMR genes, including carbapenem re-

sistance genes, which it can spread horizontally to other bacteria via conjugation

(Hendrickx et al., 2020; Wyres and Holt, 2018). There is evidence of intra- (Ped-

ersen et al., 2020) and inter-species (Göttig et al., 2015) transfer of AMR plasmids

from K. pneumoniae in hospitals, and improved WGS technologies (e.g. long-read

sequencing (Pedersen et al., 2020)) are facilitating study of such events.

Alongside drug resistance, K. pneumoniae can form biofilms, including at infection

sites and on implanted device surfaces (Piperaki et al., 2017; Townsend et al., 2020).

These aggregates of cells encased in a matrix are protected by their lifestyle and may

be inherently more tolerant to antimicrobials than their planktonic counterparts

(Anderl et al., 2000; Wingender et al., 2016). There have been indications that

cells in a biofilm may also be more likely to transfer their plasmids horizontally

creating a ‘hotspot’ for HGT, and that this process may be facilitated by the close

proximity of biofilm-associated cells (Stalder and Top, 2016). This, in conjunction
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with the potential relationship of (conjugative) plasmid carriage and biofilm, where

some plasmids have been shown to promote biofilm formation (Gama et al., 2020;

Ghigo, 2001) hints at a putative positive feedback loop between biofilm formation,

plasmid carriage and plasmid transfer. However, there is no clear consensus on the

effect of the biofilm lifestyle on plasmid transfer, or on the effect of plasmid carriage

on biofilm formation.

Conjugative plasmids can carry genes encoding resistance to clinically important

antibiotics (Chandramohan and Revell, 2012). The conjugative transfer of such

plasmids between cells contributes to a large extent to the AMR problem (Carattoli,

2013). There are significant gaps in our knowledge on conjugative plasmid transfer

in biofilm settings (Abe et al., 2021; Król et al., 2013; Stalder and Top, 2016).

1.11 Aims, hypotheses and objectives

The aim of this project was to investigate plasmid transfer and prevalence in K.

pneumoniae planktonic and biofilm lifestyles using clinically-relevant model systems.

Based on the existing evidence, the main hypothesis was that there will be higher

levels of plasmid transfer in the biofilm lifestyle compared to the planktonic lifestyle.

The objectives of this study were to:

1. Investigate transfer of pKpQIL from a K. pneumoniae host in planktonic and

biofilm lifestyles using a fluorescence reporter system.

2. Characterise a set of carbapenemase-producing K. pneumoniae isolates and

their plasmids using whole genome sequencing.

3. Quantify and evaluate plasmid transfer between K. pneumoniae clinical isolate

donors and a K. pneumoniae recipient in planktonic and biofilm lifestyles using

classical plating assays.
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4. Compare gene expression between a recipient and a transconjugant carrying a

carbapenem resistance plasmid in planktonic and biofilm lifestyles using

RNA-sequencing.

33



Chapter 2

Materials and Methods

2.1 Bacterial strains, plasmids and primers

Bacterial strains were originally obtained from -80◦C glycerol stocks. Beads in

glycerol were used to store strains (Technical Service Consultants Ltd Protect cry-

obeads). Strains were freshly plated weekly on to Lysogeny Broth agar (LBA)

plates from glycerol bead stocks kept at -20◦C. These plates were routinely incu-

bated statically at 37°C overnight and kept at 4◦C for later use, up to 1 to 2 weeks,

unless indicated otherwise. Information on strains (Table 2.1), plasmids (Table 2.2)

and antibiotics (Table S1) used in this study is provided. Controls to check for

media/diluent contamination were included for each overnight culture and experi-

ment. Media was prepared from ready-to-use powder (Sigma-Aldrich for LBA and

Lysogeny Broth (LBB) and VWR Chemicals for Tryptic Soy Broth (TSB)). TSB

was supplemented as per Cusumano et al. (25 mg/L calcium chloride, 12.5 mg/L

magnesium sulphate, and 1.25% total glucose) (Cusumano et al., 2019) and the sup-

plemented media has been abbreviated here as TSBs. Overnight cultures (5-10 mL)

prepared using LBB or TSBs were inoculated using single colonies from agar plates

and incubated (Innova®44, New Brunswick) with shaking (150 rpm) overnight at
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37◦C. For optical density (OD) measurements, overnight cultures were diluted 1:10

in LBB, TSBs or phosphate buffered saline (PBS) depending on the experiment.

OD measurements were taken at 600 nm (OD600) using a Jenway 6300 spectropho-

tometer. Unless indicated otherwise, LBB was used for growth and OD adjustment

of overnight cultures and three biological replicates were carried out per experiment.

Where indicated, technical replicates were included.
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Table 2.1: Bacterial strains used in this study

Species Lab ID Strain description Relevant antimicrobial resis-
tance(s) and concentrations
(µg/mL) used for selection

Source/reference

Klebsiella
pneumoniae

H222 Wild-type (WT) Ecl8 (derivative of human clinical isolate (Forage and Lin,
1982) with rpoB mutation (His537Leu) conferring rifampicin resistance

N/A (Buckner et al., 2018)

Klebsiella
pneumoniae

H234 WT Ecl8 carrying an insertion (pacpP-mCherry-aph) between putPA on
the chromosome. mCherry production produces red fluorescence. Recipi-
ent strain.

Kanamycin, 50 (Buckner et al., 2020)

Klebsiella
pneumoniae

H235 WT Ecl8 carrying pKpQILgfp. GFP production produces green fluorescence.
Donor strain.

Kanamycin, 50 (Buckner et al., 2020)

Klebsiella
pneumoniae

CPE01 Carbapenem-resistant clinical isolate carrying blaNDM-5 and blaOXA-181 orig-
inating from a patient’s ear

Doripenem, 1 This study

Klebsiella
pneumoniae

CPE08 Carbapenem-resistant clinical isolate carrying blaKPC-3 originating from a
rectal/faecal swab

Doripenem, 1 This study

Klebsiella
pneumoniae

CPE16 Carbapenem-resistant clinical isolate carrying blaNDM-1 originating from a
urine sample

Doripenem, 1 This study

Klebsiella
pneumoniae

CPE24 Carbapenem-resistant clinical isolate carrying blaOXA-232 originating from a
rectal/faecal swab

Doripenem, 1 This study

Klebsiella
pneumoniae

CPE25 Carbapenem-resistant clinical isolate carrying blaNDM-5 and blaOXA-181 orig-
inating from a urine sample

Doripenem, 1 This study

Klebsiella
pneumoniae

KP1 Rifampicin resistant ATCC 43816 (spontaneous mutant) Ampicillin, 50 (Cano et al., 2015)

Klebsiella
pneumoniae

KP21 KP1 containing pACBSCE Chloramphenicol, 35 Plasmid was a gift from the Antimicro-
bials Research Group

Klebsiella
pneumoniae

KP16 H222 containing pMN402 Hygromycin B, 300 Plasmid originally from (Scholz et al.,
2000)

Klebsiella
pneumoniae

KP20 KP1 containing chromosomal hygromycin resistance cassette from pSIM18
inserted into blaSHV

Hygromycin B, 300 This study

Klebsiella
pneumoniae

KP3 WT Ecl8 carrying pKpQIL-UK Doripenem, 0.25 (Buckner et al., 2018)

Escherichia
coli

EC3 MG1655 carrying pSIM18 Hygromycin B, 150 Gift from the Blair group

Escherichia
coli

EC1 alpha-select carrying pACBSCE Chloramphenicol, 35-100 Gift from the Antimicrobials Research
Group

Escherichia
coli

EC22 ST131 pMN402 Hygromycin B, 300 Gift from Dr Chris Connor (McNally
group)
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Table 2.2: Plasmids used in this study

Plasmid name Relevant antimicrobial resis-
tance(s) and concentrations
(µg/mL) used for selection

Relevant information/phenotype Source/reference

pKpQIL-UK Doripenem, 0.25 Conjugative F-type plasmid (Buckner et al., 2018)
pKpQILgfp Kanamycin, 50 Conjugative F-type plasmid (Buckner et al., 2018)
pMN402 Hygromycin B, 300 Non-conjugative GFP plasmid (Scholz et al., 2000) Gift from the Mc-

Nally group
pACBSCE Chloramphenicol, 35-100 Recombineering plasmid containing lamda-Red recombinase and I-SceI endonuclease genes.

Expression of these genes is controlled by the arabinose-inducible pBAD promoter.
(Lee et al., 2009) Gift from the Antimi-
crobials Research Group

pSIM18 Hygromycin B, 150 Origin of hygromycin resistance cassette for cloning into KP1 (Chan et al., 2007) Gift from the Blair
group

pCPE01_2 Doripenem, 1-4 Conjugative plasmid from CPE01 clinical isolate containing blaNDM-5 conferring carbapenem
resistance

This study

pCPE16_3 Doripenem, 1-4 Conjugative plasmid from CPE01 clinical isolate containing blaNDM-1 conferring carbapenem
resistance

This study

pCPE25_3 Doripenem, 1-4 Conjugative plasmid from CPE01 clinical isolate containing blaNDM-5 conferring carbapenem
resistance

This study
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Table 2.3: Primers and colony PCR annealing temperatures (temp.). Colony PCR conditions are described in Table 2.5

Lab
ID

Description Orientation Sequence (5’-3’) Temp. ◦C Designed by

9 Generation of hygromycin resistance cassette from pSIM18. Paired with 10 Forward ctcgcctttatcggccctcactcaaggatgtattgtggttGATCTGA
ATTGCTATGTTTA

N/A S.J. Element

10 Generation of hygromycin resistance cassette from pSIM18. Paired with 9. Reverse AGCGGATACATATTTGAATGccgaataacaaagcagagc
gcattgtggtgatttatctg

N/A S.J. Element

11 Check for location of hygromycin resistance cassette insertion in KP1/ check for
recipient chromosome in conjugation assays. Paired with 12.

Forward GATGACAAATGATGAAGGAA 50 S.J. Element

12 Check for location of hygromycin resistance cassette insertion in KP1/ check for
recipient chromosome in conjugation assays. Paired with 11.

Reverse GGATTTTGGTCATGAGATTA 50 S.J. Element

15 Check for gam from pACBSCE to confirm presence of pACBSCE recombineering
plasmid Paired with 11.

Forward CACTAACCCCCTTTCCTGTT 52 S.J. Element

16 Check for gam from pACBSCE to confirm presence of pACBSCE recombineering
plasmid Paired with 11.

Reverse GCACCTGTTTGAATCGCTAT 52 S.J. Element

1 Check for blaNDM-5 from pCPE01_2 or pCPE25_3. Paired with 2. Forward ATGCCGACACTGAGCACTAC 54 C. Kessler
2 Check for blaNDM-5 from pCPE01_2 or pCPE25_3. Paired with 1. Reverse GAATTCGAGCTGCAAACCGC 54 C. Kessler
3 Check for repA from pCPE01_2 or pCPE25_3 (designed against pCPE01_2 back-

bone FII-2 location ∼70,000 bp ). Paired with 4.
Forward TTCACACGACGCTCCACTTC 54 C. Kessler

4 Check for repA from pCPE01_2 or pCPE25_3 (designed against pCPE01_2 back-
bone FII-2 location ∼70,000 bp ). Paired with 3.

Reverse TAAGTCCCGTGGAATAAAACG 54 C. Kessler

17 Check for blaNDM-1 from pCPE16_3. Paired with 18. Forward GATAGGGGAAGAATTCGAGC 50 S.J. Element
18 Check for blaNDM-1 from pCPE16_3. Paired with 17. Reverse CAATATCACCGTTGGGAT 50 S.J. Element
19 Check for repA (FIBK) from pCPE16_3. Paired with 20. Forward GACTCATCGGCGGTAAGTTC 50 S.J. Element
20 Check for repA (FIBK) from pCPE16_3. Paired with 19. Reverse CAGCAGCACCATTGAACTTC 50 S.J. Element
21 Check for repA (FIB) from pCPE16_2. Paired with 22. Forward GGTCGTATGTTTAGGATAGGA 50 S.J. Element
22 Check for repA (FIB) from pCPE16_2. Paired with 21. Reverse GCCATACACGGAAATCTGTC 50 S.J. Element
23 Check for repA (HIB) from pCPE16_2. Paired with 24. Forward GGATGGCAGTGACCCTATGG 50 S.J. Element
24 Check for repA (HIB) from pCPE16_2. Paired with 23. Reverse GGATCCGTGTCAGTGAGTCG 50 S.J. Element
25 Check for repA from pCPE16_4. Paired with 26. Forward CGTTCAGTCCGACTGCTGCG 53 S.J. Element
26 Check for repA from pCPE16_4. Paired with 25. Reverse GGTTCAGTAGAGTTGGCGCT 53 S.J. Element
27 Check for repA from pCPE16_5. Paired with 28. Forward GAATGGGAGTCTCTTACCGC 50 S.J. Element
28 Check for repA from pCPE16_5. Paired with 27. Reverse AATACGCAGCAAAGCAATGG 50 S.J. Element
29 Check for pCPE16_3 ‘region 1’ (72,750-72,947). Paired with 30. Forward GCTTTATTTCCTGCTGTGTC 50 S.J. Element
30 Check for pCPE16_3 ‘region 1’ (72,750-72,947). Paired with 29. Reverse CCTCAGACATCAGACACTAG 50 S.J. Element
31 Check for pCPE16_3 ‘region 2’ (93,043-93,237). Paired with 32. Forward CGCTGCATATTTCCTTTATC 50 S.J. Element
32 Check for pCPE16_3 ‘region 2’ (93,043-93,237). Paired with 31. Reverse ATTGACCATACAGCCAGGCG 50 S.J. Element
33 Check for pCPE16_3 ‘region 3’ (113,401-113,627). Paired with 34. Forward CGGGCGGCAGAAGAACAGCA 50 S.J. Element
34 Check for pCPE16_3 ‘region 3’ (113,401-113,627). Paired with 33. Reverse GCCACCTGCTGAATCGCCTC 50 S.J. Element
35 Check for pCPE16_3 ‘region 4’ (15,027-15,203). Paired with 36. Forward ATCACACGCACGGAACTCTA 50 S.J. Element
36 Check for pCPE16_3 ‘region 4’ (15,027-15,203). Paired with 35. Reverse CGTGCTAACTTGCGTGATAC 50 S.J. Element
37 Check for pCPE16_3 ‘region 5’ (36,129 -36,313). Paired with 38. Forward GACGGGGCGGGATTTTTAAG 50 S.J. Element
38 Check for pCPE16_3 ‘region 5’ (36,129 -36,313). Paired with 37. Reverse GTCACCCATCCAGCGAAGCA 50 S.J. Element
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2.2 Crystal violet biofilm assays

Overnight cultures corrected to an OD600 of 0.1 in LBB or TSBs (150 µL) were added

to wells of a sterile Cellstar® 96-well polystyrene u-bottom plate (Greiner Bio-one).

Plates were covered with a Breathe-Easy® gas-permeable membrane (Diversified

Biotech, Sigma-Aldrich) and sterile lid. These were incubated statically at 37◦C for

24- 72 h. After incubation, culture was removed from the wells using a multichannel

pipette, and the wells were washed once with 150 µL of distilled water. Crystal violet

solution (1%) (Sigma-Aldrich) was diluted to 0.1% with distilled water and 150 µL

of this solution was added to plate wells and the plate was incubated statically for

15 min at room temperature. The excess stain was removed using a pipette and

the wells were washed in distilled water as above. The stain was solubilised in 150

µL ethanol (70%) for 15 min at room temperature with shaking (60 rpm, Orbit LS

Labnet International Inc.). Liquid (50 µL) was removed from the wells leaving a

final volume of 100 µL. The absorbance 600 nm (A600) of this liquid was measured

using a FLUOstar Optima plate reader (BMG Labtech) or a Spark microplate reader

(Tecan). For each biological replicate, three technical replicates were included.

2.3 Growth kinetics

Growth kinetics were assessed as previously described (Cottell et al., 2014). Overnight

cultures were diluted 1:1000 in LBB or TSBs. This diluted culture (20 µL or 10 µL)

was added to 180 µL or 90 µL LBB or TSBs respectively in a Cellstar® 96-well

polystyrene u-bottom plate (Greiner Bio-one). A600 was recorded over 16 h using

a plate reader. Data were analysed by observation of growth curves (absorbance

plotted against time) and by calculating maximum growth rate.

Maximum growth rate was determined for each experiment by finding the mean

of replicate data (three technical replicates per biological replicate, three biological
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replicates per experiment), calculating the growth rate (µ) at each time point and

selecting the highest value. Growth rate was calculated as follows where t refers to

a given time point and A refers to the A600 at that time point:

(ln(At2)− ln(At1))

(t2− t1)

2.4 Viable counts

Cultures were serially diluted in PBS and plated by spotting (three technical repli-

cates of 25 µL per biological replicate for each dilution) onto LBA plates containing

appropriate antibiotics where required. After static overnight incubation (16 h) at

37◦C, colonies were counted and CFU/mL were determined. Three or four biological

replicates were carried out (experiment-dependent), each the mean of three technical

replicates.

2.5 Fluorescence reporter system for flow

cytometry and microscopy

To enable quantification and visualisation of cells and plasmid transmission events,

strains carrying fluorescent markers either on the plasmid (gfp) or chromosome

(mcherry) were used (Figure 2.1). Emission spectra of these fluorophores are pre-

sented in Figure S1. Construction of the strains, done previously, is described in

Buckner et al. (2020).
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Figure 2.1: Schematic of the fluorescence reporter system used to monitor plasmid
transmission/persistence in flow cytometry experiments and for visualisation of cells
using microscopy. A gfp-containing plasmid (green circles) is transferred via conju-
gation to a recipient cell labelled with mcherry on the chromosome. The resulting
transconjugant expresses both mCherry and GFP. Transconjugant daughter cells
also have this fluorescence profile.

2.6 Flow cytometry

2.6.1 Preparation of biofilm growth plates in 6-well format

for flow cytometry

Overnight cultures corrected to an OD600 of 0.1 (2 mL) were added to wells of a

sterile CytoOne® 6-well polystyrene plate (Starlab UK). Where strains were mixed

for conjugation (plasmid transmission/persistence) experiments, 1 mL of each strain

was added for a final volume in the well of 2 mL. Plates were covered with a Breathe-

Easy® (Diversified Biotech, Sigma-Aldrich) gas-permeable membrane and a lid and

incubated at 37◦C statically for 72 h.
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2.6.2 Sample preparation for flow cytometry

After 72 h of incubation (see section 2.6.1), the liquid portion from plates was

removed using a pipette for later use as the planktonic population. Plates were

washed once with 2 mL sterile filtered PBS (Sigma-Aldrich). Next, PBS (1 mL)

was added to each well and tissue-culture cell scrapers (catalogue number 83.1830,

Sarstedt) were used to remove and disrupt the adhered cells. To do this, the cell

scraper was pushed along the base and sides of the wells twice. The PBS containing

suspended cells was removed using a pipette for later use as the biofilm population.

Each cell suspension (planktonic and biofilm) was mixed by pipetting and further

diluted (1:1000 unless indicated otherwise) in PBS and vortexed for 20 s before use

on the Attune® NxT Focusing Cytometer (ThermoFisher Scientific).

2.6.3 Experiment settings

Calibration beads (AttuneTM Performance Tracking Beads, ThermoFisher Scientific)

were used to assess instrument performance before each experiment to ensure consis-

tency between experiment runs. Due to insufficient fluorescent event acquisition for

control samples, it was necessary to apply compensation from a single experiment to

all experimental data. However, due to limited spectral overlap, the compensation

required is minimal (Figure S1). Prepared samples (see section 2.6.2) were run as

tube experiments using the Attune® NxT software (Invitrogen). Forward scatter

(FSC) and side scatter (SSC) voltages were set at 420 and 380 respectively. Blue

(488 nm excitation) laser (BL-1) and yellow (651 nm excitation) laser (YL-2) volt-

ages were both set at 400. The threshold was set at 0.4 x 1000 for FSC and 0.5 x

1000 for SSC. Bandpass filters 530/30 and 620/15 were used. Gating/experiment

settings were initially determined by using Spherotech 8-Peak 3 µM Validation Beads

(FL-1 - FL3) (BD Biosciences) to locate particles of a similar size to bacterial cells.

Gating was carried out firstly to locate fluorescent events using the Attune® NxT
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software during sample acquisition. A ‘total bacteria’ gate (Figure S2) was placed

to include these events on FSC-A SSC-A plots. Although non-fluorescent and fluo-

rescent events were mixed, the ‘total bacteria’ gate was placed to include as many

fluorescent events and exclude as many non-fluorescent events as possible. This

‘total bacteria’ gate was used to set event acquisition (to stop at 10,000 events in

the ‘total bacteria’ gate unless indicated otherwise). BL-1 (excites GFP) and YL-2

(excites mCherry) lasers were selected. Data were further analysed/plotted using

FlowJo version 10.5.3 and Graphpad Prism version 8.0.2. Quadrant gating was used

to separate populations into non-fluorescent, green fluorescent, red fluorescent and

red/green fluorescent.

2.7 Microscopy

Confocal microscopy was carried out to ascertain whether biofilm was formed in the

6-well biofilm assays. Biofilm growth plates were prepared as detailed in section

2.6.1. After 72 h static incubation at 37◦C, the liquid portion in the wells was

discarded. Plate wells were washed once with 2 mL sterile-filtered PBS. Plate wells

were imaged using the Zeiss LSM 710 ConfoCor3 inverted confocal microscope at

the University of Birmingham Advanced Light Microscopy facility using 10X and

20X objectives and Ar/ArKr (488 nm) and He/Ne (543 nm) lasers with a pinhole

size of 90 µM and a pixel dwell of 1.58 µs. Laser and gain settings were adjusted

with the help of the Range Indicator to visualise samples whilst reducing background

fluorescence. The plastic wells are not designed for microscopy but were imaged for

rapid confirmation of the presence of adhered cells, not for detailed analysis.

To view the biofilm in more detail, biofilm formed in dishes with polymer coverslips

at the base (µ-Dish 35 mm, high, ibiTreat polymer cover slip, Ibidi) was imaged

after identical treatment to the biofilm in the 6-well plates. Acquisition settings

were as above except using a 63X objective under oil with a pinhole size of 99 µM.
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In addition, disrupted biofilm from polystyrene 6-well assays (5 µL) was imaged on

a glass slide. Acquisition settings were as above except using a 63X objective under

oil, with a pixel dwell of 0.64 µs and a pinhole size of 148 µM.

All images were acquired using Zen 2012 (black edition) software. Images were

exported using ImageJ version 1.51.

2.8 Construction of KP16 control strain

For flow cytometry experiments, a strain carrying a non-conjugative GFP plasmid

(negative control) was required. To obtain this, the parental strain H222 (from

which the fluorescent strains H234 and H235 were constructed) was made electro-

competent. To do this, an overnight culture of H222 was sub-cultured (100 µL

overnight culture in 100 mL LBB) and grown until mid-exponential phase. The

subculture was put on ice, and once cold transferred to pre-cooled centrifuge tubes

and centrifuged (15 min, 4°C, 3900 x g). Supernatants were discarded and pellets

were washed in 20 mL ice-cold sterile-filtered 10% glycerol twice. Cells were then

centrifuged as above, resuspended in 200 µL ice-cold 10% glycerol and kept on ice.

Plasmid pMN402 from EC22 was purified using a QIAprep Spin Miniprep Kit (Qia-

gen) following the manufacturer’s instructions. This was electroporated in to H222

by combining 40 µL of electrocompetent H222 cells with 2, 3, and 4 µL of plasmid.

To do this, plasmid DNA was transferred to sterile ice-cold microfuge tubes. Elec-

trocompetent cells were added to these tubes (including a cells-only control) and

mixed twice by pipetting. The mixture was transferred to sterile ice-cold 2 mm

electroporation cuvettes (Cell Projects) where they were electroporated at 2500 V

in a Eporator (Eppendorf). Media (1 mL LBB pre-warmed to 37◦C) was added to

the cuvette. The cuvette contents was then transferred to a microfuge tube and

put at 37◦C in a shaking incubator (150 rpm) for 1.5 h for the cells to recover.

To select for successful transformants, recovered cells were pelleted (1 min, 12470
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x g), the supernatant was discarded and the cells resuspended in LBB were plated

out onto hygromycin agar plates (300 µg/mL). GFP fluorescence of this strain was

initially checked using a blue light box and then by running on the Attune NxT flow

cytometer.

2.9 Conjugation assays

2.9.1 Planktonic conjugation assays (plating method)

This method was developed based on the conjugation protocol by Hardiman et al.

(2016). Donor and recipient cultures were grown overnight in 5 mL LBB at 37◦C

shaking (150 rpm). Subcultures were prepared in 5 mL LBB (1% inoculum) and

grown to an OD600 of approximately 0.5. Cultures (1 mL) were centrifuged (3 min,

4722 x g) and media was replaced with TSBs to correct the OD600 to 0.5. The

donor and recipient were mixed at a 1:10 ratio and then diluted 1:5 (500 µL total

volume) in TSBs in sterile 1.5 mL microfuge tubes. Single strains were diluted 1:5

in TSBs as above. Tubes were incubated statically at 37◦C for 20 h. Donor and

recipient cells were plated out at 0 h and 20 h to quantify total viable counts. For

each biological replicate, three 25 µL technical replicates were spot plated. Serial

dilutions were prepared in PBS to achieve countable colonies. At 0 h and 20 h,

donors and recipients (single strains) were plated on LBA to assess their individual

growth over the incubation period. To determine background growth, at 0 h and

20 h donors were plated onto the antibiotic used to select the recipient (hygromycin

300 µg/mL) and recipients were plated onto the antibiotic used to select the donor

(doripenem 4 µg/mL). Mixed donors and recipients were plated onto single antibi-

otics (doripenem or hygromycin) to select the donor and recipient respectively and

determine the proportion of these two strains. At 20 h, mixed strains were also

plated on dual antibiotic (doripenem 4 µg/mL and hygromycin 300 µg/mL) to se-
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lect putative transconjugants. PBS-only and media-only controls were included. For

these, PBS used for serial dilutions was plated on LBA and incubated overnight.

For the media-only control, media alone was incubated alongside microfuge tubes

containing media and cells. Agar plates were incubated for 16-24 h before colonies

were counted. Transconjugant selection plates and plates to determine background

were incubated for 24 h, whilst other plates were incubated for 16 h.

Putative transconjugants were restreaked on dual antibiotic (doripenem and hy-

gromycin) to confirm growth. To check for the presence of the plasmid and the

recipient chromosome, a selection of single colonies from across the plates/replicates

were taken to prepare lysates for colony PCR. The same colonies were replicated

onto dual antibiotic. Once the transconjugants were confirmed, these colonies were

used to prepare plates for whole genome sequencing and -80◦C bead stocks so that

transconjugant colonies were saved at the earliest opportunity.

2.9.2 Biofilm conjugation assays (plating method)

Cultures were grown overnight in 5 mL LBB at 37◦C shaking (150 rpm). Next,

cultures were OD600 corrected to 0.1 in TSBs (15 mL). To do this, culture volume

to be added for OD correction was removed from 15 mL TSBs and this volume was

replaced with overnight culture to achieve OD600 0.1. The donor and recipient were

mixed at a 1:10 ratio (from now on called ‘mixed cultures’) by adding 750 µL of

donor culture to 7.5 mL of recipient culture. Single donor and recipient cultures, and

mixed cultures (2 mL) were added to wells of a CytoOne® 6-well polystyrene plate

(Starlab UK). Plates were covered with a Breathe-Easy® membrane (Diversified

Biotech) and a lid and incubated statically at 37◦C for 24-72 h.

Donor, recipient and mixed cultures, and PBS and media controls were diluted

(where required) and plated on agar as per the planktonic conjugation assay protocol

(section 2.9.1) at 0, 24, 48 and 72 h time points. At the 24, 48 and 72 h time points,
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adhered cells were harvested by removing liquid culture and washing once with

sterile PBS (2 mL). PBS was added to wells (1 mL) and the base and sides of each

well were scraped twice using a cell scraper (catalogue number 734-2602, VWR) to

disrupt the biofilm for plating. A selection of putative transconjugant colonies were

re-streaked on dual antibiotic (doripenem 4 µg/mL and hygromycin 300 µg/mL) to

confirm growth.

Conjugation frequencies were calculated as follows using values from assay endpoints

Ratio =
Mean number of donor cells

Mean number of recipient cells

Conjugation frequency =
Mean number of transconjugants

Mean number of recipient cells × ratio

This becomes:
Mean CFU/mL transconjugants

Mean CFU/mL donors

2.10 Colony PCR

To prepare lysates, single colonies were added to 50-100 µL of molecular grade

water and heated for 10 min at 100°C. Lysates were added to reactions as DNA, or

molecular grade water was added in the DNA-free control. Reactions were prepared

as per Table 2.4 under the conditions in Table 2.5.

Table 2.4: Reaction components for colony PCR

Component Volume (µL)
Molecular grade water 7.5
REDtaq® ReadyMix™ 2x (Sigma) 12.5
Forward primer 25 µM 1
Reverse primer 25 µM 1
DNA (or water for control) 3
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Table 2.5: Colony PCR conditions. 30 cycles indicated by ’*’

Step Temperature (◦C) Time (s)
Initial denaturation 95 60
Denaturation 95 *15
Annealing Dependent on experiment (see Table 2.3) *15
Extension 72 *30
Final extension 72 600
Store 4 hold

2.11 Gel electrophoresis

PCR reactions (7-12 µL) were run on a 1% agarose gel prepared in 1 x TAE for

40-45 min at 100 V using 5 µL HyperLadder™ 1 kb (Bioline) for size determination.

SYBR™ Safe stain (Invitrogen) was used as per the manufacturer’s instructions for

DNA visualisation. Gels were imaged using the Amersham™ Imager 680 (Cytiva).

2.12 Construction of a hygromycin-resistant KP1

recipient strain

2.12.1 Method overview

The following is based on Datsenko and Wanner’s method (Datsenko and Wanner,

2000) and includes protocol adaptations made by Dr Jessica Gray. The aim was to

insert a hygromycin-resistance cassette from pSIM18 into blaSHV on the chromosome

of KP1. Recombineering primers (Table 2.3) were designed to have 40 bp homology

to the KP1 chromosome and 20 bp homology to the hygromycin resistance cassette

from pSIM18. Sequences corresponding to the blaSHV chromosomal region where

the cassette was inserted (Figure S3), to the hygromycin cassette from pSIM18

(Figure S4), and to the predicted final sequence post cassette insertion (Figure S5)

are provided. PCR was used to amplify the hygromycin resistance cassette from
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pSIM18 using the recombineering primers (Table 2.3).

The pACBSCE recombineering plasmid was used to insert the hygromycin resis-

tance cassette into the KP1 chromosome to interrupt blaSHV. Briefly, electrocom-

petent cells of KP1 were prepared, pACBSCE was electroporated in to KP1 and

successful transformants (KP21) were selected. Next, electrocompetent cells of

KP21 (KP1 pACBSCE) were prepared and the hygromycin resistance cassette (DNA

donor molecule) was electroporated in. Successful transformant(s) were selected on

agar containing hygromycin. To remove the recombineering plasmid, the newly-

constructed strain was passaged without antibiotic. PCR and selective plating were

used to confirm the presence and location of the resistance cassette, the antimicro-

bial resistance profile of the new recipient and to check for loss of the recombineering

plasmid pACBSCE. Growth and whole genome sequencing checks were carried out

by comparison to the ancestral (WT) strain. Further details are provided below.

2.12.2 Method details

Sourcing the lambda Red recombineering plasmid

pACBSCE was extracted from EC1 using a QIAprep® Spin Miniprep Kit (Qiagen)

following the manufacturer’s instructions.

Preparation of electrocompetent cells of KP1

An overnight culture of KP1 was prepared in LBB and incubated at 37◦C with

shaking (150 rpm). The next day, this was subcultured (500 µL of culture into 50

mL LBB) and grown up to mid-exponential phase. The culture was put on ice.

Once cold, this culture was centrifuged in a sterile ice-cold 50 mL centrifuge tube at

4◦C for 10 min (3900 x g), the supernatant removed and the pellet resuspended in

10 mL 10% ice-cold glycerol. A further two washes and resuspensions in 10 mL 10%

49



glycerol, followed by two washes and resuspensions in 1 mL 10% glycerol (12470 x

g, 1 min, 4◦C) were carried out. After a final wash, cells were resuspended in 150

µL 10% glycerol and put at -80◦C for later use.

Electroporation and strain confirmation

Electrocompetent cells were prepared as in section 2.8, except cells were recovered in

SOC media. After recovery, cells were plated out on 35 µg/mL chloramphenicol to

select putative transformants. For controls, cells that had been electroporated with

no plasmid DNA were plated onto two control plates (chloramphenicol 35 ug/mL

and LBA). Agar plates were incubated at 37◦C statically overnight. Colonies were

checked by re-streaking on 35 µg/mL chloramphenicol and by checking growth on

increasing concentrations of chloramphenicol (50 -150 µg/mL) to better distinguish

background growth from transformants. For candidate colonies that had strong

growth on chloramphenicol versus the WT, extraction using a QIAprep® Spin

Miniprep Kit (Qiagen) (following the manufacturer’s instructions) and gel elec-

trophoresis was carried out to confirm plasmid presence. A glycerol bead stock

prepared from a single colony containing the plasmid was saved at -80◦C.

Preparation of donor DNA molecule

EC3 was grown on agar containing 150 µg/mL hygromycin at 30◦C overnight.

pSIM18 was purified from EC3 using a QIAprep® Spin Miniprep Kit (Qiagen)

following the manufacturer’s instructions. PCR was used to generate a hygromycin

cassette from pSIM18 using the conditions and reactions in Tables 2.6 and 2.7.
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Table 2.6: PCR conditions for preparation of DNA donor molecule. 30 cycles indi-
cated by *

Step Temperature (◦C) Time (s)
Initial denaturation 95 30
Denaturation 95 *30
Annealing 48 *60
Extension 72 *120
Final extension 72 600
Store 4 hold

Table 2.7: Reaction components for preparation of DNA donor molecule. Numbers
in brackets refer to lab ID of primers from Table 2.3

Component Volume (µL)
Molecular grade water 33.5
5 x Phusion HF Reaction Buffer (detergent-free) (NEB) 10
Forward primer (9) 10 µM 2.5
Reverse primer (10) 10 µM 2.5
dNTP mix 100 mM (Meridian Bioscience) 0.5
Plasmid DNA (or water for control) 0.5
Phusion® High-Fidelity DNA polymerase (NEB) 0.5

Gel electrophoresis was used to determine whether the expected product was pro-

duced. Gel Loading Dye (GelPilot ® (5X), Qiagen) was used as a marker for running

the PCR products. Hyperladder™ 1 kb (Bioline) was used for size determination.

DpnI digestion

To remove the template plasmid whilst leaving the PCR product intact, DpnI was

used to remove methylated DNA (Li et al., 2011). Reactions (Table 2.8) were in-

cubated statically at 37◦C for 2 h. Reactions (5 µL) were checked using gel elec-

trophoresis and a QIAquick PCR purification kit (Qiagen) was used to purify the

digested product following the manufacturer’s instructions. Purified product was

eluted in 45 µL molecular grade water and stored at -20◦C for later use.
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Table 2.8: DpnI digestion and control reaction components

Digested reaction (cut) Undigested reaction (uncut control)
DpnI (NEB) (2 µL) Molecular-grade water (1 µL)
Cutsmart 10 x (NEB) (5 µL) Cutsmart 10 x (2.5 µL) (NEB)
PCR product (43 µL) PCR product (21.5 µL)

Preparation of electrocompetent cells of KP21 for recombineering and

electroporation

Overnight cultures of KP21 were prepared (2 x 5 mL in 100 µg/mL chloramphenicol).

Two subcultures (OD600 corrected to 0.025) in 50 mL LBB supplemented with 0.7

mM EDTA, 0.05% sterile-filtered arabinose and 100 µg/mL chloramphenicol were

incubated at 37◦C 150 rpm until mid-exponential phase and put on ice. Once cold,

cultures were centrifuged for 15 min (3900 x g at 4◦C). Supernatants were discarded

and pellets were resuspended in 10 mL sterile ice-cold 10% glycerol. This wash step

was repeated twice more and the pellet resuspended in 1 mL sterile ice-cold 10%

glycerol. This was centrifuged (4722 x g, 3 min at 4◦C) and resuspended in 1 mL

ice-cold 10% glycerol a further three times. After the final spin, the pellets were

resuspended in 150 µL ice-cold 10% glycerol and pooled. Cells were then kept on

ice.

Recombineering

pACBSCE contains arabinose-inducible lambda Red machinery and the I-SceI nu-

clease as well as a chloramphenicol resistance marker (Lee et al., 2009) to facilitate

chromosomal integration of the amplified hygromycin cassette DNA and selection

respectively. Electroporation of the donor hygromycin cassette DNA molecule and

recovery was carried out as described above for electroporation of pACBSCE into

KP1 (section 2.12.3). Donor DNA consisted of the purified, digested PCR product

from the pSIM18 amplification reaction. Donor DNA (2 µL and 4 µL) was combined
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with 40 µL KP21 electrocompetent cells. To assess background, both the digested

(cut) and undigested (uncut) donor DNA were included, along with a cells-only (no

DNA) control. After recovery, selection for successful transformants was carried

out using agar plates containing 150 µg/mL hygromycin. The cells-only control

was plated on 150 µg/mL hygromycin and 100 µg/mL chloramphenicol. For each

condition, 100 µL of recovered cells were plated out. For all conditions apart from

cells-only, an additional 500 µL of recovered cells were centrifuged (60 s, 12470 x

g, room temperature) and plated out. The remaining recovered cells were left at

room temperature overnight and plated out as above the next day. Agar plates were

incubated at 37◦C overnight. Candidate colonies were replicated onto LBA plates

containing 150 µg/mL hygromycin, 50 µg/mL ampicillin and no antibiotic. Non-

selective growth (on LBA) was used to promote pACBSCE loss. Further validation

was done by colony PCR, whole genome sequencing and growth assessment.

2.13 Whole Genome Sequencing

Whole genome sequencing was carried out by MicrobesNG (https://microbesng.com).

MicrobesNG’s instructions for sample preparation were followed. Briefly, strains

were grown on agar plates or in liquid culture to achieve sufficiently high cell num-

bers for DNA extraction as per the provided protocol(s). Cells were washed in PBS

and resuspended in media or DNA/RNA Shield (Zymo Research) and delivered

to MicrobesNG for whole genome sequencing (Illumina and/or Oxford Nanopore

technologies). Sample preparation for Illumina and Oxford Nanopore sequencing

and initial data analysis (trimming (Trimmomatic 0.30 (Bolger et al., 2014), assem-

bly (Unicycler 0.4.0 (Wick et al., 2017b)) and annotation (Prokka 1.11 (Seemann,

2014))) were done by MicrobesNG using their in-house scripts. Bandage (Wick

et al., 2015) was used for assembly visualisation.

53



2.14 RNA-sequencing

Four overnight cultures of each strain were prepared in TSBs (10 mL). TSBs and

PBS for use in the test conditions was pre-warmed to 37◦C. The next day, the

overnight cultures were used to set up three test conditions (planktonic exponential,

planktonic 24 h and biofilm 24 h) as described below.

TSBs (100 mL) was inoculated with 1 mL of overnight culture and grown at 37◦C

150 rpm until mid-exponential phase when 1.8 mL of the culture was harvested by

centrifugation (12470 x g for 90 s). Pellets were resuspended in 1.8 mL RNAlater

(ThermoFisher) and incubated at room temperature for 30 min. Cells were har-

vested by centrifugation using the same conditions as above and stored at -80°C.

These cells represented the planktonic exponential condition.

Next the planktonic 24 h condition was set up following the same protocol as above

but harvesting at 24 h.

For the biofilm 24 h setup, the overnight cultures were OD600 corrected to 0.1. Cul-

ture (2 mL) was added to 6-well CytoOne® (Starlab UK) polystyrene plates, covered

with a Breathe-Easy® (Diversified Biotech) membrane and lid and incubated for

24 h statically at 37◦C. After 24 h, all of the culture was removed and wells were

washed with 2 mL pre-warmed PBS. RNAlater (1.8 mL) was added to the wells and

cells were scraped from the base and sides of the wells twice before the resuspended

cells (1.8 mL) were transferred to a microfuge tube. Cells in RNAlater were incu-

bated at room temperature for 30 min before being harvested by centrifugation and

transferred to -80◦C for later use. These cells represented the biofilm condition.

The conditions being compared in the RNA-Seq experiment are shown in (Figure

2.2).
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Figure 2.2: Overview of the comparisons for the RNA-Seq experiment. Arrows
indicate comparisons. Circles containing text indicate conditions. TC = transcon-
jugant. KP20 = plasmid-free recipient. Expon = exponential. PK = planktonic.
BF = biofilm.

2.14.1 Evaluating plasmid persistence

Plasmid persistence for the 24 h planktonic condition and for pooled samples from

the biofilm 24 h condition was assessed. Cultures were diluted in PBS and plated on

LBA or LBA doripenem 2 µg/mL to distinguish plasmid-containing cells from those

lacking the plasmid. Colony counts were converted to CFU/mL and the percentage

of cells that maintained the plasmid was calculated.
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2.14.2 Processing cell pellets

RNA extraction, sequencing and initial data analysis was performed by GeneWiz

UK following their in-house protocols.

2.15 Bioinformatics

Default parameters were used for all tools unless indicated otherwise. Anaconda

version (v)4.11.0 (https://www.anaconda.com/) was used, employing Python v3.7.9.

2.15.1 Manual annotation

Annotation was done using BLAST searches against reference sequences on

GenBank® (Agarwala et al., 2018) or from the ResFinder database

(Zankari et al., 2012). For conjugation module genes, GenBank sequence

https://www.ncbi.nlm.nih.gov/nuccore/AP001918.1/ (Frost et al., 1994) was used

as a reference where possible as this entry contains annotations for an experimentally-

validated conjugation module. Plasmid maps were prepared using Geneious Prime

v11.0.6+10 (64 bit).

2.15.2 Characterisation

Multilocus sequence typing (MLST): The PubMLST website (https://pubmlst.org/)

(Jolley and Maiden, 2010) and MLST software (Torsten Seemann,

https://github.com/tseemann/mlst) were used to type isolates.

PlasmidFinder (Carattoli et al., 2014)/plasmidMLST (Jolley and Maiden, 2010)

were used to type putative plasmids and ResFinder (Zankari et al., 2012) to locate

acquired AMR genes. PlasmidFinder and ResFinder databases were queried using
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ABRicate (Torsten Seeman, https://github.com/tseemann/abricate) or by using the

webtools (https://cge.cbs.dtu.dk/services/PlasmidFinder/

and https://cge.cbs.dtu.dk/services/ResFinder/).

2.15.3 Phylogenetic tree

FASTA files for K. pneumoniae species complex strains were obtained using acces-

sion numbers from Rodrigues et al. (2019) with assistance from Dr Axel Janssen.

Prokka (v1.14.6) (Seemann, 2014), Roary v3.11.2 (using the -e flag) (Page et al.,

2015) and RAxML v8.2.12 (Stamatakis, 2014) were used for annotation, core gene

alignment and phylogenetic analysis respectively. RAxML was run using the follow-

ing: raxmlHPC-PTHREADS-AVX -T 6 -f a -p 13524 -s <core_gene_alignment.aln>

-x 12534 -# 100 -m GTRGAMMA -n raxml_phylogeny. FigTree v1.4.4 (A. Ram-

baut, http://tree.bio.ed.ac.uk/software/figtree/) was used for visualisation.

2.15.4 Strain validation

Genome sequences were compared to published reference genomes for validation.

Snippy (https://github.com/tseemann/snippy) was used to identify any SNPs be-

tween genomes and reference genomes. Read mapping was carried out using BWA-

MEM (Li, 2013) and SAMtools (Li et al., 2009).

2.15.5 RNA-Seq analysis

Hybrid genomes from MicrobesNG were annotated using Prokka (Seemann, 2014),

using flags to specify species (–Genus Klebsiella –usegenus –species pneumoniae),

sequencing centre ID (–centre UoB), and force Genbank compliance (–compliant).

Kallisto (Bray et al., 2016) was used to pseudo-align reads to references, using

the Odd-ends RNAseq_Analysis.txt workflow by Dr Steven Dunn, available at
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https://github.com/stevenjdunn/Odd-ends/blob/master/RNAseq_Analysis.txt

Data were visualised and compared using Degust (https://degust.erc.monash.edu/)

An adjusted P value (FDR, false discovery rate) of <0.05 and a log2fold change cut-

off of 1 was used to define statistically significant differences between conditions.

2.15.6 Statistical analyses and data analyses

Unpaired t-tests or one-way ANOVA were used to obtain P values, unless indicated

otherwise. As standard, data were analysed and plotted using Microscoft® Excel

version 16.16.9 and Graphpad Prism version 8.0.2. RNA-Sequencing heatmaps and

COG category graphs were prepared using R.app GUI 1.70 (7735 El Capitan build)

(R Core Team: R Foundation for Statistical Computing, 2020) employing ggplot2

(Wickham, 2016).
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Chapter 3

Monitoring conjugation in planktonic

and biofilm populations using a

fluorescence reporter system

3.1 Background

Plating assays are often used for measuring conjugation frequencies in bacterial

populations (Alderliesten et al., 2020; Dimitriu et al., 2019; Pérez-Mendoza and de la

Cruz, 2009; Wang et al., 2003). However, this approach is slow and labour-intensive

(Ou et al., 2017), and results can be variable due to the reliance on serial dilution and

selective plating to determine colony-forming units (Bethke et al., 2020; Chase and

Hoel, 1975; Hazan et al., 2012). Flow cytometry has potential as a more efficient,

higher-throughput method for assessing plasmid prevalence with resolution at the

single-cell level (Hecht et al., 2016; Wilkinson, 2018) and has been used previously

to evaluate conjugation in bacterial systems (del Campo et al., 2012; Sørensen et al.,

2003).
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A fluorescence reporter system was developed to allow medium throughput screen-

ing of conjugation in K. pneumoniae planktonic populations using flow cytometry

(Buckner et al., 2020). The strains used in this system were K. pneumoniae Ecl8

mcherry (where mcherry was inserted on the chromosome), and Ecl8/pKpQILgfp

(where gfp was inserted into the pKpQIL plasmid interrupting the blaKPC gene).

Both the constructs also contained aph conferring kanamycin resistance to facili-

tate selection of the desired fluorescent strains. This system was designed so that

recipients (red), donors (green) and transconjugants (red and green) could be dis-

tinguished based on their fluorescence profiles using flow cytometry and microscopy

(Buckner et al., 2020). The present study was designed to build on this work, making

use of the existing system and adapting it to conjugation monitoring in biofilms.

Biofilms are thought to be the most common bacterial lifestyle (Ghigo, 2001). De-

spite this, most studies on bacteria are conducted on planktonic cells (Penesyan

et al., 2019). As discussed by Stalder and Top in their 2016 review (Stalder and

Top, 2016), there is little consensus in the literature on the effect of bacterial lifestyle

(planktonic versus biofilm) on conjugative plasmid transfer in bacterial populations

despite several studies investigating this (Bradley et al., 1980; Król et al., 2011). It

has been reported that the close proximity of cells in a biofilm may act to promote

conjugation in this lifestyle (Kostakioti et al., 2013) as conjugation requires cell-cell

contact (Koraimann and Wagner, 2014). However, once a biofilm is established,

a lack of mixing (Garrett et al., 2008) may reduce donor and recipient encounters

and perhaps favour clonal expansion over horizontal transfer. Conversely, cells in a

planktonic lifestyle are free to mix (Alderliesten et al., 2020) and rely on chance con-

tact between donors and recipients for conjugation to occur (Abe et al., 2020). To

contribute to addressing this knowledge gap, this study aimed to assess the impact

of lifestyle on plasmid prevalence in K. pneumoniae.
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3.1.1 Aims and hypotheses

The aim of this work was to measure and compare plasmid transmission and

prevalence between planktonic and biofilm populations. To address this aim, a

fluorescence-based biofilm model was developed.

The hypotheses were:

1. Ecl8/pKpQILgfp will form more biofilm than the wild-type and mcherry

strains.

2. Conjugation in planktonic and biofilm lifestyles can be monitored using flow

cytometry.

3. Plasmid transfer will occur more frequently in a biofilm population than in a

planktonic population.

3.2 Strain characterisation

Before using flow cytometry to monitor plasmid dynamics in a biofilm, crystal violet

assays in LBB in 96-well plates were used to assess the level of biofilm formed by

each fluorescent strain compared to the non-fluorescent wild-type (Figure 3.1). The

average biofilm formation for the K. pneumoniae wild-type strain is similar to that

observed for K. pneumoniae pKpQILgfp with a mean A600 value of 0.92 (unpaired

t-test, P = 0.91). However, the mean A600 for the K. pneumoniae mcherry strain is

1.7, approximately double the value of the other two strains (unpaired t-test, P =

0.026 between K. pneumoniae mcherry and K. pneumoniae WT, P = 0.013 between

K. pneumoniae mcherry and K. pneumoniae/pKpQILgfp).
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Figure 3.1: Mean biofilm formation at 72 h in LBB quantified by crystal violet for K.
pneumoniae with either chromosomal mcherry or a gfp plasmid or neither. Asterisk
(*) indicates P < 0.05 in an unpaired t-test comparing the mcherry strain to the
other two strains. Mean A600 values from media-only controls have been subtracted
to remove background. Data points represent three experimental replicates, each
the mean of three biological and three technical replicates. Standard deviation error
bars are displayed with means indicated.

It was hypothesised that the difference in biofilm formation may be caused by dif-

ferential growth profiles. Therefore, planktonic growth was evaluated to determine

whether the chromosomal alteration in the mcherry strain or the addition of the

plasmid in the gfp-containing strain impacted this. Planktonic growth kinetics of

these strains were determined by reanalysing previously obtained data. Overall the

data indicated that the wild-type and gfp-containing strains have approximately the

same maximum growth rates (P = 0.87, unpaired t-test, Figure 3.2A) and growth

curve profiles (Figure 3.2B). In contrast, the mcherry-containing strain overall dis-

plays a lower, although not statistically significantly different, maximum growth

rate (unpaired t-test: P = 0.052 comparing mcherry to WT, P = 0.054 comparing
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mcherry to pKpQILgfp, (Figure 3.2A)), and longer lag phase (Figure 3.2B) than

the other two strains. Therefore, the data demonstrate that the mcherry insert may

negatively impact growth to a degree, however carriage of the gfp plasmid does not.
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Figure 3.2: Growth kinetics for the K. pneumoniae wild-type and fluorescent strains across six experimental replicates, each the mean
of three biological and three technical replicates. (A) Maximum growth rate (B) Growth curves for wild-type (black circles), pKpQILgfp
(green triangles), mcherry (red squares). ‘ns’ (not significant) indicates P > 0.05 in unpaired t-tests. Error bars represent standard
deviation from the mean. Data were collected by the Buckner group and reanalysed/reproduced with permission.
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The possible planktonic growth defect, in combination with more biofilm formed by

the mcherry strain compared to the wild-type/gfp strains, led to a question about

the potential cause of these observations. The mcherry strain was constructed by

inserting a constitutive promoter pacpP upstream of mcherry, itself upstream of aph

(Figure 3.3) (Buckner et al., 2020). It has been suggested that stem loops formed

by mcherry mRNA (Figure 3.4) can mimic those produced by small RNA regulators

of CsrA (Dr Stephan Heeb, personal communication), itself a regulator of biofilm

(Müller et al., 2019).

Figure 3.3: Schematic of mcherry fragment inserted between putPA on the chro-
mosome (Buckner et al., 2020). The blue region represents the pacpP promoter
sequence

Figure 3.4: Predicted secondary structure of the mcherry mRNA produced by the
mcherry strain. Image created using the ViennaRNA Web Services tool, Theo-
retical Biochemistry Group (University of Vienna) http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi. Positions of potential CsrA binding sites with pu-
tative exposed GGA motifs are indicated (blue arrows).
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3.3 Development of a biofilm model

Next, a 6-well format biofilm assay in LBB was developed. This format was designed

to allow manual disruption of biofilms with a cell scraper before analysing using

flow cytometry. Cell scrapers have been used by others to disrupt biofilm (Rumbo-

Feal et al., 2013). The K. pneumoniae donor and recipient strains were mixed

in a 1:1 ratio after OD600 correction to 0.1 for assessment of plasmid transmission/

persistence between cells. As OD approximates cell number (Myers et al., 2013) and

more biofilm was apparently formed by the mcherry strain than the gfp or wild-type

strain (Figure 3.1), the number of cells into the experiment from each strain was

assessed. To evaluate the true donor:recipient into the biofilm experiments using this

method, viable counts were determined from OD600 0.1 cultures of the donor and

recipient (Figure 3.5). Viable counts confirmed the mean donor:recipient ratio into

the 6-well experiment was approximately 1:1.5. As this ratio was approaching an

optimised donor:recipient ratio of 1:2 for maximising transconjugants in this strain

setup (as determined by Buckner et al. (2020)) and OD correction provided a quick

method (Beal et al., 2020) to start biofilm assays, OD correction to 0.1 was chosen

as an appropriate starting point for biofilm assays.
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Figure 3.5: Mean viable counts for OD-corrected cultures (OD600 0.1) used to start
biofilm assays. K. pneumoniae mcherry (red points). K. pneumoniae/pKpQILgfp
(green points). Three experimental replicates were performed, each the average of
three biological replicates. Three technical replicates were averaged per biological
replicate. Error bars indicate standard deviation from the mean.

To assess whether the differing cell number input into the biofilm experiments had

an impact on biofilm formation, biofilm assays were carried out to correct the 1:1.5

donor:recipient ratio (determined by the viable counts experiments) to the equiv-

alent of a 1:1 ratio (Figure 3.6). Comparing the OD600 0.1 mcherry strain to this

same strain diluted by 1/3, there was no difference in biofilm formation (P = 0.26,

unpaired t-test comparing the mcherry biofilm to the mcherry diluted input). There-

fore, it was confirmed that the increased biofilm formed by the mcherry strain versus

the wild-type and pKpQILgfp strain was a reproducible observation, regardless of

cell number input (inoculum).
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Figure 3.6: Mean biofilm formation in LBB at 72 h quantified by crystal violet for
K. pneumoniae with chromosomal mcherry or pKpQILgfp. ‘ns’ (not significant)
indicates P > 0.05 in an unpaired t-test comparing the diluted mcherry culture to
the undiluted culture. Averaged A600 values from media-only controls have been
subtracted to remove background. Error bars represent standard deviation from the
mean.

Before conducting experiments on the flow cytometer, polystyrene 6-well plates con-

taining cells incubated for 72 h were visualised using confocal microscopy to confirm

that biofilm was present in this setup (Figure 3.7A). The image illustrates adhered

cells of approximately 50 µM in depth in this setup, which was determined to be

suitable for assessment of plasmid transfer. As the polystyrene plates were not specif-

ically designed for use in microscopy, biofilm was also grown on polymer coverslips

and imaged (Figure 3.7B). Mature biofilm (≥50 µM depth) (Ma and Bryers, 2013)
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was formed on polymer coverslips, similar to what was observed in the polystyrene

plate. Imaging on polymer coverslips facilitated a clear view of the biofilm, including

areas where donor and recipient cells were mixed (adjacent red and green areas), as

well as regions where mixing was not observed. As the cells to be evaluated using

flow cytometry originated from biofilms, which are known to aggregate (Wingender

et al., 2016), it was important to ensure that the biofilm disruption method for flow

cytometry sample preparation was appropriate for achieving single cell suspensions,

which are required for this technique (Müller and Nebe-Von-Caron, 2010). The ma-

jority of the biofilm cells that were disrupted from the 6-well polystyrene plate were

single cells, and it should be possible to use gating strategies to remove large aggre-

gates from the analysis (Figure 3.7C). Therefore, the sample preparation technique

was considered to be suitable for flow cytometry.
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Figure 3.7: Confocal microscopy images of biofilm. (A) Cross section of biofilm formed (single plane) in a polystyrene 6-well cell culture
plate after planktonic cells were removed by washing. Scale bar indicates 50 µM. (B) 3D view (Z stacks) of biofilm formed on polymer
cover slips viewed using ImageJ 3D viewer in Fiji version 2.0.0-rc-69/1.52p. Images show three views from a single coverslip from a single
experiment. Scale (µM) is displayed along the axes. (C) Stitched tile image on a polymer coverslip displaying 25 individual confocal
microscopy images of disrupted biofilm on a single coverslip. Before imaging, biofilm was disrupted from 6-well plates using a cell scraper
and vortexing as for flow cytometry assays. The donor strain carrying pKpQILgfp (green) and recipient strain containing chromosomal
mcherry (red) are present.

70



3.4 Evaluating plasmid transmission in K.

pneumoniae using flow cytometry

Once it was established that biofilm was formed in the 6-well plates, flow cytometry

experiments to assess the presence of transconjugants in planktonic and biofilm K.

pneumoniae populations were carried out (Figure 3.8). For the flow cytometry ex-

periments, plasmid transmission/persistence between planktonic cells was recorded

separately to transmission/persistence in biofilms, although these populations orig-

inated from the same biological replicates (the same plate wells). To determine the

most appropriate way to analyse data from the 6-well assays and to locate the flu-

orescent population, different gating strategies were compared. It was not possible

to separate cells from background using FCS-A SSC-A plots (Figure 3.8A), there-

fore fluorescent events were selected for analysis. Gating on the basis of fluorescent

events has been used previously (Reardon et al., 2014). Backgating was used to

plot fluorescent and non-fluorescent events on SSC-A FSC-A plots to show their

positions relative to each other, which confirmed the lack of separation using these

parameters and the need to gate based on fluorescent events (Figure 3.8B). For both

the planktonic and biofilm populations, it was possible to separate out fluorescent

events from the total events using quadrant gating (Figure 3.8C), and to then focus

on the dual positive events (mCherry+/GFP+) as potential transconjugant popu-

lations. Single positive events (mCherry+ or GFP+) will not be recorded in the

dual-positive gate. Plots produced from samples at this dilution (1:1000) appeared

to indicate that more transconjugants were produced in the biofilm lifestyle com-

pared to the planktonic lifestyle in this setup. This is reflected by the larger number

of points on the mCherry+/GFP+ plots (Figure 3.8D).
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Figure 3.8: Using fluorescence profiles to direct data analysis of planktonic and biofilm populations where donors contain pKpQILgfp
and recipients express mcherry. Gating strategy for selecting the fluorescent population from the total population (10,000 events in the
‘total bacteria’ gate) for 6-well assay biofilms (top) and planktonic cells (bottom). Example plots from a single biological replicate diluted
1:1000 in PBS. Backgating is displayed in the small plots to indicate rationale. (A) ‘All events’ are displayed. (B) ‘Fluorescent (blue) and
non-fluorescent (red) events’ are superimposed. (C) The ‘fluorescent events’ are selected from the total events. (D) The ‘mCherry+/GFP+
events’ are selected from the total fluorescent population.
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3.4.1 Evaluating the contribution of coincident events

The flow cytometry setup relies on successful and accurate identification of

mCherry+/GFP+ (dual positive) events. However, false positives can occur if two

cells pass the laser interrogation point concurrently (doublets) (Müller and Nebe-

Von-Caron, 2010). For example, if a cell producing mCherry and a cell producing

GFP pass through the interrogation point together, the flow cytometer will register

this as one event which will falsely appear to correspond to a mCherry+/GFP+

event. To assess whether such events might affect these data, in addition to samples

diluted 1:1000 in PBS (Figure 3.8), additional dilutions were run to test for this effect

(Figure 3.9). Sample dilution should not affect the proportion of mCherry+/GFP+

events when the machine is set to acquire a set number of events (rather than a set

volume), as these should result from single cells expressing both fluorescent proteins.

Once the machine has acquired the set number of events, it will stop acquiring

regardless of the volume. However, if false positives/doublets are present, increasing

sample dilution would result in fewer mCherry+/GFP+ events, as the chance of

coincident events decreases as samples become more dilute. Equally, with these

same settings, dilution should not cause a change in the proportion of fluorescent

events, because again, each event should result from a single cell.

73



Figure 3.9: The effect of sample dilution on non-fluorescent and fluorescent events
(10,000 events in the ‘total bacteria’ gate) from biofilm and planktonic populations
using donors containing pKpQILgfp and mcherry recipients. Mean percentage gated
events across a dilution series for 6-well assay biofilm (top panel) and planktonic
(bottom panel) populations. (A) fluorescent events (proportion of total events),
(B) mCherry+/GFP+ fluorescent events as a proportion of total fluorescent events.
Three experimental replicates were performed, each the mean of three biological
replicates (except for the 1:100K dilution in A for the biofilm population where
two experimental replicates were used). 1:1000 dilution data from Figure 3.8 are
presented here. Error bars indicate standard deviation from the mean.

For both biofilm and planktonic populations, the proportion of events that are gated

as fluorescent and as dual fluorescent over increasing sample dilutions was consid-

ered. The more dilute the sample, the lower the proportion of fluorescent events,
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until at a 1:100,000 dilution the percentage is close to zero (Figure 3.9A). The non-

fluorescent events which increase in proportion as samples are diluted are likely

noise. This is because the proportion of non-fluorescent cells/background/debris

would not change through sample dilution whereas noise may explain this outcome.

A small proportion (0.68% +/- 0.11% standard deviation for the biofilm population

and 0.25% +/- 0.011% for the planktonic population) of fluorescent events appear

mCherry+/GFP+ in this setup in the most concentrated samples (1:1K). As samples

become more dilute, fewer mCherry+/GFP+ events are registered (Figure 3.9B).

For the planktonic population, this plateaus at 0.062% at 1:10K, while for biofilm

a plateau has not been reached by 1:100K. This indicates that a proportion of the

mCherry+/GFP+ events are false positives, with more false positives appearing in

more concentrated samples, and more false positives in the biofilm samples compared

to the planktonic samples.

Given the presence of false positive events in these experiments and to further assess

their contribution, additional control experiments were undertaken comparing out-

comes using pKpQILgfp to those using a non-conjugative GFP plasmid pMN402.

The rationale behind this is that a non-conjugative plasmid should not transfer to

recipient cells, and therefore that no GFP+/mCherry+ events should be detected in

this condition. In this planktonic setup, the mcherry recipient strain was combined

1:1 with the gfp populations. Flow cytometry plots were evaluated and a repre-

sentative example is presented (Figure 3.10). As for the 6-well assay setup, it was

not possible to separate cells from background using FCS-A SSC-A plots (Figure

3.10A). The increased GFP brightness from pMN402 compared to pKpQILgfp could

be detected when using quadrant gating to select fluorescent events (Figure 3.10B).

Otherwise, the plots for the two strains looked broadly similar. Although pMN402

is non-conjugative, events were present in the mCherry+/GFP+ quadrant (Figure

3.10C). As before, backgating was used to display fluorescent and non-fluorescent

events on SSC-A FSC-A plots to determine the degree of separation using these

parameters (Figure 3.10D).
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Figure 3.10: Using fluorescence profiles to direct data analysis of populations where donors contain pKpQILgfp (conjugative plasmid)
or pMN402 (non-conjugative plasmid) and recipients express mcherry. Gating strategy for selecting the fluorescent population from the
total population (10,000 events in the ‘total bacteria’ gate) for the non-conjugative plasmid (pMN402) overnight controls (top) and the
conjugative plasmid (pKpQILgfp) overnight controls (bottom). Representative plots from a single biological replicate diluted 1:1000 in
PBS. Backgating is displayed in the small plots to indicate rationale. (A) ‘All events’ are displayed. (B) ‘Fluorescent (blue) and non-
fluorescent (red) events’ are superimposed. (C) The ‘fluorescent events’ are selected from the total events. (D) The ‘mCherry+/GFP+
events’ are selected from the total fluorescent population.
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Samples were diluted to assess the contribution of false positives in this setup, and

to determine the dilution at which these were minimised (Figure 3.11). As with

the 6-well setup, increasing dilution decreased the proportion of fluorescent events.

A similar proportion of events (<6%) were fluorescent in both conditions (Figure

3.11A). A small proportion of events (<2%) registered as mCherry+/GFP+. The

proportion of mCherry+/GFP+ events decreased as sample dilution increased to a

similar extent in both the conjugative and non-conjugative setup (Figure 3.11B), and

in both cases plateaued at a 1:10K dilution (0.15% +/- 0.10% standard deviation and

0.15% +/- 0.10% for the conjugative and non-conjugative populations respectively at

1:10K). This highlighted that it was not possible to distinguish between the control

(non-conjugative plasmid) and test (conjugative plasmid) condition using this setup.
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Figure 3.11: The effect of sample dilution on non-fluorescent and fluorescent events
(10,000 events in the ‘total bacteria’ gate) from samples containing a conjugative
(pKpQILgfp) versus non-conjugative (pMN402) plasmid. Mean percentage gated
events across a dilution series prepared from overnight culture controls. Top panel:
K. pneumoniae/pKpQILgfp (conjugative plasmid) mixed 1:1 with K. pneumoniae
mcherry. Bottom panel: K. pneumoniae/pMN402 (non-conjugative plasmid) mixed
1:1 with K. pneumoniae mcherry. (A) fluorescent events (proportion of total events),
(B) mCherry+/GFP+ fluorescent events (proportion of total fluorescent events).
Three experimental replicates are displayed, each the mean of three biological repli-
cates. Error bars indicate standard deviation from the mean.

3.4.2 Adjusting the acquisition setup

Given that dilution was required to minimise false positives in these assays, and

that increasing dilution leads to a reduction in the proportion of fluorescent events

(and an increase in background noise), a change of setup to increase the number of

‘true’ events through the flow cytometer was attempted. For this, instead of using

10,000 events in the ‘total bacteria’ gate to determine when acquisition was stopped,
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a large sample volume (250 µL) was run at 1:10K and 1:20K, two dilutions where

false positives were previously determined to be minimised (Figure 3.12). At these

dilutions, registered events would be both ‘true’ events and background/noise based

on previous assessment (Figures 3.9 and 3.11). The rationale was that this larger

volume may allow sufficient fluorescent events to be acquired to detect transconju-

gants whilst reducing false positives.

A representative example of the plots obtained in these experiments is provided

(Figure S6). Unsurprisingly, more events were recorded using the larger volume

acquisition setup (Figure S6), illustrated by the increased dot plot density for the

total events plots. However, this did not lead to a greater proportion of fluores-

cent events in this setup (0.50% +/- 0.11% standard deviation for 1:10K biofilm

and 0.36% +/- 0.09% for 1:10K planktonic) (Figure 3.12) compared to the previ-

ous acquisition settings (0.39% +/- 0.12% for 1:10K biofilm and 0.29% +/- 0.046%

for 1:10K planktonic) (Figure 3.11). Comparing the 1:10K dilution samples across

the two setups (event number versus volume acquisition), an unpaired t-test con-

firmed no significant differences in the biofilm (P = 0.30) or planktonic (P = 0.33)

samples. Using the adjusted acquisition settings, noise was still responsible for the

majority of detected events. In addition, despite using a dilution that minimised

false positives, these were still present. This is apparent because increasing dilu-

tion reduced the proportion of mCherry+/GFP+ events. This indicates that single

GFP+ and mCherry+ cells are still passing the interrogation point concurrently in

these samples (Figure 3.12B).
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Figure 3.12: Using a volume parameter to increase the total number of events
acquired. Mean percentage gated events at two dilutions for 6-well assay (using
donors containing pKpQILgfp and recipients expressing mcherry) biofilm (green
squares) and planktonic (dark blue circles) populations collected from 250 µL sample
volumes, rather than on the basis of event number acquired. (A) fluorescent events
(proportion of total events), (B) mCherry+/GFP+ fluorescent events (proportion
of total fluorescent events). Three experimental replicates are displayed, each the
mean of three biological replicates. Error bars indicate standard deviation from the
mean.

3.5 Discussion

Although much laboratory work is carried out on planktonic cells, bacteria are

predominantly found as biofilms in nature (Ghigo, 2001), and these experience vastly

different environmental conditions to their planktonic counterparts (Hall-Stoodley

et al., 2004). Some research suggests that the biofilm lifestyle promotes horizontal

transfer of plasmids (Bradley et al., 1980; Król et al., 2011; Reisner et al., 2012).

Horizontally-transmitted plasmids are major contributors to the spread of AMR

genes in Gram-negative bacteria (Carattoli, 2013).

The aim of this work was to measure and compare plasmid dynamics between plank-

tonic and biofilm populations of K. pneumoniae Ecl8. To address this aim, a
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fluorescence-based biofilm model was developed and flow cytometry was used to

compare the transfer of a successful F-type plasmid pKpQIL (Chen et al., 2014)

(pKpQILgfp in this setup) in the two lifestyles. Putative transconjugants were iden-

tified on the basis of their dual fluorescence profile. However, upon further investiga-

tion, the majority of this population was determined to consist of false positive dual

fluorescent events rather than single cells expressing both fluorescent proteins. In

addition, machine noise impacted fluorescent event acquisition. Therefore, technical

limitations mean it was not possible to confidently identify or accurately quantify

transconjugants using this system.

Before starting work with the fluorescent K. pneumoniae strains, their planktonic

and biofilm growth was assessed to evaluate any effect of the fluorescent tags on

these phenotypes. For the mcherry strain, there was a lack of direct correlation

comparing the OD to viable counts data. This highlights the limitations of using

OD measurements to approximate cell number and the importance of validating

such measurements with colony counting to provide a more robust estimate of the

number of viable cells. The OD of solubilised crystal violet is taken as a proxy

for biofilm formation in crystal violet assays (O’Toole, 2010). The data indicated

that the pKpQILgfp plasmid does not promote or hinder biofilm formation in this

experimental model. This result is contrary to some published data showing that

the presence of conjugative plasmids can increase biofilm formation in some strains.

For example, the pRST98 plasmid promoted biofilm in three Gram-negative bacte-

rial species (Liu et al., 2014). Although carriage of plasmids can impose a fitness

cost which may result in a growth defect relative to the wild-type (San Millan and

MacLean, 2017), the gfp and wild-type strains grew similarly suggesting that car-

riage of the plasmid does not produce a fitness cost in this host. This is supported by

work from Buckner et al. which showed that Ecl8 acquisition of the pKpQIL plas-

mid did not result in fitness defects or compensatory mutations in coding regions.

Instead, gene expression changes were sufficient to compensate for cost-of-carriage

(Buckner et al., 2018).
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Conversely, the mcherry strain formed more biofilm than the wild-type and gfp

strains. Possible explanations for this include that the mcherry mRNA may be

titrating CsrA away from its usual binding sites (Dr Stephan Heeb, personal com-

munication). CsrA is a regulator of biofilm and is itself regulated by small RNAs

that form stem loops (Dubey et al., 2005; Potts et al., 2017). It appears likely that

the stem loops predicted in the secondary structure of mcherry mRNA mimic those

formed by the typical small RNAs that regulate CsrA by sequestration (Dubey et al.,

2005). As a result, the overexpressed mcherry in the K. pneumoniae mcherry strain

may be sequestering CsrA to derepress biofilm formation. Two or more binding sites

are required for CsrA (Müller et al., 2019)) with ‘GGA’ reported as a conserved bind-

ing motif for this protein (Potts et al., 2017). This binding motif is often present

in a hairpin loop at these sites (Dubey et al., 2005), and two potential binding sites

are present in the predicted mRNA secondary structure of the mcherry used in this

work.

As the crystal violet might also bind components of biofilm extracellular polymeric

substance (EPS) (Li et al., 2003), it cannot be excluded that higher levels of staining

may also relate to higher levels of EPS production in this strain. In addition, it is

also feasible that the location of the mcherry insertion may have affected physiology.

Use of proline as a carbon and nitrogen source is facilitated by the put (proline

utilisation) operon. Its expression is activated in low nitrogen conditions (Chen

and Maloy, 1991). putP encodes a proline permease which drives uptake of proline

and putA encodes a proline oxidase/pyrroline-5-carboxylic acid dehydrogenase which

converts proline to glutamate (Bender, 2010; Chen and Maloy, 1991). The intergenic

region between putPA contains a 25-bp binding site for the Nitrogen Assimilation

Control protein (NAC) (Bender, 2010; Goss and Bender, 1995), a transcription factor

whose expression is increased in nitrogen limiting conditions. NAC acts to induce

expression of sigma 70 controlled operons, (Bender, 2010) including the put operon

(Chen and Maloy, 1991). It may be that introducing mcherry in this location has

disrupted NAC binding at this site and increased the pool of available NAC for
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binding other regulatory regions whilst preventing the put products from providing

alternative nutrient sources. This may have an effect on the lifestyle adopted by

the mcherry strain. In addition, the expression of yceO has been associated with

biofilm formation. yceO is reportedly activated by NAC (Bender, 2010). It might

be that a theoretical increased pool of NAC for other promoters, including the yceO

promoter, has led to the effect on biofilm. Further testing would be required to

confirm this.

To further investigate the likely cause for increased biofilm, electrophoretic mobil-

ity shift assays (Hellman and Fried, 2007) could be used to evaluate CsrA-mcherry

mRNA interactions, additional staining could be performed to evaluate biofilm com-

position (Rooney et al., 2020), and an isogenic strain with an alternative fluorescent

protein between putPA could be investigated. However, testing these hypotheses

was beyond the scope of this work. Growth kinetics data showed a potential growth

defect in the mcherry strain compared to the wild-type/gfp strains. Taken together,

these data suggest the insertion has a negative impact on the host cell. Given this,

it would be appropriate to consider construction of an alternative recipient strain for

any future work with this system. It has been reported previously that the putPA

intergenic region is a suitable cloning insertion site (Hautefort et al., 2003).

Despite the effect of mcherry on the growth of the recipient strain, a 6-well assay was

developed for use in flow cytometry as ‘proof of principle’. The donor:recipient ratio

into the 6-well assays was evaluated using viable counts. These demonstrated that

cultures corrected to an OD600 of 0.1 gave a donor:recipient ratio of approximately

1:1.5. As this is approaching the ratio shown to be optimal for maximising transcon-

jugants based on work by Buckner et al. using an identical strain setup (Buckner

et al., 2020), and because OD correction is straightforward and can be consistently

achieved, an OD600 of 0.1 for each strain was determined to be an appropriate start-

ing point for the assays. Biofilm assays correcting for the larger number of mcherry

strain cells at OD600 0.1, as indicated by the viable counts data, confirmed no effect
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on biofilm from the change in inoculum.

Microscopy was used to confirm biofilm was formed in the polystyrene 6-well plates,

set up as for the flow cytometry model. A detailed view of the biofilm revealed likely

clonal expansion, shown by large areas of single-colour cells. Other researchers have

also observed limited mixing in biofilms using strains that are isogenic apart from

single insertions or alterations (Popat et al., 2012). Cell scraper disruption of biofilm

was largely effective at obtaining single cell suspensions required for flow cytometry.

Therefore, biofilm and planktonic samples were analysed on the flow cytometer to

assess the transconjugant population produced over the course of the assays.

Initially the flow cytometry experiments appeared to show a higher percentage of

gated mCherry+/GFP+ events in the biofilm population compared to the plank-

tonic population. Doublet discrimination and separation of cells from background

can often be achieved using forward and side light scatter information. However,

this can be challenging for bacterial populations, primarily due to the small size of

bacterial cells, and indeed it was not possible to use these parameters to separate

cell populations in this work (Cosma, 2020). Instead, gating based on fluorescence

profiles was used to determine donor, recipient and transconjugant populations.

Sample dilution provided a means to assess the contribution of false positives to

the setup. Control experiments over a dilution series illustrated that false positives

were present due to coincident events and that noise was likely responsible for the

majority of the detected events. It is of note that the use of stable gfp in the plasmid

construct may have impacted the dual positive population, as any dead donor cells

would remain fluorescent. The incidence of false positive events was supported by

the control experiments using a donor containing a non-conjugative plasmid pMN402

where it should not have been possible for plasmid transfer to occur from donor to

recipient cells. However, mCherry+/GFP+ events were observed in these experi-

ments. Next, sample acquisition was determined on the basis of the volume rather

than event number in the ‘total bacteria’ gate to try and increase the likelihood of
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fluorescent event acquisition whilst minimising false positives. Unfortunately, this

setup did not allow confident or accurate detection of transconjugants. In addition,

large volume samples required a long running time (approximately 20 minutes for

the most dilute samples). It is conceivable that conjugation may have occurred

in this time-frame, thus skewing the results. Despite the adjusted setup, noise re-

mained responsible for the majority of events, with <1% of events registering as

fluorescent. Overall, it was not possible to sufficiently optimise this system on the

available flow cytometer, nor to confidently distinguish transconjugants from noise.

Access to an alternative machine would likely facilitate continued work with this

fluorescence reporter system by reducing the background electrical noise, allowing

detection of the small transconjugant population. If it were possible to optimise

the flow cytometry assay for detection of transconjugants/transconjugant daughter

cells, this would provide a higher-throughput setup for assessment of conjugation in

planktonic and biofilm lifestyles where experiments could provide data on thousands

of individual bacterial cells (Davey and Kell, 1996). This would avoid the need to

rely solely on plating assays, which are time-consuming and approximate donor,

recipient and transconjugant populations by scaling up on the basis of plated serial

dilutions of culture on selective media (Bethke et al., 2020; Sieuwerts et al., 2008).

Although it has not yet been possible to fully develop this method for use on biofilm

samples, confirmation of conjugation between the Ecl8/pKpQILgfp donor strain and

a nalidixic acid resistant Ecl8 recipient has been determined previously using liquid

matings and classical plating conjugation experiments (Buckner et al., 2020). Work

by Buckner et al. (2020) determined that transconjugants were produced using this

strain combination. Although it was not possible to accurately quantify or confirm

detection of transconjugants using flow cytometry, the detection of transconjugants

using the nalidixic acid resistant Ecl8 recipient (which differs from Ecl8 mcherry only

in that it does not contain a mcherry cassette and was evolved to resist nalidixic

acid) adds support to the likelihood of transconjugants in the 6-well biofilm assay.
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A limitation of conjugation assays (either classical assays using plating or flow cy-

tometry conjugation assays) is that they cannot distinguish between a transcon-

jugant population and a population where the plasmid has been horizontally then

vertically transmitted. As a result, any putative transconjugant population would

contain plasmids transferred both horizontally and then vertically. However, overall

plasmid prevalence is of interest because both horizontal and vertical transmission

contribute to plasmid spread in a population (Li et al., 2019; Redondo-Salvo et al.,

2020). Although it would be interesting to evaluate the individual contribution

of each of these factors, and although this has been achieved by others (e.g. Li

et al. (2019) who monitored plasmid transfer using microfluidics and imaging) this

is beyond the scope of this work.

Use of a Fluorescence Activated Cell Sorter (FACS) would permit transconjugant

populations to be validated in a similar way as classical plating conjugation experi-

ments, such as using PCR or selective plating, as these machines can allow a popula-

tion of interest to be selected and isolated for downstream experiments (Liao et al.,

2016). This would add further support to conclusions from flow cytometry assays

and show that settings and gating strategies were appropriate for transconjugant

identification. In addition, transconjugants could be stored for further experiments

and cell viability could be verified post sample processing. However, no equipment

of this type was available.

Confocal microscopy could also aid validation of conjugation events, and it may be

feasible to locate these within a biofilm using this method in conjunction with an

analysis tool (Hartmann et al., 2019). This would give information on the spatial

localisation of conjugation events and increase the available information on where

conjugation is occurring in biofilms (Ma and Bryers, 2013). Currently the 6-well

assay used in conjunction with plating or flow cytometry could only reveal whether

there was more/less conjugation occurring in one lifestyle versus another (planktonic

versus biofilm), not where the conjugation may be happening. Future work should
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address this as this information is important to increase our understanding of this

process in different lifestyles.

To continue optimisation of this model, it would be of benefit to include a live-

dead stain during flow cytometry experiments to more easily discriminate live cell

populations from dead cells/background/debris (Tung et al., 2007). However, the

commonly-used dyes propidium iodide and SYTO9 (giving red and green fluorescent

populations respectively) (Stiefel et al., 2015) are unsuitable for the existing strain

setup which has overlapping emission. In addition, there are drawbacks to using

DNA staining methods on biofilm populations as extracellular DNA can skew results

(Rosenberg et al., 2019). Successful discrimination of doublets/false positives would

be another requirement. To do this, it may be possible to use flow cytometry

imaging features (Mikami et al., 2020), or to use a DNA stain (Whittle et al., 2019),

where a more intense signal may represent coincident events that could be gated out

(Reardon et al., 2014). As above, this may be challenging for biofilm populations

(Rosenberg et al., 2019), so discrimination on the basis of fluorescence tags may

remain a sensible approach for this application. Given the time-frame (as short as

10 minutes) within which conjugation is thought to occur (Król et al., 2013; Nolivos

et al., 2019), fixing cells (Lanier and Warner, 1981) before flow cytometery analysis

would avoid the possibility of further growth/conjugation occurring during sample

acquisition.

Use of a positive control would facilitate visualisation of what a transconjugant/

transconjugant daughter population should look like on flow cytometry plots to aid

its identification. It may be that any false positive events have a different profile

to a true dual positive event, but it would only be possible to tell using a positive

control which was unavailable during this study. In addition, a control where the

conjugation machinery on the donor plasmid has been de-repressed may allow de-

tection of transconjugants where this event would otherwise be too rare to detect

(Low et al., 2020). Similarly, use of a donor plasmid with reported high conjuga-
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tion frequency would also allow assessment of the functionality of the assay, and

perhaps a highly conjugative plasmid would render the transconjugant population

detectable as a larger proportion of the total population and permit the removal of

background false positives. One of the principal challenges with this setup was the

rarity of the conjugation events, which is acknowledged as a challenging area in flow

cytometry research (Donnenberg and Donnenberg, 2007). As the reported conju-

gation frequency of pKpQIL is in the region of 1x10-5 (Buckner et al., 2018), this

would mean that a single transconjugant cell is likely to be present in a population

of approximately 1x105 cells. This is less common than the 0.1% frequency which

can be defined as ‘rare’. Along with the low frequency of the event, the signal:noise

ratio is also regarded as a key factor in rare event detection, as well as the total

number of acquired events (Donnenberg and Donnenberg, 2007). Here, this ratio

was too low to permit cells to be distinguished from background, but this could be

improved using a flow cytometer with a higher signal:noise ratio (Giesecke et al.,

2017). Equally, with a higher signal:noise ratio, it may be possible to acquire suffi-

cient ‘real’ events to detect rare populations, although issues with coincident events

would remain.

3.6 Conclusions

A 6-well plate biofilm model was developed and the use of flow cytometry to compare

plasmid transmission/persistence in planktonic and biofilm lifestyles was assessed.

Success of the flow cytometry assay relies on discrimination between doublets to

accurately represent the transconjugant/vertically-transmitted plasmid population.

The presence of false positives, combined with the overall small proportion of fluo-

rescent events/events in the mCherry+/GFP+ gates means it was not possible to

confidently identify transconjugants in this setup. However, access to a flow cy-

tometer with a higher signal:noise ratio, combined with optimisation of experiment

settings and system using a highly conjugative plasmid may facilitate detection of
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transconjugants using this fluorescence reporter system. If the encountered technical

limitations could be overcome, this system offers a promising method for monitoring

plasmids in bacterial populations and comparing their prevalence between bacterial

lifestyles.

3.6.1 Key findings

• Fluorescent and wild-type Klebsiella pneumoniae Ecl8 strains formed biofilm.

• A biofilm model was adapted for use in flow cytometry experiments. Confocal

microscopy was used to evaluate the effectiveness of the biofilm disruption

technique for flow cytometry.

• Technical limitations (such as machine noise and false positives) prevented

assessment of plasmid prevalence between planktonic and biofilm populations

using the Attune NxT.

• Use of an alternative flow cytometer with a higher signal:noise ratio, and/or

a donor containing a highly conjugative plasmid may facilitate use of this

fluorescence reporter system to study plasmid prevalence in K. pneumoniae

planktonic and biofilm populations.
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Chapter 4

Investigating the plasmid and AMR

gene content of five

carbapenemase-producing K.

pneumoniae (CPE) clinical isolates

4.1 Background

Conjugation experiments can be performed using laboratory strains which may have

adapted to their artificial growth conditions and be less likely to reflect naturally-

occurring strains in human-associated environments (Headd and Bradford, 2020;

Knopp and Andersson, 2018; Matsumura et al., 2018). Considering this, and to

investigate AMR plasmid transfer in K. pneumoniae planktonic and biofilm popula-

tions, a set of five carbapenemase-producing K. pneumoniae (CPE) clinical isolates

from the Queen Elizabeth Hospital (QE) (Birmingham, UK) were selected from a

de-duplicated collection for characterisation, comparison to other K. pneumoniae
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sequences and evaluation as potential donor strains in a new conjugation model

(Chapter 5).

The CPE isolates were obtained from patients between March 2018 and March 2019

by staff at the Queen Elizabeth Hospital (Birmingham, UK), either as part of a

standard screening procedure, or due to an infection. Collection isolates were sent to

the Public Health England Antimicrobial Reference Unit for further characterisation

after susceptibility testing on a Vitek 2 (Biomérieux) indicated possible resistance

to carbapenems. PCR targeting carbapenem resistance genes was carried out to

detect their presence in the isolates. Along with the PCR data, which provided an

initial identification of the carbapenem resistance genes, the Vitek 2 antibiogram

data were also made available. However, this information alone was not sufficient

for selecting suitable donor strains.

For this work, five selected isolates (CPE01, CPE08, CPE16, CPE24 and CPE25)

were sent for whole genome sequencing to provide in-depth data on their genetic

background, AMR gene content and contexts, plasmid content and likely function-

ality of any plasmid conjugation modules. These data would also be useful to pro-

vide donor reference genomes for transconjugant validation, as well as to facilitate

comparison of donor genomes to existing sequences in public databases.

The aim of this work was to characterise five CPE isolates and determine which

would be most suitable for conjugation experiments investigating transfer of car-

bapenem resistance plasmids between K. pneumoniae.

The hypotheses were:

1. The CPE isolates will be K. pneumoniae sensu stricto.

2. The presence of AMR genes will explain multidrug resistant phenotypes.

3. CPE isolates will contain conjugative plasmids carrying carbapenem resistance

genes .
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4.2 Core genome phylogenetic analysis

CPE isolates were sent to MicrobesNG for long- and short-read sequencing using

Oxford Nanopore and Illumina technologies. Upon receipt of the hybrid assembly

data, isolate sequences were typed by MLST. CPE01, CPE08, CPE16, CPE24 and

CPE25 were designated as ST147, ST512, ST14, ST395 and ST147 respectively.

All five isolates had been identified as K. pneumoniae in clinical laboratory test-

ing. However, standard laboratory tests are unable to reliably designate Klebsiella

species (Rodrigues et al., 2019). Therefore, using a core-genome phylogeny, the

CPE sequences were compared to a set of publicly available K. pneumoniae species

complex sequences to determine their placement within this group (Figure 4.1).
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Figure 4.1: Midpoint rooted Maximum Likelihood phylogenetic tree of core genes
from K. pneumoniae species complex strains (Rodrigues et al., 2019) and CPE iso-
lates visualised on iTOL Version 6.4.2 (Letunic and Bork, 2021). CPE isolates
(purple text). Strains clustering as: (A) K. variicola subsp. variicola, (B) K. vari-
icola subsp. tropicalensis, (C) K. quasipneumoniae subsp. similipneumoniae, (D)
K. quasipneumoniae subsp. quasipneumoniae, (E) K. africanensis, (F) K. quasivari-
icola, (G) K. pneumoniae sensu stricto. Scale bar reflects the number of nucleotide
substitutions per site.

The core genome phylogeny demonstrated that the CPE isolates clustered with other

members of K. pneumoniae sensu stricto. This confirmed that the original species

designation was correct. Consistent with their MLST assignment, the short branch

length to the common ancestor of CPE01 and CPE25 indicates that these isolates

are closely related. On the same basis, CPE08 and CPE24 are more closely related

to each other than to CPE01, CPE16 or CPE25. CPE01 and CPE25 form their

own tree branch separating them from the rest of the K. pneumoniae sensu stricto

strains in the tree.
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To contextualise the isolates within a curated publicly-available global data set of

K. pneumoniae genomes, Pathogenwatch (https://pathogen.watch) (and integrated

(meta) data, including from Kleborate (Lam et al., 2021) and MLST (Maiden et al.,

1998)) was used to visualise the CPE isolates plotted alongside a collection of their

respective STs. Maps of these data illustrate the countries of isolation and car-

bapenem resistance genes present in each of the genomes (Figure 4.2). Core-genome

phylogenetic trees highlight structural groupings within each ST (Figure S7).

Figure 4.2: World maps (OpenStreetMap) indicating isolation country (where avail-
able) of the Pathogenwatch (https://pathogen.watch) publicly available represen-
tatives of K. pneumoniae (30/11/21 search for all available examples of each ST).
Points reflect country of isolation. Red colour indicates carbapenem resistance gene
carriage: ST147 (474/623, 76% genomes), ST512 (612/615, 99.5% genomes), ST14
(201/346, 58% genomes) and ST395 (82/106, 77% genomes) (as of 30/11/21). White
colour indicates no known carbapenem resistance genes. Point pie charts represent
overall carbapenem resistance gene carriage (proportion of red and white) for the
sequences originating from each country. The large pie charts indicate overall car-
bapenem resistance gene carriage for the sequence type data set.

Mapping their countries of isolation (Figure 4.2) indicated that all of the STs are

globally distributed and that carbapenem resistance gene carriage is frequently iden-

tified within these collections. Although there may be bias in those isolates selected

for sequencing, in every case over 50% of isolates representing each sequence type
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carry carbapenem resistance genes. For ST512, 99.5% of the sequenced isolates

carry carbapenem resistance genes. Overall, the phylogenies indicate that the CPE

isolates and the majority of the sequenced isolates of the four STs carry carbapenem

resistance gene(s) (Figure S7). The CPE isolates cluster alongside strains from their

respective STs as expected.

For a few of the CPE isolates, the phylogenies and metadata highlighted some in-

teresting features which were investigated further. Amongst the ST147 collection

sequences, despite overall high levels of carbapenem resistance gene carriage (76%

of genomes) (Figure 4.3A), CPE01 and CPE25 are in the minority (32/625 total

genomes, 5%) in carrying blaNDM-5 (Figure 4.3B). Instead, the most common car-

bapenem resistance gene in the ST147 collection sequences is blaNDM-1 (214/623

genomes, 34%). Despite low levels of blaNDM-5 carriage in this set of sequences,

strains from the collection carrying this NDM variant have been identified in eight

countries (Figure 4.3C).

95



Figure 4.3: CPE01 and CPE25 (blue arrows) alongside ST147 Pathogen-
watch collection sequences (30/11/21 search for all available exam-
ples of ST147). Core-distance neighbour-joining phylogenies con-
structed by Pathogenwatch (https://pathogen.watch) using PhyloCanvas
(https://www.phylocanvas.gl/) and world map (© OpenStreetMap contributors,
https://www.openstreetmap.org/copyright) highlighting carbapenem resistance
gene carriage (where data are available). Red colour represents carbapenem
resistance gene carriage. White colour in grey outline indicates no detected
carbapenem resistance genes. (A) ST147 collection and CPE01 and CPE25
(carbapenem resistance gene presence/absence (+/)), (B) ST147 collection, CPE01
and CPE25 (blaNDM-5 +/-). (C) Geographical distribution (by country) of blaNDM-5

representatives in ST147 collection, including CPE01 and CPE25 (red points).
Scales indicate approximate number of substitution mutations.

Isolate CPE16 groups with other ST14 sequences as expected. Interestingly, CPE16

groups with ST14 sequences which form a distinct cluster from the rest of the clade

(Figure 4.4). Many of the ST14 collection (200/346 sequences, 58%) carry car-

bapenem resistance genes (Figure 4.4A), as do most of the strains (14/15, 93%)

in the CPE16 sub-group (Figure 4.4B). Although some of the collection sequences

(107/346, 31%) carry blaNDM-1 (Figure 4.4C), within the sub-group this is rare, with

only CPE16 and one other group member carrying this gene (2/15, 13%) (Figure

4.4D). In the sub-group, blaOXA-232 is present in the majority (13/15, 87%) of se-

quences, one of which also contains blaNDM-5. CPE16 does not contain blaOXA-232
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(Figure 4.4E,F).

Figure 4.4: CPE16 (circle symbol, blue arrow) alongside ST14 Pathogen-
watch collection sequences (30/11/21 search for all available examples of
ST14). Core-distance neighbour-joining phylogenies constructed by Pathogenwatch
(https://pathogen.watch) using PhyloCanvas (https://www.phylocanvas.gl/) . Red
colour represents carbapenem resistance gene carriage. White colour with grey out-
line indicates no detected carbapenem resistance genes. (A) ST14 collection and
CPE16 (carbapenem resistance gene presence/absence (+/-)), (B) Focus on CPE16
clade (carbapenem resistance gene +/-), (C) ST14 collection and CPE16 (blaNDM-1

+/-), (D) Focus on CPE16 clade (blaNDM-1 +/-), (E) ST14 collection and CPE16
(blaOXA-232 +/-). (F) Focus on CPE16 clade (blaOXA-232 +/-). Scales indicate ap-
proximate number of substitution mutations.
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4.3 Investigating the accessory genome

Next, hybrid whole genome sequences assembled with Unicycer (Wick et al., 2017b)

were visualised to assess contig circularisation, and to determine the number of

likely plasmids in each isolate (Figure 4.5). For these isolates, most contigs (27/36)

were circular (closed), indicating that the assemblies had produced predominantly

complete sequences. Each genome contained a closed chromosomal sequence of 5.3-

5.5 Mb (large circles) and three to five closed putative plasmid sequences (small

circles). However, nodes without edges were present in the CPE01 and CPE24

graphs and the CPE25 graph contained some nodes with uncertain junctions. Based

on a pairwise BLASTn search against the chromosomal sequence, the node-without-

edges in CPE24 likely originated from the chromosome (99% identity and coverage to

the CPE24 chromosomal sequence). This search also suggested that the unresolved

assembly was due to a sequencing error from a homopolymer (Figure S8). The

CPE01 and CPE25 unresolved assemblies are discussed later in section 4.4.
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Figure 4.5: Unicycler (Wick et al., 2017b) hybrid assembly graph visualisation us-
ing Bandage (Wick et al., 2015). Coloured blocks represent nodes (contigs). Node
depth is related to (but not directly proportional to) sequencing depth. Node width
is related to (but not directly proportional to) contig length. Black lines (edges)
represent links between contigs. A single black line linking a circular contig indi-
cates the sequence has been circularised (closed). There is assembly uncertainty for
contigs (nodes) with multiple/ no black lines (black arrows). Carbapenem resistance
plasmids are labelled as ‘p’ followed by the isolate name and contig number below
their respective contigs. (A) CPE01. (B) CPE08. (C) CPE16. (D) CPE24. (E)
CPE25.

Assemblies were queried with the PlasmidFinder (Carattoli et al., 2014) and Res-

Finder (Zankari et al., 2012) databases to identify known replicons and AMR genes

and to determine their locations (Table 4.1). This revealed that each CPE iso-

late carries at least one carbapenem resistance gene amongst a large number of

other AMR genes (13-24 total). For CPE01 and CPE25, there were two differ-

ent carbapenem resistance genes identified, with blaOXA-181 on the chromosome

and blaNDM-5 in a plasmid. For all other isolates, one type of non-chromosomal

carbapenem resistance gene was detected: CPE08, CPE16 and CPE24 contained

blaKPC-3, blaNDM-1 and blaOXA-232 respectively. In 4/5 isolates (CPE01, CPE08,

CPE16 and CPE25), the carbapenem resistance genes were found in large (∼83-168

kb) plasmids with F-type replicons. However, in CPE24, blaOXA-232 was in a small
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(∼6 kb) plasmid with a ColKP3-type replicon. Consistent with their high preva-

lence in the Enterobacteriaceae (Kopotsa et al., 2019), F-type plasmids were present

in all of the assemblies, with multi-replicon F-type plasmids found in the complete

assemblies of CPE08 and CPE16. For several of the F-type replicons, plasmid sub-

typing was possible using plasmidMLST (one sub-type identified for 4/5 isolates).

However, the PubMLST database was not able to sub-classify all of the F-type repli-

cons identified by PlasmidFinder. CPE01 and CPE25 contain the same FII replicon

type, FII-2. X3 and HI1B replicons were found in CPE08 and CPE16 respectively.

All isolates also contained small plasmids with ‘Col’-type replicons.
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Table 4.1: Information on CPE isolate Unicycler contigs including carbapenem-
resistance gene presence (ResFinder), identification of putative plasmid repli-
cons (PlasmidFinder) and plasmid subtyping (PlasmidMLST, exact matches only)
(Carattoli et al., 2014; Wick et al., 2017b; Zankari et al., 2012). ‘Col’ replicons refer
to small plasmid replicons identified by PlasmidFinder. CR (carbapenem-resistance)
genes. Contigs labelled ‘1’ refer to chromosomes. All other numbers refer to ad-
ditional sequences where a replicon was identified. Genes in bold are predicted to
be present and full length on the accessory contig containing the carbapenem resis-
tance gene. Information in line with and to the right-hand side of the contig number
relates to a given contig.

As CPE01 and CPE25 appeared closely related, contained the same carbapenem

resistance genes and several of the same plasmid replicons, their genomes were com-
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pared. Pairwise BLASTn (Altschul et al., 1990) comparisons revealed the nucleotide

identity between these genomes to be 100% overall across 98% coverage when in-

putting CPE01 as the subject and across 97% coverage when CPE25 was the subject.

The small ColRNAI, Col440I and ColpVC replicon-containing plasmids in these iso-

lates were found to be identical when compared using BLASTn.

4.4 Carbapenem resistance plasmids

To investigate the carbapenem resistance plasmids, and the likelihood of their trans-

fer by conjugation, their sequences were annotated using a combination of automatic

(Prokka (Seemann, 2014)) and manual (reference sequence search) methods. The

focus for this was annotation of replicons, AMR genes and conjugation modules (Fig-

ure 4.6). For 4/5 isolates (CPE01, 8, 16 and 25), a carbapenem resistance gene was

present in a plasmid containing a conjugation module. Unlike for CPE01, CPE16

and CPE25, which had a complete uninterrupted module that spanned approxi-

mately 34 kb between finO and traM, for CPE08 the transfer region was interrupted

by a copy of ISKpn26 which was found in a remnant of the traE gene. The ISKpn26

was responsible for a deletion event that removed the traLAM genes, which are essen-

tial for conjugation in F-type plasmids (Fernandez-Lopez et al., 2016). Replicons are

described further in Table 4.1. For these four plasmids, multiple other AMR genes

were present in clusters. Conversely, for CPE24, its carbapenem resistance gene was

located on a small plasmid with mobilisation genes and there were no other AMR

genes present (Figure 4.6D). From these maps, it appears that 3 of 5 of the isolates

(CPE01, CPE16 and CPE25) contain putative conjugative carbapenem resistance

plasmids. Experimentation will be required to determine if these predictions are

accurate.
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Figure 4.6: Annotated putative carbapenem resistance plasmids from CPE isolates (circular maps). (A) CPE01_2, (B) CPE08_2,
(C) CPE16_3, (D) CPE24_3, (E) CPE25_3. Annotations were drawn to scale and transferred from likely coding sequences (CDS)
determined via BLASTn and tBLASTn searches (Altschul et al., 1990), where necessary with inferences as to likely start/stop codons and
with reference to Prokka annotations (Seemann, 2014). Manual annotations were only included if a start/stop codon could be identified.
All putative CDS (except Prokka annotations) were translated to assess premature stop codons (indicated if likely present). Orange arrows
(AMR CDS). Green arrows (repA CDS). Pink arrows (conjugation module CDS). Yellow arrows (Prokka annotations). For CPE01_2,
CPE16_3 and CPE25_3, all ‘essential’ conjugation genes for similar F- type plasmids (Fernandez-Lopez et al., 2016) were present on the
basis of manual annotation versus AP001918 GenBank reference. For CPE08_2, no evidence of the essential conjugation genes traLAM
was found (Fernandez-Lopez et al., 2016). Maps were prepared using Geneious Prime 2021.1.
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As the CPE01 and CPE25 Unicycler (Wick et al., 2017b) hybrid assemblies were

not completely circularised, another method of assembly (long-read assembly using

Flye (Kolmogorov et al., 2019) followed by short-read polishing using Pilon (Walker

et al., 2014) via PorePolish https://github.com/stevenjdunn/

porepolish) was used to try and achieve circularised sequences for these isolates.

This was done to prepare adequate reference sequences which could be used for fu-

ture comparison against any transconjugants, such as to determine plasmid content

and completeness. Long-read assembly followed by short-read polishing achieved

circularised assemblies for both genomes (Figure 4.7). When comparing the pol-

ished Flye assemblies to the Illumina-only data using Snippy

(https://github.com/tseemann/snippy), for CPE01 there were three SNPs and for

CPE25 there were zero SNPs. This result indicated that the polished assemblies

were as accurate, or almost as accurate, as the Illumina data. Therefore, these were

considered suitable for future use.

Figure 4.7: Visualisation of CPE01 and CPE25 (unpolished) Flye (Kolmogorov
et al., 2019) assembly graphs using Bandage (Wick et al., 2015). Coloured blocks
represent nodes (contigs). Black lines (edges) represent links between contigs. A
single black line linking a circular contig indicates the sequence has been circularised
(closed).

To further evaluate these assemblies, the number of putative plasmids, along with

their replicons and AMR genes was assessed (Table 4.2). Replicons were assigned by
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PlasmidFinder for 5/6 of the accessory contigs in the CPE01 and CPE25 polished

assemblies. These were identical in name to those previously assigned to the original

Unicycler assemblies, although they may be associated with a different contig num-

ber in the different assemblies. While no replicon was identified by PlasmidFinder

for CPE01 contig 4 or CPE25 contig 5, these sequences were identical to each other

(100% coverage, 100% identity using CPE01_4 (54404 bp) and CPE25_5 (54402

bp) as the query) and to GenBank accession CP021760.1 (54404 bp) corresponding

to a K. pneumoniae phage-plasmid.

Table 4.2: Information on CPE isolate polished Flye assembly contigs including
carbapenem-resistance gene presence (ResFinder), other AMR gene presence and
identification of putative plasmid replicons (PlasmidFinder) (Carattoli et al., 2014;
Kolmogorov et al., 2019; Zankari et al., 2012). ‘Col’ replicons refer to small plasmid
replicons identified by PlasmidFinder. CR (carbapenem-resistance) genes. Contigs
labelled ‘1’ refer to chromosomes. All other numbers refer to additional sequences
where a replicon was identified. Genes in bold are predicted to be present and full
length on the accessory contig containing the carbapenem resistance gene. Informa-
tion in line with and to the right-hand side of the contig number relates to a given
contig.

To investigate the genetic context of the carbapenem resistance genes on the putative
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plasmid contigs, IS annotations were mapped on to the plasmid sequences (Figure

4.8) and the specific carbapenem resistance gene-flanking sequences were highlighted

(Figure 4.9).
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Figure 4.8: Insertion sequences annotated on putative carbapenem resistance plasmids from CPE isolates (circular maps) from Flye
or Unicycler assemblies. (A) CPE01_2 (Flye), (B) CPE08_2 (Unicycler), (C) CPE16_3 (Unicycler), (D) CPE24_3 (Unicycler), (E)
CPE25_3 (Flye). Annotations (purple boxes) were drawn to scale on the basis of high percentage nucleotide identity to ISfinder database
sequences (http://www-is.biotoul.fr, (Siguier et al., 2006)). Conjugation modules were not interrupted by IS elements apart from in
CPE08_2 at traE where the region was truncated at position 139,212 by ISKpn26 (blue arrow). Truncated IS sequences are indicated
by a jagged edge.
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The IS annotations indicated a large number of putative translocatable genetic ele-

ment sequences were often clustered together in the carbapenem resistance plasmids.

No conjugation module genes were interrupted by these sequences with the excep-

tion of CPE08_3 where traE has been truncated by ISKpn26 at position 139,212,

resulting in an incomplete module. All carbapenem resistance genes were found

adjacent to IS (Figure 4.9).

Figure 4.9: Genetic context of the carbapenem resistance genes carried by the CPE
isolate plasmids. (A) CPE01_2, (B) CPE08_2, (C) CPE16_3, (D) CPE24_3, (E)
CPE25_3. Annotations indicate resistance genes and their flanking regions. Yellow
annotations indicate additional Prokka annotations.

Next, BLASTn (Altschul et al., 1990) was used to query the GenBank non-redundant

nucleotide database with the carbapenem resistance plasmid sequences from the

CPE isolates to determine whether similar plasmids had been sequenced previously.

For CPE01 and CPE25, the Flye contigs were used in queries, and for the other

isolates the original Unicycler contigs were used (Agarwala et al., 2018; Kolmogorov

et al., 2019; Wick et al., 2017b) (Table 4.3). For each of the queried sequences,

matches were found in the GenBank database. A ColKP3 plasmid identical to that

of CPE24 was found. Using CPE08_2, CPE16_3 and CPE25_3 as queries uncov-

ered high percentage coverage and identity matches (92 to 100%). For CPE01_2,

database matches generally corresponded with one half of the query sequence each,
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with coverage of approximately 50%. However, the percentage identity of these par-

tial matches was high (99.96-100%). Notably, the second best match for CPE25_3

was CP024840.1 (96185 bp length, 99% coverage, 99.98% identity), which was the

closest match to CPE01_2. Based on this observation, it appears likely that the

CPE01_2 assembly represents two plasmids.

Table 4.3: Single examples of ‘best’ coverage and percentage identity matches of pu-
tative CPE conjugative carbapenem resistance plasmids on GenBank from BLASTn
search (Agarwala et al., 2018; Altschul et al., 1990).

Isolate (query) contig/
length (bp)

E.g. GenBank accessions
(subject)/ length (bp)

%coverage %identity

CPE01_2/ 165,787 CP041957.1/83,648 53 (‘left side’) 99.96
CP024840.1/96,185 56 (‘right side’) 100.00

CPE08_2/167,806 CP022574.1/170,415 92 99.99
CPE16_3/119,165 CP009115.1/118,061 99 100.00
CPE24_3/6,141 LC507653.1/6,141 100 100.00
CPE25_3/96,618 KY130431.1/96549 100 99.97

4.5 Discussion

Whole genome sequencing data were obtained for five K. pneumoniae clinical iso-

lates from the Queen Elizabeth Hospital (Birmingham). These data were exam-

ined to characterise the isolates, determine how they compare with other global

K. pneumoniae and to ascertain which may be most suitable for use as donors in a

clinically-relevant model to investigate conjugative transfer of carbapenem resistance

plasmids.

Although the CPE isolates were determined to be carbapenem-resistant,

carbapenemase-producing K. pneumoniae based on standard laboratory tests, the

species designation was confirmed by placing the isolates amongst a selection of K.

pneumoniae species complex strains. The isolates were further investigated within

the context of a global collection (Pathogenwatch) of strains of the same ST. This

illustrated that the CPE isolates group with other strains belonging to the same
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ST, but do not always carry the same carbapenem resistance genes as other group

members or cluster alongside the majority in geographical distribution or phyloge-

netic relatedness. A similar pattern of variable carbapenem resistance gene carriage

was highlighted in a recent study investigating ST16 K. pneumoniae outbreak iso-

lates from Vietnam within a global context (Nguyen et al., 2021). Nguyen et al.

determined that outbreak and global strains contained a variable complement of

AMR genes, including carbapenem resistance genes. This is not unexpected, es-

pecially given the accessory nature of many AMR genes (Vrancianu et al., 2020)

and the small number of core chromosomal genes used for K. pneumoniae MLST

classification (Diancourt et al., 2005).

Metadata from Pathogenwatch/OpenStreetMap plotting strain origin by country

was visualised to evaluate the overall carbapenem resistance gene carriage levels

within ST collection groups. The maps revealed global spread of the STs, alongside

a high proportion of carbapenem resistance gene carriage, highlighting the previ-

ously reported carbapenem resistance problem in Enterobacteriaceae (De Oliveira

et al., 2020). For the available ST512 isolates, over 99% of the genomes contained

carbapenem resistance genes. Given the association in some regions of ST258 (a

close relative of ST512) and blaKPC-mediated carbapenem resistance (Bonnin et al.,

2020), this finding is perhaps unsurprising. For all of the STs, the proportion of

genomes carrying carbapenem resistance genes was above 50%. Although these per-

centages are striking, it is important to consider the potential bias in this dataset

which may result from preferential sequencing of phenotypically resistant isolates

(David et al., 2019). Nonetheless, carbapenem resistance gene carriage in more than

half of the available genomes is concerning. The international spread of these STs

is evident from these data, and these STs correspond to those previously identified

as ‘resistance clones’ (Lam et al., 2021).

Hybrid genome assemblies were examined to investigate the accessory genomes of

CPE isolates, with a focus on characterising the contexts of carbapenem resistance
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genes. This revealed that the CPE isolates contained three to six likely plasmid

contigs, numbers not uncommon for K. pneumoniae (Wyres et al., 2020a). Complete

whole genome assemblies of chromosomal and plasmid sequences can be achieved

via multiple hybrid methods (De Maio et al., 2019). For example, Unicycler is

commonly used to assemble bacterial sequences using short-read data (for accuracy)

bridged by long-read data (for structure) (Wick et al., 2017b). This study made use

of two hybrid approaches, and highlights through CPE01 and CPE25 assemblies

that no method is necessarily able to fully resolve plasmid sequences with absolute

certainty. Therefore, although WGS data is undoubtedly informative, assemblies

can only provide a guide rather than an authority on the state of any given genome.

To further characterise CPE isolate sequences, PlasmidFinder and ResFinder

databases were queried and the AMR gene and plasmid replicon content of the five

isolates was predicted. These databases supply curated sequences which can be used

as references, facilitating comparison between studies (Carattoli et al., 2014; Zankari

et al., 2012). This assessment indicated that the CPE isolates carried multiple plas-

mid replicons, confirming likely plasmid sequences and indicating that some may be

multi-replicon plasmids, which is frequently observed for F-type plasmids (of which

there was an example in each isolate) (Villa et al., 2010). Interestingly, but not un-

expectedly, most of the putative plasmid sequences carrying carbapenem resistance

genes were F-type. In a recent review, approximately 40% of the carbapenem resis-

tance genes found in plasmids in Enterobacteriaceae were located in F-type plasmids

(Kopotsa et al., 2019). The AMR gene search indicated that multiple AMR genes

were present in each isolate. This is also expected, as many K. pneumoniae have

been reported to carry multiple AMR genes (Wyres and Holt, 2018).

Using the replicon and AMR gene information, combined with reference sequences

from an experimentally-characterised conjugation module, putative carbapenem re-

sistance plasmids were annotated and the likelihood of their theoretical transfer by

conjugation was assessed by evaluating the completeness of the F-type plasmid con-
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jugation module, or through assessment of mobilisation machinery complemented

by BLAST searches (Altschul et al., 1990). Overall, for 3/5 isolates, a full conjuga-

tion module from finO to traM (Frost et al., 1994) appeared to be present in the

carbapenem resistance plasmids. A lack of annotations for some of the conjugation

module genes does not guarantee their absence. Instead, this indicates that the

matches against GenBank reference sequences were poor. This might be expected

given the variety exhibited by F-type plasmids (Matlock et al., 2021). No IS ele-

ments were identified interrupting the complete (finO-traM ) conjugation modules,

increasing the likelihood of the regions being functional. Another consideration is

that a full complement of conjugation module genes is not necessarily required for

conjugative ability. However, for CPE01_2, CPE16_3 and CPE25_3, the complete

set of essential genes (traABCDEFGHIKLMVW and trbC ) (Fernandez-Lopez et al.,

2016) was determined to be present by manual annotation versus an experimentally-

determined reference sequence. For 1/5 isolates (CPE08), the conjugation module

in its carbapenem resistance plasmid was truncated by an IS which interrupted traE

(a gene described as essential for conjugation (Fernandez-Lopez et al., 2016)) and

the remaining module to the 3’ end of traE. As a result of the deletion event that

generated this truncated sequence, three other essential genes (traLAM ) were miss-

ing from the module (Fernandez-Lopez et al., 2016). Therefore, it is unlikely that

this plasmid will transfer by conjugation and ultimately (as with all the isolates)

assays will be necessary to determine conjugative ability. These experiments are

described in Chapter 5.

The carbapenem resistance gene in CPE24 was found in a small plasmid carrying

mobilisation (mob) genes (Potron et al., 2011). Recently, the role of small plas-

mids in AMR has been highlighted, including their contribution to carbapenem

resistance gene carriage, and several examples of small AMR plasmids have been

identified (Barry et al., 2019; Moran and Hall, 2017; Ramirez et al., 2019). Similar

to the majority of the (172) small (≤25 kb) K. pneumoniae plasmids investigated

by Ramirez et al. (2016), the carbapenem resistance plasmid in CPE24 contained
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a ColE1-type replicon. Several of the small plasmids harboured resistance genes

including blaOXA-232, which was also found in CPE24, and some contained similar

features flanking blaOXA-232 (or its close relative blaOXA-181) as those found in this

isolate (truncated ISEcp1 and ereA) (Ramirez et al., 2019). Further investigation of

the plasmid content of this isolate may reveal a conjugative plasmid able to mobilise

CPE24_3. However, this was beyond the scope of this work.

Carbapenem resistance gene(s) were identified in each isolate as predicted by the

previous phenotypic testing at the hospital. Interestingly, two of the isolates (CPE01

and CPE25) appeared to contain multiple chromosomal copies of blaOXA-181 along-

side a plasmid-borne copy of blaNDM-5. These isolates both belonged to ST147, and

isolate(s) with a similar carbapenem resistance gene profile have been identified in

published reports (Rojas et al., 2017; Sherchan et al., 2020). The clinical isolate

investigated by Sherchan et al. from Nepal (Sherchan et al., 2020) and a clinical

isolate from India in the study by Rojas et al. (2017) also contained rmtB and rmtF.

These aminoglycoside resistance genes are harboured by CPE01 and CPE25, raising

questions about how widespread this resistance profile might be within ST147.

The AMR gene profiles of CPE01 and CPE25, alongside their similar replicon profile

and close proximity in the K. pneumoniae species complex phylogeny, prompted a

comparison of their nucleotide sequences which were found to be 100% identical

across the majority of the genome. To fully evaluate the plasmid content of these

isolates, an alternative assembly method was employed, using a long-read assembly

to ascertain genome structure, followed by polishing using short-read data to achieve

better accuracy (De Maio et al., 2019). The assemblies were determined to be

almost as accurate as the original Unicycler assemblies on the basis of minimal SNP

differences after polishing and circularised contigs were obtained. Based on this

circularisation, the genome assembly was considered to be complete and suitable

for future use. For subsequent work, the original assemblies were used for CPE08,

CPE16 and CPE24 and the Flye assemblies were used for CPE01 and CPE25. The
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differences in outcome using the two assembly methods on the same sequencing

data highlights that this process is only as good as the technology permits, and

remains an approximation of the state of the genome at the time of sequencing.

This, combined with the presence of many annotations corresponding to putative

mobile genetic elements, indicates that genomes are fluid and can change often.

Mobile genetic elements contribute to genome evolution, with IS such as IS26 often

mediating changes in gene repertoire (Hua et al., 2020; Naito and Pawlowska, 2016).

Indeed, specific mobile genetic element-AMR gene associations have been identified,

including between ISAba125 and blaNDM which is illustrated here (Partridge et al.,

2018).

Comparison to existing sequences in the GenBank database indicated that car-

bapenem resistance plasmids similar to those found here have been seen elsewhere.

This outcome supports the assemblies and their construction. However, 100% iden-

tity and coverage matches were only identified for the small ColKP3 plasmid of

CPE24. Otherwise, the carbapenem resistance contigs were novel in not having

complete sequence identity to previously sequenced plasmids.

4.6 Limitations and future work

As WGS provides a wealth of information, more (manual) work could be carried out

to improve the existing putative annotations for the carbapenem resistance plas-

mids, such as those identifying IS elements, or to increase the level of confidence in

annotations that were not based on experimentally-determined reference sequences.

There is also scope to annotate the remaining plasmids in these isolates, or to in-

vestigate existing (related) plasmid sequences to evaluate evolutionary trends such

as AMR gene carriage, geographical or species distributions. Although these areas

remain to be investigated, the work presented here successfully permitted informed

decisions regarding subsequent experimental work and model validation.
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4.7 Conclusions

Overall, WGS data alongside publicly-available sequence databases and tools have

permitted characterisation of the CPE isolates, with a specific focus on their clas-

sification within both the K. pneumoniae species complex and amongst strains of

the same ST. AMR gene content, plasmid replicons and transfer/mobilisation genes

were investigated with a specific focus on putative carbapenem resistance plasmids.

Taken together, the available data indicate that 3/5 of these plasmids are likely

to be conjugative and 1/5 is likely to be mobilisable. This information has sug-

gested that CPE24 should be excluded from future experiments due to its lack of a

conjugative carbapenem resistance plasmid. Conversely, the available information

suggests inclusion of the remaining four isolates, three of which are likely to conju-

gate and one of which may be less likely to. These data have been directly useful

in supporting decision-making for subsequent experimental approaches and model

development which will examine conjugation of carbapenem resistance plasmids in

K. pneumoniae planktonic and biofilm populations.

4.7.1 Key findings

• The CPE isolates cluster with K. pneumoniae sensu stricto and with their

respective STs

• Carbapenem resistance gene carriage in the STs evaluated here is internation-

ally distributed

• All CPE isolates contain plasmid-borne carbapenem resistance genes; most of

these plasmids contain F-type replicons

• Four of the five carbapenem resistance plasmids examined here appear to en-

code conjugation machinery; one of the five appears to encode mobilisation

machinery
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• Publicly-available tools facilitated prediction of all of the required features for

informed conjugation model development

• CPE01, CPE16 and CPE25 may be suitable donors for development of clinically-

relevant K. pneumoniae conjugation model(s).
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Chapter 5

Conjugation of carbapenem

resistance plasmids in planktonic and

biofilm lifestyles

5.1 Background

Five carbapenemase-producing K. pneumoniae clinical isolates were sent for whole

genome sequencing. This confirmed that the isolates were likely to contain car-

bapenem resistance genes. As shown in Chapter 4, several of these genes were

predicted to be carried on plasmids. In 4/5 isolates (CPE01, CPE08, CPE16 and

CPE25), conjugation modules were annotated on the carbapenem resistance plas-

mids. In 1/5 isolates (CPE24), the carbapenem resistance plasmid was predicted to

be mobilisable. Annotation indicated that 1/5 of the carbapenem resistance plas-

mids (plasmid in CPE08) had a truncation in the conjugation module at traE, and

would therefore be unlikely to transfer by conjugation as this gene is considered

essential for the process (Fernandez-Lopez et al., 2016).
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As conjugation is a major route of AMR plasmid transfer (Alderliesten et al., 2020),

and gene presence does not guarantee gene expression (Zatyka and Thomas, 1998),

it was of interest to determine the transfer rates of these plasmids in vitro. The ra-

tionale was to determine the transmissibility of the carbapenem resistance plasmids

from the donor strains into a single recipient background in both planktonic and

biofilm lifestyles, along with assessing whether genotypic data was able to predict

conjugation phenotype. Compared to models using laboratory-adapted or environ-

mental plasmids and strains, use of clinical isolate donors facilitates development

of assays that are likely more reflective of AMR plasmid transfer in hospital set-

tings (Buckner et al., 2018). This is because the isolates were themselves recently

isolated from hospital patients, they carry multiple AMR genes and have not been

laboratory-adapted.

With increasing availability of genomic data, and acknowledgement that it is not

always reliable as a predictive tool (Lees et al., 2020), it is important to validate pre-

dictions with experimental data. There is currently no clear evidence that genomic

data alone can predict frequency of plasmid transfer or likelihood for transconjugant

production from a particular donor-recipient combination. These aspects are of di-

rect relevance when considering the clinical implications of AMR plasmid transfer

by conjugation, and increasing the body of knowledge in this area is important for

understanding AMR plasmid spread, developing better predictive models and the

use of genomics in clinical diagnostics.

To determine whether the annotated carbapenem resistance plasmids were able to

transfer by conjugation, assays using culture plating on selective antibiotics and

colony counting were used. Although there are limitations to this approach, as de-

tailed in Chapter 3, the estimation of CFU/mL remains the ‘gold-standard’ method

for quantification of viable bacterial cells (Hazan et al., 2012) which permits deter-

mination of conjugation frequency (Suhartono and Savin, 2016). It is also possible to

assess transfer in biofilms using plating and CFU/mL determination (Christensen
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et al., 1998). Therefore, assessment of plasmid transfer in both planktonic and

biofilm lifestyles is possible.

As mentioned previously, there remains a lack of consensus as to the interplay be-

tween the biofilm lifestyle and rates of HGT, with some reports that this lifestyle

may promote the process and others indicating limited transfer (Stalder and Top,

2016). In addition, some data suggest that the presence of a conjugative plasmid

may itself promote biofilm formation due to conjugative pili potentially aiding sur-

face adhesion (Burmølle et al., 2008). However, this effect on biofilm formation is

not always observed (Gama et al., 2020).

K. pneumoniae is an important carrier of conjugative AMR plasmids (Hendrickx

et al., 2020) and a contributor to the burden of nosocomial infections (Podschun

and Ullmann, 1998) as well as to AMR gene/plasmid transfer within hospital en-

vironments (Wyres and Holt, 2018). There are limited data available measuring

conjugation frequency using K. pneumoniae clinical isolates in biofilm models, e.g.

Hennequin et al. (2012). As biofilms are thought to be the most common bacterial

lifestyle (Penesyan et al., 2019), and K. pneumoniae biofilms can be present in in-

fection sites (Piperaki et al., 2017) and in environments such as hospital surfaces

(Hassan et al., 2019), it is of direct relevance to understand how AMR plasmids may

transfer horizontally in K. pneumoniae clinical isolate planktonic and biofilm pop-

ulations. This knowledge could aid in reducing the burden of AMR K. pneumoniae

infections.

To start addressing the lack of data, this study used K. pneumoniae clinical isolates

from the QE Hospital Birmingham, and a hygromycin-resistant K. pneumoniae re-

cipient strain to quantify transfer of carbapenem resistance plasmids in planktonic

and biofilm lifestyles.

119



5.1.1 Aims and hypotheses

The aims of this work were to determine whether the carbapenem resistance plasmids

in the K. pneumoniae CPE clinical isolates (annotated in Chapter 4) were able to

transfer by conjugation, to quantify their transfer in planktonic and biofilm lifestyles,

and to assess whether plasmid acquisition had an effect on the recipient biology. The

hypotheses were:

1. K. pneumoniae CPE isolates will form biofilm.

2. CPE carbapenem resistance plasmids will conjugate into K. pneumoniae.

3. Plasmid acquisition will negatively affect recipient fitness versus the WT.

4. Plasmid acquisition will increase biofilm formation versus the WT.

5.2 Initial characterisation

To evaluate the carbapenem resistance phenotype of the K. pneumoniae CPE iso-

lates, an agar MIC was carried out (Table 5.1). This confirmed that the isolates were

resistant to meropenem based on the EUCAST breakpoint (>8 mg/L) (The Euro-

pean Committee on Antimicrobial Susceptibility Testing, 2017). However, CPE24

was within one doubling dilution of the breakpoint, which is considered to be within

the error of the assay (Brennan-Krohn et al., 2017). This indicates that CPE24 is

likely to be less resistant to meropenem than the other CPE isolates.

Along with meropenem, the isolates were tested against several other agents to eval-

uate the overall resistance profile (where possible) versus the EUCAST breakpoint

table (version 11.0) for Enterobacterales (The European Committee on Antimicro-

bial Susceptibility Testing, 2021). For all of the agents for which breakpoints were
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available, the CPE isolates were defined as resistant (Table 5.1). Control strain

results were within one doubling dilution of the expected values (Table S2).

Table 5.1: Agar MIC of K. pneumoniae CPE isolates against a selection of antibi-
otics and dyes. Meropenem data are in bold text. Control ATCC 25922 (E. coli)
MIC was <1 mg/L. The British Society for Antimicrobial Chemotherapy MIC for
this reference strain is listed as 0.008 mg/L for meropenem (Andrews, 2001). N/A:
Data not available.

Next, additional phenotypic assessment was carried out to evaluate isolate growth

profiles in more detail. Planktonic growth kinetics, including growth curves and

maximum growth rates, were evaluated (Figure 5.1). Maximum growth rate was

used to compare the planktonic growth profiles of the CPE isolates. A one-way

ANOVA indicated no statistically significant differences in the maximum growth

rates between the isolates (P = 0.59).
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Figure 5.1: K. pneumoniae CPE isolate planktonic growth profiles. (A) Growth
kinetics and (B) maximum growth rate in LB. ‘ns’ indicates ‘not significant’ (one-
way ANOVA, P = 0.59). Error bars represent standard deviation from the mean.
N = three experimental replicates (three biological replicates per experiment, each
biological replicate is the mean of three technical replicates).

Next, crystal violet assays were used to determine K. pneumoniae CPE isolate

biofilm formation (Figure 5.2). Biofilm formation was determined to be variable

and isolate-dependent. Cusumano et al. (2019) reported that TSBs was optimal

for biofilm formation in a set of K. pneumoniae clinical isolates (Cusumano et al.,

2019). Based on this research, this media was compared to LBB to evaluate whether

it facilitated biofilm formation for the CPE isolates.

Figure 5.2: Mean biofilm formation (crystal violet staining) of the CPE isolates
at 72 h in TSBs and LBB. N = four experimental replicates, each the mean of
three biological replicates. Each biological replicate is the mean of three technical
replicates. Media-only values have been subtracted. Error bars represent standard
deviation from the mean. Asterisks indicate P <0.05 in an unpaired t-test. ‘ns’
indicates ‘not significant’.
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Broadly speaking, biofilm formation was greater in TSBs versus in LBB so this

media was chosen for use in subsequent experiments to maximise biofilm formed by

the CPE isolates. Unpaired t-tests highlighted the media effect between TSBs and

LBB (for CPE01 P = 0.0038, for CPE08 P = 0.013, for CPE16 P = 0.075, for

CPE24 P = 0.013, CPE25 P = 0.13). Interestingly, for CPE01 and CPE25, which

sequencing data predicted to be closely-related, both isolates showed the highest

levels of biofilm production in the conditions tested. CPE24 was the only isolate

where biofilm formation was significantly higher in LBB than in TSBs.

Before carrying out conjugation assays, planktonic growth of the isolates was tested

in TSBs to better understand growth dynamics in this media (Figure 5.3). Although

there was a small but significant difference in the maximum growth rates between

strains, the media was considered suitable for use in future experiments. CPE24 was

excluded from these and future experiments because its borderline resistance profile

(Table 5.1) and the putative mobilisation transfer mechanism of its carbapenem

resistance plasmid (Chapter 4) made it unsuitable for the intended conjugation

model.

Figure 5.3: Planktonic growth profiles of the CPE isolates in TSBs. (A) Mean 16 h
planktonic growth curves and (B) mean maximum growth rates. One-way ANOVA
indicated a difference (*) between the maximum growth rates (P = 0.041). Error
bars represent standard deviation from the mean. N = three experimental replicates
(three biological replicates per experiment, each biological replicate is the mean of
three technical replicates).
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Overall, the CPE isolates were confirmed to be carbapenem-resistant. Their growth

profiles were similar in LBB according to the maximum growth rates, but the level

of biofilm formed was variable. For 4/5 isolates, TSBs media increased the level of

biofilm formed at 72 h compared to LB. As low levels of biofilm were formed for some

isolates, including in TSBs, this indicated that some isolates may be unsuitable for

future use in biofilm conjugation assays. However, the planktonic growth kinetics

data in TSBs showed that the selected isolates (CPE01, CPE08, CPE16 and CPE25)

grew sufficiently for use in planktonic conjugation assays.

5.3 Strain construction and validation: KP20

To determine whether the conjugation machinery in the CPE isolates was functional,

and to assess whether lifestyle has an impact on conjugation frequency, planktonic

and biofilm conjugation experiments using the CPE isolates as donor strains were

planned.

Due to the multidrug resistance profile of the isolates, and due to the requirement

for a biofilm-forming strain, it was necessary to construct a recipient strain to en-

able conjugation experiments. For this, a derivative of the well-characterised ATCC

43816 (KP1) strain was selected (Cano et al., 2015; Gomez-Simmonds and Uhle-

mann, 2017). This relatively antibiotic susceptible strain was originally isolated

from a clinical pneumonia sample (Cano et al., 2015; Gomez-Simmonds and Uhle-

mann, 2017) and is used in mouse models of infection (Fodah et al., 2014; Lavender

et al., 2004). It is known to form biofilm (Langstraat et al., 2001) and has been used

successfully in the past as a recipient strain (Dorman et al., 2018; Low et al., 2020;

Shankar-Sinha et al., 2004)). It is also reported to be amenable to genetic manipu-

lation (Dr Laura Hobley, personal communication). Therefore, to permit selection

of this strain in conjugation assays using multidrug resistant donors, recombineering

was used to insert a hygromycin resistance cassette from pSIM18 into blaSHV on the
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K. pneumoniae KP1 chromosome.

Initially, the PCR-amplified hygromycin cassette from pSIM18 was checked on an

agarose gel to confirm it was of the expected size of approximately 1500 bp (Figure

S9). The negative control (no DNA) gave no band as expected, and the candidate

cassette DNA gave bands of the expected size. Therefore, the DNA fragment was

taken forward for use in recombineering. A putative candidate colony (known as

KP20) was initially validated by growth/lack of growth on hygromycin and ampi-

cillin antibiotics respectively (Figure S10) and by PCR. The colony was checked us-

ing primers flanking the desired cassette insertion to assess whether the hygromycin

resistance cassette from pSIM18 had inserted in the correct location (Figure 5.4).

As expected, the negative controls, which included KP21 (known to have pACBSCE

but no insertion), gave no bands. The KP20 candidate gave bands of the expected

size and was taken forward for PCR to check for loss of the recombineering plasmid

pACBSCE after non-selective growth. KP21 (known to have pACBSCE) was used

as a positive control (Figure 5.5).

Figure 5.4: Validation of candidate KP20. Agarose gel electrophoresis from a PCR
check for the hygromycin resistance cassette insertion in a KP21 colony (now a KP20
candidate) restreaked after recombineering. (1) Ladder (HyperLadderTM 1 kb) (2)
Negative control KP21 (no insertion, contains pACBSCE), (3) Negative control (no
DNA), (4-8) KP20 candidate, (9) Ladder (HyperladderTM 1 kb). Expected size is
413 bp. Arrows indicate ladder reference band size.

125



Figure 5.5: Agarose gel electrophoresis of colony PCR check for loss of the re-
combineering plasmid pACBSCE. Primers designed against gam from pACBSCE.
(1) Ladder (HyperladderTM 1 kb). (2) Positive control KP21 (contains pACBSCE)
(3) Negative control KP1 (no pACBSCE) (4) Negative control (no DNA) (5) KP20
candidate. Expected band size 222 bp. Arrows indicate ladder reference band size.

KP21 (known to have pACBSCE) gave a band of the expected size, indicating

presence of the plasmid in this strain and successful PCR amplification of gam. For

the KP20 candidate, no band was present. This suggested that the recombineering

plasmid had been lost through non-selective growth.

Next, the KP20 candidate was sent for WGS to further validate the strain (Figure

5.6). This confirmed that the cassette was as expected and had inserted in the cor-

rect location. The sequence of the insertion matched that of the expected sequence,

having the hygromycin cassette inserted into (and interrupting) the existing blaSHV

gene on the KP1 chromosome as intended. Apart from the cassette insertion, com-

paring KP20 to its parental strain there was a single SNP at position 268418 which

leads to a non-synonymous change (from threonine to alanine) in the GstB protein.

Further work would be required to validate this SNP and to evaluate any impact.

WGS also confirmed loss of the recombineering plasmid pACBSCE.
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Figure 5.6: Annotated cassette sequence from KP20 whole genome sequence.
Screenshot from Geneious Prime software. Purple bar: Full insertion from pSIM18.
Dark and medium green arrows: Primer binding locations. Light green arrow: bla
promoter. Light blue arrow: truncated sequence from chromosomal blaSHV on KP1
chromosome. Yellow arrow ‘hph’: hygromycin resistance gene.

5.4 KP20 characterisation

Following confirmation that the insertion in the newly constructed KP20 recipient

was as expected, the biofilm and planktonic growth profiles of KP20 versus the

ancestral KP1 strain were assessed. This was done to ensure the addition of the

hygromycin resistance cassette, and the non-synonymous change in GstB, did not

impact fitness and to evaluate KP20 suitability for use in future conjugation experi-

ments. KP1 and KP20 behaved similarly in growth and biofilm assays (Figure 5.7).

Their phenotypes were compared using unpaired t-tests. Although media type had

an effect on biofilm, with more biofilm formed in LBB versus TSBs for both KP1

and KP20 (P = 0.0047 and P = 0.0087 respectively), there was no difference in

the amount of biofilm formed when comparing the strains to each other (P = 0.96

comparing KP1 and KP20 in TSBs, P = 0.37 comparing KP1 and KP20 in LB).

Equally, when evaluating planktonic growth, there was no difference in the maximum

growth rate comparing KP1 to KP20 in TSBs or LBB (P = 0.47 in TSBs, P = 0.39

in LBB). However, maximum growth rate in TSBs was significantly higher versus

LBB in KP20 but not for KP1 (P = 0.063 comparing KP1, P = 0.013 comparing

KP20). Taken together, results from the biofilm and growth kinetics experiments

indicated that the insertion had no effect on the measured KP20 phenotypes versus

the ancestral KP1 strain.
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Figure 5.7: Biofilm formation and growth profiles of KP1 and KP20 in TSBs (black and pink points) and LBB (green and purple points).
(A) Mean 72 h biofilm formation (crystal violet assay) (B) Mean 16 h planktonic growth curves (C) Mean maximum growth rate. Unpaired
t-tests indicated not significant (ns, P > 0.05) except for comparisons between KP1 and KP20 biofilm in TSBs versus LBB (P = 0.0047
and P = 0.0087 respectively) and for KP20 maximum growth rate in TSBs versus LBB (P = 0.013). N = three experimental replicates
each comprising three biological replicates. Per biological replicate, three technical replicates were included. Error bars indicate standard
deviation from the mean.
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5.5 Planktonic conjugation assays

As there was no indication of a difference between biofilm formation or planktonic

growth of the ancestral strain KP1 compared to KP20, planktonic conjugation ex-

periments using the new recipient strain and the CPE isolates as donors were carried

out. As there was no evidence of poor planktonic growth in TSBs (Figure 5.3), and

to provide consistency between experiments, this media was used in assays eval-

uating the conjugative ability of the donor carbapenem resistance plasmids in the

planktonic lifestyle (Figure 5.8). As previously indicated, CPE24 was excluded from

these experiments.

Figure 5.8: Mean conjugation frequencies of carbapenem resistance plasmids from
CPE donors into the KP20 recipient in planktonic populations. ND (not detected):
No transconjugants were detected in three independent experiments. Four biological
replicates were included in each experiment. Error bars show standard deviation
from the mean.

Conjugation frequencies (+/− standard deviation) could be calculated for two of

the four donors. For CPE01 and CPE08, no transconjugants were detected under

the assay conditions tested. For CPE25, the conjugation frequency was low (relative

to CPE16) at 2.8 x 10-8 (+/−1.9 x 10-8), and near the assay limit of detection. In
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contrast, for CPE16 the conjugation frequency was high (relative to CPE25) at 6.2

x 10-5 (+/− 2.8 x 10-5).

To evaluate the growth dynamics of the strains from experiments where transcon-

jugants were isolated, the donor:recipient ratios were determined at 0 h and 20

h (Figure 5.9). Over the course of the experiments, the proportion of CPE16 to

KP20 cells changed from a mean ratio of approximately 1:10 to a mean ratio of

approximately 7:1. In contrast, the ratio remained consistent for experiments using

CPE25.

Figure 5.9: Mean donor:recipient ratios at the start (0 h) and end (20 h) of the
planktonic conjugation experiments for the donor (plus KP20) strain combinations
where transconjugants were produced. N = three experimental replicates, each the
mean of four biological replicates. Error bars indicate standard deviation from the
mean.

At 0 h, for both strains, the desired ratio was 0.1. Colony counts revealed the mean

ratio to be approximately 0.3 for CPE16 and approximately 0.14 for CPE25. At 20

h the mean ratio for CPE16 was around 6.97, indicating a shift such that CPE16

became the dominant population. Conversely, the original ratio was maintained for

CPE25, with a mean of 0.19 at 20 h and KP20 as the dominant population.

Next, ten candidate transconjugant colonies were selected for validation using a

combination of re-streaking on selective agar, PCR and whole genome sequencing.
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Colony PCR checks assessed strain background, the presence of a carbapenem re-

sistance plasmid replicon and carbapenem resistance gene (Figure 5.10). Colonies

were named to include the recipient background (KP20) followed by ‘pCPE’ to

represent ‘CPE plasmid’ and a number to reflect the donor strain. For exam-

ple, KP20/pCPE16 relates to a KP20 transconjugant containing a plasmid(s) from

CPE16. Contig numbers were assigned to indicate individual plasmids. For exam-

ple, KP20/pCPE25_3 would indicate a KP20 transconjugant containing ‘plasmid

3’ from CPE25.
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Figure 5.10: Transconjugant colony PCR products. Putative KP20/pCPE16 (top) KP20/pCPE25 (bottom) colonies and controls. (1)
Ladder (HyperLadderTM 1 kb) (2) Donor control (3) Recipient control (4) No DNA control. (5-9) Candidate transconjugants. (A) Primer
pair against carbapenem resistance plasmid repA. Expected sizes 231 bp and 161 bp for KP20/pCPE16 and KP20/pCPE25 respectively.
(B) Primer pair against carbapenem resistance plasmid blaNDM. Expected sizes 392 bp and 290 bp for KP20/pCPE16 and KP20/pCPE25
respectively. (C) Primer pair against KP20 chromosome. Expected size 413 bp. Arrows indicate ladder reference band sizes.
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The donor control gave bands of the expected size for primers targeting the plasmid

and there were no bands for the recipient control (Figure 5.10A and B). Conversely,

the recipient control produced bands of the expected size for primers targeting the re-

cipient chromosome and no bands were present for the donor control (Figure 5.10C).

Bands of the expected size were present for each putative transconjugant colony for

each primer set. This confirmed that the carbapenem resistance gene and plasmid

backbone were present, within the recipient host. Taken together, the data indicate

that all tested colonies were transconjugants.

Five PCR-confirmed transconjugants from each set of experiments were sent for

whole genome sequencing using short-read Illumina technology. Reads were aligned

to donor reference genomes (hybrid assemblies) to validate the PCR data and iden-

tify any additional replicons present in the transconjugants (Table 5.2).

Read alignments confirmed that the carbapenem resistance plasmids were present

in both KP20/pCPE16 and KP20/pCPE25 transconjugants (pCPE16_3 and

pCPE25_3 respectively), thereby supporting the PCR data. For the KP20/pCPE16

transconjugant colonies selected for characterisation, 3 of 5 contained the additional

plasmid pCPE16_4 (4173 bp).

Table 5.2: Plasmid contigs present in transconjugants based on read alignment
to the donor reference genome*. Number ‘3’ refers to the carbapenem resistance
contig. NB: CPE25 donor reference genome was assembled using long-read data
and subsequently polished using short-read data. The original Unicycler assembly
was used for CPE16 as it was complete.

KP20/pCPE16
transconjugant
colony no.

Plasmid(s)
present

KP20/pCPE25
transconjugant
colony no.

Plasmids(s)
present

1 pCPE16_3,4 1 pCPE25_3
2 pCPE16_3,4 2 pCPE25_3
3 pCPE16_3,4 3 pCPE25_3
4 pCPE16_3 4 pCPE25_3
5 pCPE16_3 5 pCPE25_3

As many transconjugants were produced in the CPE16 KP20 conjugation experi-
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ments, thirteen more KP20/pCPE16 transconjugants were sent for whole genome

sequencing in addition to those detailed above to get a better idea of the propor-

tion of colonies containing only the carbapenem resistance plasmid (pCPE16_3)

versus those containing multiple replicons. Of 18 transconjugants sequenced in

total from the planktonic conjugation experiments, 18/18 (100%) contained the

carbapenem resistance plasmid pCPE16_3, 1/18 (5.6%) contained pCPE16_2 and

12/18 (67%) contained pCPE16_4. One colony (1/18, 5.6%) contained all three

plasmids (pCPE16_2,3,4).

5.6 Transconjugant characterisation

Next, to determine whether there was any effect on growth as a result of plasmid

acquisition, the ten sequenced transconjugants (five generated from each donor) were

taken forward for phenotypic characterisation in growth kinetics and biofilm assays

(Figure 5.11). Strain designations correspond to those in Table 5.2.
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Figure 5.11: Transconjugant growth profiles. (i) Planktonic growth curves, (ii) maximum growth rates and (iii) 72 h crystal violet biofilm
assays in TSBs. (A) KP20 and KP20/pCPE16 transconjugants (TC) and (B) KP20 and KP20/pCPE25 transconjugants (TC). One-way
ANOVA indicated no difference (not significant, ns) when comparing maximum growth rates of KP20 to any of the transconjugants (P
= 0.15 for pCPE16, P = 0.62 for pCPE25) or when evaluating biofilm formation between KP20 and the transconjugants (P = 0.32 for
pCPE16, P = 0.052 for pCPE25). Numbers after ‘TC’ e.g. ‘TC1’ refer to individual colonies. N = three experimental replicates, each
comprising three biological replicates. Each biological replicate is the mean of three technical replicates. Error bars represent standard
deviation from the mean.
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Considering planktonic growth, there was no clear difference in either the growth

curves (i) or the maximum growth rate (ii) when comparing KP20 to any of the

transconjugants (P = 0.15 for pCPE16, P = 0.62 for pCPE25 using a one-way

ANOVA). Likewise, for biofilm formation (iii) no clear difference was observed be-

tween KP20 and the transconjugants in their ability to form biofilm (P = 0.32 for

pCPE16, P = 0.05 for pCPE25 using a one-way ANOVA).

5.7 Biofilm conjugation assays

As most bacteria are thought to exist in biofilms (Ghigo, 2001), and as there are

conflicting reports in the literature about the role of this lifestyle in the potential

promotion of conjugation (Stalder and Top, 2016), it was of interest to assess con-

jugation in biofilms. The donor which produced the most transconjugants in the

planktonic experiments (CPE16) was selected for these assays. This was done to

increase the likelihood of transconjugant detection to give the greatest chance of

a measurable conjugation frequency in the new biofilm setup. As biofilms have a

lifecycle which broadly comprises attachment, maturation and dispersal (Guilhen

et al., 2016), conjugation frequency was assessed over time to see if the biofilm

growth stage would affect when conjugation was occurring.

To determine whether 24 h was an appropriate starting point for evaluating conju-

gation in a biofilm (i.e. whether detectable biofilm was formed by this time point),

crystal violet assays in TSBs were carried out for CPE16 and KP20 (Figure 5.12).

The 24 h biofilm assays confirmed that biofilm was formed by 24 h and that similar

amounts of biofilm were formed by CPE16 and KP20 (P = 0.056, unpaired t-test).

As a result, biofilm conjugation assays were carried out over a 72 h time period,

with plating for transconjugants at 24, 48 and 72 h to capture a maturing biofilm

(Singh et al., 2019).
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Figure 5.12: Mean biofilm formation of CPE16 and KP20 at 24 h in TSBs. Crys-
tal violet staining was used as a proxy for biofilm formation. Similar amounts of
biofilm were formed by CPE16 and KP20 (P = 0.056, unpaired t-test). ‘ns’ indi-
cates ‘not significant’. N = three experimental replicates, each the mean of three
biological replicates. Three technical replicates were carried out per biological repli-
cate. Media-only values were subtracted to remove background. Error bars show
standard deviation from the mean.

A 6-well conjugation assay was developed to facilitate assessment of plasmid trans-

fer in CPE16/KP20 biofilms. The setup made use of the same media and counting

procedures used for the planktonic assays. However, cells were incubated in tissue

culture plates over longer time-frames and cell scrapers were used to remove ad-

hered cells for plating. As a result, there were necessarily some differences in how

the biofilm and planktonic assays were carried out. Conjugation frequencies were

determined across three time points (Figure 5.13).
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Figure 5.13: Mean conjugation frequencies of pCPE16_3 from the CPE16 donor
into the KP20 recipient in a biofilm over time. Different shaped points relate to the
experimental replicate. One-way ANOVA indicated no difference (‘not significant’,
‘ns’) in the conjugation frequencies across the time-points (P = 0.71). N = three
experimental replicates, each the mean of four biological replicates. Error bars
indicate standard deviation from the mean.

Across the three tested timepoints, mean conjugation frequency of the CPE16 car-

bapenem resistance plasmid pCPE16_3 was high and consistent (± standard devi-

ation): 4.1 x 10-2 (± 1.3 x 10-2) at 24 h, 3.5 x 10-2 (± 9.1 x 10-3) at 48 h and 4.1

x 10-2 (± 6.8 x 10-3) at 72 h. A one-way ANOVA confirmed no difference between

these values (P = 0.71).

The frequency of transfer of any plasmids other than pCPE16_3 from this donor

strain was not systematically monitored. However, two putative transconjugant

colonies from biofilm conjugation experiments were taken forward for validation by

colony PCR (Figure S11) and sequencing to determine transferred plasmid(s) as was

carried out for the planktonic transconjugants. These assessments revealed that the

two colonies were indeed transconjugants, both containing pCPE16_3. In addition,

one contained pCPE16_2 and the other contained pCPE16_4.
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To further dissect the dynamics in the biofilm setup, and in light of the pattern in the

planktonic experiments where CPE16 outcompeted KP20, the donor:recipient ratio

over the course of the biofilm conjugation experiments was considered (Figure S12).

The initial desired ratio of CPE16:KP20 into these experiments was 0.1. The mean

donor:recipient ratio was determined to be approximately 0.18 via colony counts at 0

h. Donor:recipient ratios at 24, 48 and 72 h indicated that CPE16 was outcompeting

KP20 across the course of the experiment. By 72 h, the mean donor:recipient ratio

had reached approximately 4.3. The growth of CPE16 and KP20 individually over

the 72 h corroborated these dynamics, as CPE16 alone produced more CFU/mL

than KP20 after the 0 h time point where input cell quantity was determined by

OD600 correction (Figure S13). At 0 h, after OD correction, CPE16 and KP20

gave similar CFU/mL (P = 0.13, unpaired t-test). However, by 24 h, CFU/mL

for CPE16 was higher than for KP20 (P = 0.0009, unpaired t-test). KP20 reached

maximum CFU/mL at 48 h whereas CPE16 reached maximum CFU/mL earlier at

24 h.

Further support for CPE16 outcompeting KP20 was provided by distinct pheno-

types. It was possible to distinguish between donors (small, translucent colonies)

and colonies with a recipient background (larger, opaque colonies) based on the

colony morphologies of the two strains (Figure S14). Observation of phenotypes

during the conjugation assays indicated a large proportion of translucent colonies

on the mixed population plates containing doripenem (to select for the donor), and

a smaller proportion of opaque colonies on the mixed population plates contain-

ing hygromycin (to select for the recipient). This highlighted that the majority of

colonies plated after the conjugation experiments were likely to be donors, and that

the opaque colonies on the hygromycin agar plates represented a mixture of phe-

notypically indistinguishable KP20 recipients and transconjugants. Based on the

large number of transconjugant colonies produced in these experiments, it is likely

that few recipients were present on the mixed population hygromycin plates at the

experiment endpoint. Another potential explanation for this observation may be ac-
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tive killing of the recipient by the donor strain, for example via a Type 6 Secretion

System where a toxic product may be delivered by the donor into the recipient cell

(Storey et al., 2020).

5.8 Discussion

This work aimed to ascertain whether the putative conjugative carbapenem resis-

tance plasmids in the CPE isolates transfer to a K. pneumoniae recipient, and the

frequency of this transfer in the planktonic lifestyle. Building on the work from

Chapter 3, plasmid transmission was also assessed in biofilms to evaluate the poten-

tial for any lifestyle impact on the conjugation frequency. This question was based

on the conflicting evidence in the literature where there is no clear consensus on 1)

to what extent the biofilm lifestyle impacts conjugation frequency (Stalder and Top,

2016) and 2) whether (conjugative) plasmid carriage indeed promotes biofilm forma-

tion, as per the frequently-cited work by Ghigo (Ghigo, 2001). These experiments

were also designed to facilitate testing of the sequencing data predictions regarding

the likelihood of CPE plasmid conjugative ability from Chapter 4, and evaluate how

well genotype was able to predict phenotype.

Phenotypic assays including MIC, growth kinetics and biofilm formation experiments

were carried out to characterise the CPE isolates and determine their suitability for

the planned planktonic and biofilm conjugation experiments. Although all the iso-

lates were carbapenem resistant on the basis of EUCAST breakpoints, CPE24 resis-

tance to meropenem was within one doubling dilution of the breakpoint, excluding

it from future plasmid transfer experiments. All isolates were confirmed to form

biofilm, a prerequisite for use in biofilm conjugation experiments, and, in agreement

with the evidence presented by Cusumano et al. (2019), biofilm formation by CPE

isolates was generally promoted in TSBs versus LB.

To facilitate selection in conjugation experiments, a K. pneumoniae recipient strain

140



was constructed by insertion of a hygromycin resistance cassette from pSIM18 into

the KP1 chromosome. This was assessed both genotypically and phenotypically and

determined to be suitable for use in conjugation experiments. To investigate plas-

mid transfer from the CPE isolates into the KP20 recipient, planktonic conjugation

experiments were designed based on the conjugation protocol from Hardiman et al.

(2016). This method was selected as it was previously used successfully to quan-

tify transconjugants in the planktonic lifestyle, including for circulating clinically-

relevant plasmids into K. pneumoniae (Hardiman et al., 2016). Transconjugants

were produced in some of the experiments, demonstrating that this method was use-

ful for this application. The conjugation experiments revealed that the carbapenem

resistance plasmids were able to transfer to the newly constructed KP20 recipient

from two of the four tested donors, CPE16 and CPE25. These assays confirmed

that some but not all of the carbapenem resistance plasmids transfer from the CPE

isolate donors into K. pneumoniae. In the experiments where no transconjugants

were detected, it is possible that transconjugants were present below the detection

limit. Due to the nucleotide sequence similarity (100% overall across 98% coverage

when inputting CPE01 as the subject and across 97% coverage when CPE25 was

the subject) between CPE01 and CPE25, and given that transconjugant production

using CPE25 was near the limit of detection of the assay, it is conceivable that the

conjugation frequency from CPE01 into KP20 is just below the limit of detection.

Nonetheless, the results generally correspond to the predictions from the sequencing

data but highlight the importance of phenotypic assessment.

For KP20/pCPE25 transconjugant colonies, it was determined that only the

carbapenem resistance plasmids selected for in the conjugation experiments had

transferred to the recipient. Conversely, for KP20/pCPE16, the majority (61%)

of all the sequenced transconjugants contained a plasmid in addition to the car-

bapenem resistance one that was selected for. This highlights the importance of

mobilisable plasmids, especially as these plasmids can be carriers of AMR genes in-

cluding carbapenem resistance genes (Li et al., 2019). An example of such a plasmid
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carrying blaOXA-232 was found in CPE24 in this study. These plasmids may have an

under-explored impact on the spread of AMR (Barry et al., 2019).

The conjugation frequency for CPE16 was substantially higher than for CPE25. As

both the plasmid(s) and the background differ for these two donors, and both of

these elements can have an impact on the conjugation frequency (Dimitriu et al.,

2019), it is not straightforward to unpick the factors responsible for the observed

conjugation frequencies. However, it is possible to hypothesise as to some of the

aspects that may contribute:

• It may be that the eventual donor:recipient ratios had an effect on the fre-

quency, as the 1:10 ratio into the conjugation experiments was maintained

over time for CPE25, but for CPE16, many more donors were present ver-

sus recipients by the end of the assay on the basis of the observed colony

morphologies. The donor:recipient ratio can affect the conjugation frequency,

which may explain the outcome (Buckner et al., 2020). Donor background

has been shown to affect conjugation frequency when strains carry different

plasmids but are otherwise isogenic (Hardiman et al., 2016). On this basis,

although the two donors are different in both background and plasmid content,

it is conceivable that the donor background alone may be sufficient to account

for the observed differences in conjugation frequency.

• Considering the donor plasmids, it may also be relevant that a large propor-

tion of KP20/pCPE16 transconjugants contained plasmids in addition to the

carbapenem resistance one that was selected for. It cannot be excluded that

co-transfer may have impacted conjugation frequencies. As evidence suggests

that plasmid content of the recipient may impact conjugation (Alderliesten

et al., 2020), it is conceivable that plasmid content of the donor might also do

so.

• The presence of restriction modification systems which act to degrade non-
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native DNA may also impact the process, especially if donor and recipient re-

striction modification systems are of different types such that incoming plasmid

DNA has a ‘non-self’ methylation pattern and is targeted by the host restric-

tion endonuclease (Johnston et al., 2019). A negative impact on conjugation

frequency through restriction modification has been previously reported (Roer

et al., 2015).

• Capsule production may provide a physical barrier to plasmid transfer (Haudi-

quet et al., 2021). It may be that CPE16 produces less capsule than CPE25

and therefore has a reduced barrier. However, there is some ambiguity between

the effect of the presence and absence of capsule genes and their potential re-

lationship with HGT which is also a consideration (Haudiquet et al., 2021;

Rendueles et al., 2018).

To assess whether plasmid carriage had an impact on the recipient, planktonic and

biofilm growth profiles of a selection of transconjugants from the planktonic conju-

gation experiments were evaluated. Plasmid acquisition is often reported to impose

a fitness cost on the host, although this is not universally the case (Buckner et al.,

2018; Carroll and Wong, 2018). For the KP20 transconjugants, no substantial dif-

ference was observed in the planktonic or biofilm growth profiles compared to the

recipient alone. Although growth assessment is a relatively crude method of fitness

measurement, competition assays alongside calculation of relative fitness, which is

considered a more robust approach (Wiser and Lenski, 2015), was not an option in

this case due to the transconjugants being able to transfer their plasmid(s) to the

recipient when competed directly. The lack of obvious negative growth effect from

plasmid acquisition highlights that each strain-plasmid combination merits study,

and that it is challenging to generalise across different strains and plasmids. Taken

together, the transconjugant planktonic growth and biofilm experiments confirm

that plasmid acquisition variably impacts the recipient.

The donor strain that produced the most transconjugants in the planktonic con-
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jugation assays (CPE16) was selected for use in biofilm conjugation experiments.

This decision was made to increase the chance of transconjugant production in the

biofilm setup, given that no alternative positive control was available for the assay.

It was of interest to assess conjugation over time as this would allow its monitoring

over the biofilm maturation period (Singh et al., 2019). Biofilm of CPE16 and KP20

was quantified at 24 h and at 72 h. The assays confirmed that biofilm was formed

at these time points. Therefore, the decision was made to quantify transconjugants

at 24, 48 and 72 h to encompass early and late biofilm (Singh et al., 2019). To

minimise the presence of any planktonic cells, and to therefore increase confidence

that the lifestyle being assessed was a biofilm, only cells that adhered to the plate

after washing were considered to be from a biofilm. Methodology that had been

used previously for flow cytometry sample preparation formed the basis of the ex-

perimental design, as a cell scraper had been previously used successfully to disrupt

biofilm to single cells which are also desirable when calculating CFU/mL (Figure

3.7C).

Biofilm conjugation experiments revealed that conjugation frequency (± standard

deviation) was consistent from 24-72 h where it was in the range of 3.5 x 10-2 (± 9.1 x

10-3) to 4.1 x 10-2 (± 6.8 x 10-3). This indicates that most conjugation happened at or

before 24 h, which may reflect population saturation by transconjugants by this time

point and a low number of remaining recipients, insufficient recipient cells per donor,

or conceivably a lack of mixing of donors and recipients by 24 h. This raises the

question as to whether most conjugation may be happening before the cells attach to

the plate and form biofilm. However, although a direct comparison of conjugation

frequency in the planktonic versus biofilm lifestyle cannot be performed (as the

assays used are different from each other), it is of relevance that the conjugation

frequency in the 6-well biofilm setup at 24 h was 1000-fold higher than in the 20

h planktonic assays. It is unlikely, but cannot be excluded, that the assay setup

would be responsible for such a degree of difference. Therefore, this finding provides

support that the biofilm lifestyle itself may potentially promote conjugation between
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CPE16 and KP20, perhaps due to close cell proximity as proposed in some other

studies, e.g. Król et al. (2011). Further work would be required to confirm this,

using an assay which facilitates direct comparison between planktonic and biofilm

lifestyles, and ideally allows precise investigation as to the location of transfer within

the biofilm, and the state of the biofilm when transfer is highest. This would permit

a more detailed understanding of potential mechanisms.

To further investigate the conjugative ability of the carbapenem resistance plasmids

from the CPE isolate donors, additional planktonic conjugation experiments could

be conducted. These could include assays making use of a variety of recipient strains,

including those from related species to better represent the organisms that may

interact in nature (Hibbing et al., 2010). Transfer of conjugative plasmids from K.

pneumoniae to E. coli has been documented for example (Dunn et al., 2021; Goren

et al., 2010). It would also be of interest to modify the detection limit to facilitate

measurement of rarer conjugation events as CPE01 and CPE08 may conjugate at a

very low frequency. To do this it may be feasible to plate more cells (a larger culture

volume) on transconjugant selection plates to increase the chance of detection.

For conjugation in biofilms, use of CPE25 as a donor strain in the 6-well setup would

allow an indirect comparison of the effect of lifestyle on transfer of its carbapenem

resistance plasmid. Based on the effect observed using CPE16 and KP20 (where

this suggested a potential facilitation of conjugation in the biofilm lifestyle), it may

then be of interest to use the remaining CPE isolates in this setup as this assay may

permit detection of conjugation from these donors where the planktonic setup did

not. It may also be relevant to use the transconjugants as donor strains to eliminate

any difference in donor strain background.

Use of microscopy and staining for biofilm components may reveal more detail as

to the biofilm structure formed by both the CPE isolates and the transconjugants.

Although crystal violet assays were employed for quick assessment of biofilm forma-

tion, these assays have their limitations. For example, they are only able to provide
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crude estimates of biofilm formation, especially as the crystal violet stain itself may

stain extracellular matrix components as well as cells to give an inflated estimate

of biofilm (Merritt et al., 2005). This may be amplified if strains produce different

amounts of matrix. Confocal microscopy using stained samples would provide infor-

mation on biofilm depth, structure and component composition which may reveal

as yet undetectable differences in biofilm formed by the different strains. Access

to such additional information provided some of the rationale for use of fluorescent

strains in Chapter 3, which, as mentioned previously, would facilitate similar inves-

tigations without the need for staining. In addition, it would be interesting to see

whether there are differences in biofilm formed by transconjugants containing the

carbapenem resistance plasmid versus the carbapenem resistance plasmid and oth-

ers. A comparison of biofilm across transconjugants containing different plasmids

may reveal as yet undetected differences in biofilm formed by these strains.

As the CPE16 donor produced many KP20 transconjugants, it may be of benefit to

apply this strain combination as a highly conjugative model system. For example,

one limitation of the strain setup used in the flow cytometry work in Chapter 3

was the low conjugation frequency reported for the donor plasmid (pKpQIL) (Low

et al., 2020). Although it would be best to measure conjugation across the true range

of observed frequencies, a model system (which has not been altered to artificially

increase conjugation frequency, for example through de-repression of finO which

may produce a fitness cost (Low et al., 2020)) that is known to produce many

transconjugants can serve as a valuable positive control, or allow (differences in)

conjugation frequency to be more easily observed and quantified. It may be possible

to use fluorescent tagging on such a system, in combination with plating assays for

validation, to quantify conjugation using a more suitable flow cytometer, or to use

microscopy techniques.

Alternatively, the KP20 recipient alone may be of use in combination with donors

of interest, including those carrying multiple AMR genes. Several features of this
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strain may make it generally convenient:

• As hygromycin-resistance has rarely been reported in Enterobacteriaceae in

nature (Rao et al., 1983), it is unlikely that any donor strain belonging to this

group will be resistant to this antibiotic.

• hph conferring hygromycin resistance (Gritz and Davies, 1983) is KP20’s only

known functional antimicrobial resistance gene as the chromosomal blaSHV has

been inactivated.

• It is a derivative of a widely-used American Type Culture Collection (ATCC)

reference strain which has been used in mouse infection models (Broberg et al.,

2014; Gomez-Simmonds and Uhlemann, 2017). It therefore retains some ac-

tivity to approximate an infectious clinical isolate and is therefore useful for

studies requiring ‘clinical relevance’.

• The whole genome sequence of KP20 is available and has been compared to

the WT.

• It has been shown to form biofilm similarly to the WT and has been used in

biofilm experiments.

• It has been used successfully as a recipient in conjugation experiments using

multiple donors.

5.9 Conclusion

Overall, conjugative transfer of carbapenem resistance plasmids from some of the

CPE clinical isolates was observed. The phenotypic data relating to transfer of

these plasmids from the CPE isolate donors into KP20 broadly agrees with pre-

dictions from the sequencing data. A notable exception to this is CPE01 where

no transconjugants were detected in the planktonic conjugation assays where the
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sequencing data predicted transfer. Due to the similarity of this isolate to CPE25,

and as CPE25 produced only a few transconjugants, it is likely that the carbapenem

resistance plasmid from this donor may transfer at a frequency below the assay limit

of detection.

Concerning biofilms, evidence from the CPE16 KP20 assays indicates that this

lifestyle may promote conjugation when compared to the planktonic setup. The

conjugation frequency observed in the biofilm lifestyle was 1000-fold greater than

that seen in the planktonic setup, and it is likely that not all of this difference is

down to the assay setup alone.

Transconjugant growth profiles were compared to the recipient strain and it was

determined that plasmid acquisition did not change how the strains grew plankton-

ically or in a biofilm. Interestingly, when assessing transconjugant plasmid content,

for CPE16 KP20 experiments co-transfer of plasmids was observed in the majority

of tested cases.

5.9.1 Key findings

• A hygromycin-resistant, biofilm-forming recipient strain was constructed

• The transfer of carbapenem resistance plasmids from CPE isolate

donors in planktonic conjugation experiments broadly agreed with predictions

from the sequencing data. However, no transconjugants were produced from

CPE01 in this assay setup despite an apparent full conjugation module on its

carbapenem resistance plasmid.

• The carbapenem resistance plasmid from CPE16 transferred well in both

planktonic and biofilm conjugation assays. Indirect comparisons suggest

biofilm may facilitate transfer of this plasmid.

• Frequent co-transfer of plasmids was observed from CPE16 to KP20.
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• Recipient growth (planktonic and biofilm) phenotypes were not affected by

plasmid acquisition. Transconjugants performed no differently to the recipient.
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Chapter 6

Investigating the impact of plasmid

acquisition and lifestyle on gene

expression

6.1 Background

Plasmid carriage may be metabolically costly for a host cell. This may translate to

a negative fitness effect when plasmid products provide no benefit in a given envi-

ronment (San Millan and MacLean, 2017). There is also some evidence that plasmid

carriage may promote biofilm formation, due to facilitated adhesion via conjugative

pili or through other mechanisms (Gama et al., 2020). However, growth kinetics

(as a proxy for fitness) and biofilm assays did not indicate significant differences in

planktonic growth or biofilm comparing a set of transconjugants to the plasmid-free

KP20 recipient (Chapter 5). To further evaluate any impact of plasmid acquisition

on the recipient host, considering that gene expression changes can be sufficient to

compensate for any cost of plasmid carriage (Buckner et al., 2018), a transconju-
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gant that had recently received the pCPE16_3 carbapenem resistance plasmid was

selected alongside the KP20 recipient for an RNA-Sequencing experiment. Three

growth conditions across planktonic and biofilm lifestyles were included: planktonic

exponential phase, planktonic growth at 24 h and biofilm growth at 24 h. The

planktonic exponential phase was selected as a nutrient-rich environment, versus

the 24 h conditions as nutrient-poor environments. Three biologically independent

cultures grown in TSBs were included for each strain across each condition.

The aims of this work were to determine:

1. The effect of lifestyle on chromosomal gene expression in the recipient and

transconjugant

2. The effect of plasmid carriage on chromosomal gene expression in the transcon-

jugant

3. The effect of lifestyle on plasmid gene expression in the transconjugant

The hypotheses were:

1. Lifestyle will have a larger impact than plasmid acquisition on transcriptional

profiles.

2. Each lifestyle will produce a distinct transcriptional signature.

3. Conjugation module gene expression will be upregulated in the biofilm lifestyle.

6.2 Selection of a suitable transconjugant

Colony PCR (Figure 6.1) was carried out and combined with the existing whole

genome sequencing data (Table 5.2) to confirm plasmid carriage and select a colony

151



containing only the complete (full-length) carbapenem resistance plasmid of inter-

est. As expected, the donor control gave bands for each tested replicon. No bands

were present for the two negative controls (the recipient and the no DNA con-

trols). Colony PCR indicated that in three of the five transconjugants (colonies

1-3), the pCPE16_4 replicon was present. For two of the five transconjugants

(colonies 4-5) only the carbapenem resistance plasmid replicon (pCPE16_3) was

present. Taken together, these data provide evidence that only pCPE16_3 is present

in KP20/pCPE16 colonies 4 and 5, and colony 5 was chosen for use in the RNA-

sequencing experiment.

Figure 6.1: KP20/pCPE16 transconjugants replicon check. (1) Ladder (2) Donor
control (3) Recipient control (4) Negative control (no DNA) (5-9) KP20/pCPE16
colonies. (A) Primer pair against pCPE16_2 FIB replicon. Expected size 346 bp
(B) Primer pair against pCPE16_2 HIB replicon. Expected size 299 bp. (C) Primer
pair against pCPE16_4. Expected size 220 bp. (D) Primer pair against pCPE16_5.
Expected size 188 bp. Arrows indicate ladder reference band sizes.

To exclude any effect of antibiotic on gene expression, no antibiotic selection was

included in the cultures used for RNA isolation. Given the absence of antibiotic,

plasmid persistence was measured during the experiment to monitor the proportion
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of cells carrying the plasmid at each stage (Table 6.1). This showed that the majority

of cells retained the plasmid over the course of the experiment. Therefore, the

experiment should be able to test the cells of interest (transconjugant) versus the

WT KP20.

Table 6.1: Mean plasmid persistence during the RNA-sequencing experiment (n=1)
for three biological replicates. Three technical replicates were averaged per biological
replicate, except for the biofilm condition where the liquid in the wells was pooled
and plated out as a proxy for maintenance in the biofilm condition.

Condition pCPE16_3 plasmid persistence (%)
Planktonic 24 h 90
Pooled biofilm liquid 24 h 94

6.3 Lifestyle impact on chromosomal gene

expression

To determine the overall effect of lifestyle on chromosomal gene expression, WT and

transconjugant samples from the same lifestyle were grouped together for compar-

ison. It is of note that any cells that have lost the plasmid in the transconjugant

population may produce some background and act to dilute any plasmid-mediated

expression signal. Reads were mapped against the KP20 (plasmid-free) reference

genome to exclude plasmid genes from the analysis. To evaluate similarity between

samples of the same and different groups, whilst reducing data dimensionality, mul-

tidimensional scaling (MDS) plots were used (Urpa and Anders, 2019) alongside

percentage variance plots for each MDS dimension. A comparison of samples from

the three lifestyle conditions (planktonic exponential, planktonic 24 h and biofilm

24 h) illustrated overall sample clustering by lifestyle, regardless of plasmid pres-

ence or absence (Figure 6.2). For the planktonic 24 h condition, samples appear

less similar to each other across dimension 2 than those in the exponential phase or

biofilm lifestyles. However, the majority of the variance in the plot is encompassed

in dimension 1 where samples from this lifestyle are aligned (Figure S15).
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To further investigate similarity between samples from the individual lifestyles, each

lifestyle was compared to each other one. Considering the planktonic exponential

lifestyle samples, these consistently cluster together across both dimensions when

comparing to samples from the planktonic 24 h and biofilm 24 h lifestyles (Figure

6.2B and C respectively). For both the planktonic 24 h and biofilm 24 h samples,

regardless of lifestyle comparison, these cluster less well in dimension 2 but generally

align in dimension 1 (Figure 6.2B, C and D). For the planktonic 24 h samples, these

do not appear to cluster based on plasmid presence (Figure 6.2B and C). However,

placement of the biofilm samples on these plots is affected by plasmid presence,

where transconjugants and plasmid-free biological replicates cluster further apart

(Figure 6.2C and D).
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Figure 6.2: Multidimensional scaling (MDS) plots from Degust v4.1.1 (Powell, 2019)
of similarity between samples in lifestyle groups compared to the KP20 reference
genome. (A) All samples, grouped by lifestyle, are compared to all other samples.
(B) Planktonic exponential samples are plotted alongside planktonic 24 h samples.
(C) Planktonic exponential samples are plotted alongside biofilm 24 h samples. (D)
Planktonic 24 h samples are plotted alongside 24 h biofilm samples. Biological
replicates of the WT KP20 and transconjugant (TC) KP20/pCPE16_3 are displayed
as individual points for planktonic exponential (blue), planktonic 24 h (orange)
and biofilm 24 h (green) groups. Data on percentage variance encompassed by
dimensions 1 and 2 are available (Figure S15).

Next, overall chromosomal gene expression patterns between lifestyles were evalu-

ated. To do this, thresholds were applied to the data to minimise the false discovery

rate and include only statistically significant and biologically relevant changes in

gene expression (adjusted P value set to <0.05 and log2foldchange set to between

>1 and <-1). Heatmaps displaying log2fold change against the average expression

of each gene were used to visualise the inter- and intra-condition variation across the

differentially expressed chromosomal genes (Figure 6.3). Comparing individual sam-

ples within the planktonic exponential condition, a consistent pattern of expression

(up or down-regulation) is apparent for the chromosomal genes across transconju-
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gants and WT (plasmid-free) samples. Although more variation in expression is

apparent in the planktonic 24 h condition, there are nonetheless regions of consis-

tency within the heatmap. For the planktonic exponential samples, there is no clear

differentiation between average expression for the transconjugants or WT samples

in the planktonic 24 h condition. Conversely, expression patterns in the biofilm

samples cluster based on plasmid presence or absence. Overall, gene expression in

biofilm transconjugants is generally upregulated, whereas in plasmid-free samples it

is generally downregulated relative to the average. This may indicate a potential role

for the plasmid in modulating chromosomal gene expression in the biofilm lifestyle.
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Figure 6.3: Differential expression of chromosomal genes across (A) planktonic exponential (‘−expon−‘), (B) planktonic 24 h (‘−PK-24
h−‘) and (C) 24 h biofilm (‘−BF 24 h−’) conditions relative to the average expression of each gene. Each coloured box in the vertical
direction corresponds to a single sample within A, B and C conditions. Each box in the horizontal direction corresponds to an individual
gene. Log2FoldChange against the average expression of each individual gene is displayed and relates to the key on the bottom right.
Three biological replicates each of the WT (KP20) and transconjugant (TC) strains were compared for each condition.
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6.4 Plasmid impact on chromosomal gene

expression

To further evaluate the impact of the plasmid on chromosomal gene expression,

MDS plots were used to visualise transconjugant inter- and intra-sample variation

across the three lifestyle conditions (Figure 6.4A). Comparing the transconjugants

to each other, biological replicates of the planktonic exponential and the biofilm

24 h samples cluster together across dimension 1 and 2, with clear separation by

lifestyle particularly across dimension 2. Conversely, the planktonic 24 h samples

are more diffuse across both dimensions, which combined include approximately

95% of the total dimensional variance (Figure 6.4B). Nonetheless, the planktonic

24 h samples remain separated from those belonging to the other two lifestyles,

forming a dispersed but distinct cluster. Clustering of the transconjugant samples

is lifestyle-dependent, as these are isogenic strains and the growth phase was the

only variable. This reflects the earlier trend observed using the WT (plasmid-free)

and transconjugant strains combined in single lifestyle conditions. It is not possible

to separate plasmid or host effects in this comparison, but it is likely that the

chromosome is having the largest impact as this trend was also observed without

the plasmid.
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Figure 6.4: Multidimensional scaling (MDS) plots from Degust v4.1.1 (Powell, 2019)
compared to the KP20 reference genome. (A) Similarity between transconjugant
samples in lifestyle groups. (B) Data on percentage variance encompassed by di-
mensions 1 and 2. Biological replicates of the transconjugant KP20/pCPE16_3
are displayed as individual points for planktonic exponential (red), planktonic 24 h
(purple) and biofilm 24 h (brown) groups.

To determine the impact of plasmid carriage on chromosomal gene expression in the

individual lifestyles and establish the plasmid ‘signature’ in the individual lifestyle

conditions, the WT and transconjugant were compared in each condition. For

the planktonic exponential condition and the biofilm condition alone, 58 and 523

genes respectively were significantly differentially-expressed in the transconjugant

versus the WT samples above the defined thresholds (<0.05 adjusted P value,

log2FoldChange set to between >1 and <-1). Therefore, to aid visualisation of gen-

eral trends in these data, differentially expressed chromosomal genes in the transcon-

jugant versus the KP20 recipient were initially sorted into clusters of orthologous

genes (COG) categories (Tatusov et al., 1997) for the biofilm and planktonic expo-

nential conditions respectively. As a single differentially-expressed gene was identi-

fied when comparing the WT to the transconjugant in the 24 h planktonic condition,

no COG grouping was performed for this condition.

Considering the biofilm 24 h condition, there was a relatively even split between up-
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and downregulation of genes in the transconjugant relative to KP20 (Figure 6.5).

Although many up- and down-regulated genes had no assigned category, most of

the classified upregulated chromosomal genes were found under the ‘transcription’

group. Conversely, downregulated genes were mostly found within the ‘energy pro-

duction and conversion, amino acid transport and metabolism and inorganic ion

transport and metabolism’ categories.

For the planktonic exponential condition, the majority of the differentially-expressed

genes were upregulated in the transconjugant relative to KP20 (Figure 6.6). Most

of the genes were within the ‘inorganic ion transport and metabolism’ category,

followed by the ‘secondary metabolites’ category. As for the biofilm 24 h condition,

several genes involved in transcription were also upregulated in the transconjugant.

Again, several genes were in the ‘function unknown’ or ‘no category assigned’ groups.
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Figure 6.5: Plasmid carriage effect on chromosomal gene expression in the biofilm 24 h condition. The percentage of differentially expressed
chromosomal genes that are upregulated (red bars) or downregulated (blue bars) comparing KP20 to the transconjugant categorised by
clusters of orthologous genes (COG) category (Tatusov et al., 1997). Where genes were assigned to more than one category, this is
indicated separately. Plot prepared using ggplot2 (Wickham, 2016). COG categories assigned using Egg-nog 5.0 (Huerta-Cepas et al.,
2019).
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Figure 6.6: Plasmid carriage effect on chromosomal gene expression in the planktonic exponential condition. The percentage of differentially
expressed chromosomal genes that are upregulated (red bars) or downregulated (blue bars) comparing KP20 to the transconjugant
categorised by clusters of orthologous groups (COG) category (Tatusov et al., 1997). Where genes were assigned to more than one
category, this is indicated separately. Plot prepared using ggplot2 (Wickham, 2016). COG categories assigned using Egg-nog 5.0 (Huerta-
Cepas et al., 2019).
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Next, to visualise the transcriptional response in each condition in more detail,

heatmaps were produced displaying differentially expressed chromosomal genes in

the transconjugant relative to the KP20 recipient in the planktonic exponential and

biofilm 24 h conditions. As a large number of genes were differentially expressed in

the biofilm lifestyle, the heatmap includes only those that were the most differentially

expressed (log2 fold change of between ≤ −2 and ≥ 2).

In the biofilm 24 h condition (Figure 6.7), the majority of the most differentially

expressed genes were downregulated (50/68 genes, 73.5%). Downregulated genes

included those with diverse functions, involved in processes such as translation,

management of acid stress and secretion. There was also downregulation of the gene

encoding the outer membrane porin A protein. Conversely, the four genes annotated

as ‘transcriptional regulators’ in this subset were upregulated, including marR which

encodes the ‘multiple antibiotic resistance’ regulator protein. Additionally, aaeA,

encoding an efflux pump subunit, was also upregulated.

In the planktonic exponential condition (Figure 6.8), the majority (55/58 genes,

95%) of differentially expressed genes were upregulated in the transconjugant versus

KP20. Of these, many genes (24/58, 41%) are predicted to have a role in iron

binding, capture, uptake and transport. Three genes annotated as transcriptional

regulators are upregulated, alongside a set of genes for manganese transport. The

downregulated genes are involved in amino acid metabolism (avtA), iron storage

(ftnA) and manganese efflux (mntP).
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Figure 6.7: Differentially-expressed chromosomal genes in the biofilm 24 h condition
comparing KP20 to the transconjugant (TC-BF-24 h) where the adjusted P value
= <0.05 and log2FoldChange mean expression was between ≥ 2and ≤ −2. Locus
tags represent hypothetical proteins. Plot prepared using ggplot2 (Wickham, 2016).
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Figure 6.8: Differentially-expressed chromosomal genes in the exponential plank-
tonic condition comparing KP20 to the transconjugant (‘TC-expon) where the
adjusted P value = <0.05 and log2FoldChange mean expression was between
≥ 1and ≤ −1. Locus tags represent hypothetical proteins. Plot prepared using
ggplot2 (Wickham, 2016).
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Taken together, for the exponential planktonic and biofilm 24 h, the data indicated

a distinct transcriptional response in each condition upon plasmid acquisition. For

the planktonic 24 h condition, the data indicated a limited impact on chromosomal

gene expression after plasmid acquisition, as a single gene identified as vapC was

differentially-expressed (upregulated) comparing the transconjugant to KP20. This

gene (labelled as the locus tag KFPKENJG_01703) was the only chromosomal gene

identified as differentially expressed in transconjugants across all the conditions, and

is discussed further below.

6.5 Evaluating a chromosomal plasmid signature

To determine whether plasmid carriage had a lifestyle-independent impact on the ex-

pression of chromosomal genes, chromosomal genes that were differentially-expressed

in transconjugants versus the WT were identified across the three conditions. Genes

that were common to the three conditions were considered to indicate a potential

‘plasmid signature’ on the chromosome (Figure 6.9). As only a single differentially-

expressed gene was identified in the planktonic 24 h WT versus transconjugant

samples, common differentially-expressed genes between the biofilm 24 h and plank-

tonic exponential conditions were investigated. Between the planktonic exponential

and biofilm 24 h conditions, a set of nine common differentially-expressed chromoso-

mal genes was identified, and these were not universally up or down-regulated. The

single differentially-expressed gene in the planktonic 24 h condition was also in this

common gene set.
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Figure 6.9: Differential gene expression in transconjugants relative to KP20 of chromosomal genes common to the three lifestyle conditions:
transconjugant exponential (TC-expon), transconjugant biofilm 24 h (TC-BF-24 h) and transconjugant planktonic 24 h (TC-PK-24
h). Mean log2FoldChange values of three biological replicates are displayed. Grey filled boxes indicate the gene was not found in a
given condition. The following cut-offs were applied: an adjusted P value = <0.05 and log2FoldChange mean expression was between
≥ 1and ≤ −1. Labels with the prefix ‘KFPKENJG’ relate to locus tags of genes encoding hypothetical proteins. Plot prepared using
ggplot2 (Wickham, 2016).
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For some of the common differentially-expressed genes, no gene name was available

from the Prokka annotation. As such, the locus tags were used as identifiers for

these hypothetical proteins. The differentially-expressed gene identified as common

to the three lifestyles (locus tag KFPKENJG_01703) was determined to be vapC, a

copy of which is also present on the plasmid. As a result, it is possible that plasmid

reads may have mapped to this chromosomal copy of the gene, representing a false

positive. For two of the locus tags (KFPKENJG_02069 and KFPKENJG_02120),

searches revealed (putative) general transport or regulatory functions. Considering

locus tag KFPKENJG_03140, this remains a ‘hypothetical protein’. For the named

genes, based on their UniProt Knowledge Base descriptions, several of these (entA,

entD and yfiZ ) may have a role in iron acquisition (Bateman et al., 2021).

6.6 Lifestyle impact on plasmid gene expression

Since lifestyle had an impact on chromosomal gene expression, and the plasmid

affected expression of some chromosomal genes, the potential effect of lifestyle on

plasmid gene expression was also considered. MDS plots were used to visualise

transconjugant inter- and intra-sample variation across the three lifestyle conditions

against the KP20/pCPE16_3 reference genome (Figure 6.10). Regardless of plasmid

presence, and consistent with the observed pattern when comparing these samples

to the KP20 chromosome alone, lifestyle had an impact on sample clustering. This

supports the idea that lifestyle has a greater impact on gene expression than plasmid

presence. The trends identified in Figure 6.4 are maintained in this comparison as

samples cluster by lifestyle.
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Figure 6.10: Multidimensional scaling (MDS) plots from Degust v4.1.1 (Powell,
2019). (A) Similarity between transconjugant samples in lifestyle groups com-
pared to the transconjugant reference genome. (B) Data on percentage variance
encompassed by dimensions 1 and 2. Biological replicates of the transconjugant
KP20/pCPE16_3 are displayed as individual points for planktonic exponential
(red), planktonic 24 h (purple) and biofilm 24 h (brown) groups.

To evaluate the impact of lifestyle on plasmid gene expression, heatmaps were pro-

duced comparing each set of transconjugant samples grown in each condition to

the average expression level of a given gene across the three conditions (Figure

6.11). Differentially-expressed plasmid genes (112/134) were identified between the

three lifestyle conditions. Plasmid gene expression patterns were generally consis-

tent within conditions but different between conditions, which suggests a lifestyle-

dependent plasmid gene expression signature for the transconjugant. Broadly speak-

ing, gene expression was upregulated overall when comparing the biofilm 24 h or the

planktonic 24 h lifestyle to the exponential phase samples.
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Figure 6.11: Differential expression of 112 plasmid genes across (A) planktonic exponential (‘-expon-‘), (B) planktonic 24 h (‘-PK-24
h-‘) and (C) 24 h biofilm (‘-BF 24 h-’) conditions relative to the average expression of each gene. Each coloured box in the vertical
direction corresponds to a single sample within A, B and C conditions. Each box in the horizontal direction corresponds to an individual
gene. Log2FoldChange against the average expression of each individual gene is displayed and relates to the key on the bottom right.
Three biological replicates each of the WT (KP20) and transconjugant (TC) strains were compared for each condition. Visualisation from
Degust v4.1.1 (Powell, 2019).
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To investigate the specific plasmid genes that were differentially expressed across the

three conditions, differentially expressed genes were assessed relative to the plank-

tonic exponential condition (Figure 6.12). Compared to the planktonic exponential

condition, many plasmid genes were upregulated in both the planktonic 24 h and

biofilm 24 h samples (57 of 112, 51%). For the lifestyles individually, 92 of 112 genes

(82%) were upregulated in the planktonic 24 h condition versus the planktonic ex-

ponential, and 68 of 112 genes (61%) were upregulated in the biofilm 24 h versus

the planktonic exponential condition. Several genes were annotated as hypothetical

proteins (39 of 112, 35%).
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Figure 6.12: Differential expression of plasmid genes in genome order relative to
the planktonic exponential condition. Genes, proteins and locus tags were used
for annotation. Locus tags represent hypothetical proteins. An annotation is only
present if mean differential gene expression was significantly different (adjusted P
value = <0.05, log2 Fold Change of between ≥ 1and ≤ −1.) between the planktonic
exponential phase and at least one of the comparator conditions (biofilm 24 h and
planktonic 24 h). Plot prepared using ggplot2 (Wickham, 2016).
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Of those with a function assigned (73/112, 65%), several differentially expressed

genes (16/73, 22%) encode proteins implicated in mobile element transposition,

such as transposases. In most cases (13/16, 81%) these transposition genes were

upregulated in both the planktonic 24 h and biofilm 24 h conditions. Of the genes

annotated as encoding antimicrobial resistance proteins, 2/4 were upregulated in

both the 24 h planktonic and biofilm conditions. Similarly, genes involved in toxin-

antitoxin systems and antirestriction were upregulated in these two conditions. Ex-

pression of the gene encoding the plasmid segregation protein ParM was either not

significantly different (biofilm 24 h) or upregulated (planktonic 24 h) versus the

exponential planktonic condition.

Concerning the conjugation module, in the planktonic 24 h condition, all of the

differentially-expressed conjugation module genes were upregulated versus the plank-

tonic exponential condition except for traT. In the biofilm 24 h condition, tran-

scription of several conjugation module genes was unchanged versus the planktonic

exponential condition, including genes involved in pilus assembly, the traI helicase,

traN mating pair stabilisation protein, the traC ATP binding protein and the traD

coupling protein. Several of the upregulated conjugation module genes in the biofilm

24 h condition were identified as hypothetical genes.

6.7 Discussion

For all samples, regardless of plasmid carriage, growth condition had the largest

impact on chromosomal gene expression. This was the case when comparing all

samples to all other ones, and when comparing samples to each other individually.

Corroborating this finding, others have demonstrated the large impact of environ-

mental conditions on the bacterial transcriptome (Harrington et al., 2022), alongside

characteristic transcriptional profiles for planktonic and biofilm populations in K.

pneumoniae and other species (Dötsch et al., 2012; Guilhen et al., 2016; Rumbo-Feal
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et al., 2013).

The MDS plots hinted at a plasmid effect on chromosomal gene expression in the

biofilm lifestyle. This was confirmed through the separation in profile between the

KP20 recipient and the transconjugant in the biofilm condition when compared

against the average expression of chromosomal genes across all conditions. Fur-

ther evaluation of biofilm chromosomal gene expression in the recipient versus the

transconjugant revealed differential gene expression of more than 500 chromosomal

genes after plasmid acquisition, representing more than 10% of the total (4979)

annotated chromosomal genes. This proportion of differentially-expressed chromo-

somal genes is within the range observed in other studies (Billane et al., 2022; Long

et al., 2019).

Genes were assigned COG categories to provide an overall profile of the general

functions affected by plasmid carriage (Tatusov et al., 1997). This categorisation

system is often used to aid evaluation of gene expression data (Dunn et al., 2021;

Guilhen et al., 2016; Shintani et al., 2010). Excluding the ‘function unknown’ and

‘no category assigned’ groups to which many genes may be assigned (Guilhen et al.,

2016), the majority of the upregulated genes were classified under the ‘transcription’

category. When considering only the most differentially expressed chromosomal

genes in this lifestyle, although most genes were downregulated in the transconju-

gant compared to the recipient, the most upregulated genes encoded transcriptional

regulators including the multiple antibiotic resistance regulator MarR, which forms

part of the mar (multiple antibiotic resistance) operon. Expression of this operon

can affect many downstream processes including efflux, porin production and DNA

repair (Sharma et al., 2017). The potential for large expression effects mediated by

transcriptional regulators may explain the large number of differentially-regulated

genes in this condition (Billane et al., 2022).

Of the downregulated chromosomal genes in the transconjugant in the biofilm con-

dition, most were in ‘energy production and conversion’ and ‘metabolism’ COG cat-
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egories. Evaluating the most downregulated genes, some of these were implicated in

translation, potentially indicating that fewer gene products were synthesised, per-

haps to conserve energy (Bervoets and Charlier, 2019). Broad expression effects

have been reported upon plasmid acquisition, for example in a K. pneumoniae clin-

ical isolate that had received a carbapenem resistance plasmid (Long et al., 2019).

However, plasmid acquisition may have variable, and less dramatic effects on host

physiology, as was reported for a set of E. coli transconjugants that had received

a multidrug resistance plasmid from a K. pneumoniae donor (Dunn et al., 2021).

Indeed host/plasmid differences make predicting the effect of a given plasmid on the

transcriptome of a particular host currently infeasible (Billane et al., 2022).

Considering the planktonic exponential condition, chromosomal gene expression pat-

terns were relatively consistent across all samples regardless of plasmid carriage.

Differentially-expressed genes were first sorted into COG categories. From this anal-

ysis, clear upregulation of gene expression was apparent in transconjugant samples,

with the largest proportion of the 58 differentially-expressed genes assigned to the

‘inorganic ion transport and metabolism’ category. Plasmid carriage in this con-

dition was responsible for differential expression of around 1% of the total (4979)

annotated chromosomal genes. This is a similar proportion to that observed evaluat-

ing the effect of F-plasmid carriage in E. coli harvested in the planktonic exponential

condition, where around 4% of chromosomal genes were differentially expressed upon

plasmid acquisition (Harr and Schlötterer, 2006).

Focusing next on the specific differentially-expressed genes, the clearest signal for

upregulation was for genes involved in iron metabolism. There is precedent for

this effect, as carriage of plasmid pCAR1 in Pseudomonas resulted in upregula-

tion of chromosomal genes involved in iron metabolism in the exponential growth

phase (Shintani et al., 2010). Although this change in expression does not neces-

sarily mean that more iron is required by the transconjugant, a potential explana-

tion for this effect may be increased iron use resulting from plasmid carriage. As
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iron is required for growth and DNA replication (which is actively occurring in the

exponential phase (Watanabe et al., 2015)) and the transcriptome of K. pneumo-

niae under iron-limiting conditions may be altered to promote scavenging (Muselius

et al., 2020), perhaps the presence of additional genetic material, in the form of

the plasmid, requiring replication alongside the fast growth rate is sufficient to in-

duce reprogramming for increased transcription of iron acquisition genes. As in the

biofilm condition, there was also upregulation of a small number of chromosomal

transcriptional regulators in the exponential phase which may have broad effects on

gene expression (Billane et al., 2022).

Unlike for the planktonic exponential condition, there was very little effect of plasmid

carriage on chromosomal gene expression in the transconjugant in the planktonic 24

h condition. This may be because, in the stationary phase where nutrients are

limited, DNA replication is no longer occurring and cells enter a ‘non-growth’ state

where they shift their metabolism and synthesise a fraction of the products that

would be made in favourable growth conditions (Navarro Llorens et al., 2010; Rolfe

et al., 2012). The only gene that was determined to be significantly differentially

expressed in this condition was identified as vapC, the toxin component of a toxin-

antitoxin system. As this gene is present on both the chromosome and the plasmid,

it may be that plasmid reads from the transconjugant were falsely mapping to the

homologous chromosomal copy of the gene when the KP20 reference genome was

used for the analysis. In that case, it may be that there is no difference in gene

expression as a result of plasmid carriage in the 24 h planktonic condition. If the

reads are indeed from the chromosomal copy of the gene, this implies that this gene

is affected by plasmid carriage itself, as it was the only gene to be consistently

upregulated across all conditions. Although every effort was made to check sample

naming, inspection of the colour pattern in Figure 6.3 highlights the possibility of

a sample exchange within the planktonic 24 h condition. As a result, future work

should investigate and validate these results.
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Comparing chromosomal gene expression across the planktonic exponential and

biofilm conditions, a small set of common genes were identified as differentially

expressed in the transconjugant versus KP20. These may represent a potential plas-

mid signature in the planktonic exponential and biofilm conditions. However, as

these were not regulated in the same manner (up or down) across conditions, it is

debatable as to whether this is the case. Additionally, the absence of most of these

genes in the differentially expressed genes set comparing KP20 to the transconjugant

in the planktonic 24 h condition adds further uncertainty. Overall, on the basis of

the available data, there is insufficient evidence to state that the plasmid provides

a reproducible chromosomal signature on the KP20 recipient. As such, there is no

clear evidence for a particular impact of the plasmid on the (lifestyle-independent)

chromosomal transcriptional programme. This is in contrast to some reports where

a signature of plasmid carriage has been identified. For example, in a Pseudomonas

aeruginosa model system, a set of metabolic genes was affected by carriage of various

plasmids in the exponential growth phase (San Millan et al., 2018). However, it is

clear that plasmid carriage has variable effects on host chromosomal gene expression

in different growth conditions. Overall, it appears that the plasmid has the largest

effect on chromosomal gene expression in the biofilm relative to the planktonic con-

ditions.

Next, the impact of lifestyle on plasmid gene expression was considered. Of the 134

annotated plasmid genes, 112 were significantly differentially-expressed in either or

both the planktonic 24 h and biofilm 24 h conditions compared to the planktonic

exponential condition. Many of these genes were annotated as involved in mobile

element transposition, with most of these genes upregulated versus the planktonic

exponential condition. Stress has been demonstrated to increase transposable el-

ement transfer (Capy et al., 2000). It has been suggested that this may promote

new sequence variation to support host stress adaptation and transposable element

proliferation (Fan et al., 2019; Vandecraen et al., 2017). For example, in stationary

phase populations of Pseudomonas putida, the stationary phase sigma factor RpoS
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(transcriptional regulator) has been shown to activate transcription at a transposase

promoter (Ilves et al., 2001). Although transcription does not guarantee protein

production, transcriptional upregulation of a large number of transposase genes was

observed in the cyanobacterium Microcystis aeruginosa in certain nutrient-limited

conditions versus nutrient-replete conditions (Steffen et al., 2014). Considering ap-

plicability to this study, as the 24 h time point conditions for both planktonic and

biofilm cultures will be in stationary phase, it is possible that the nutrient limitation

is sufficient to upregulate transcription of transposase genes in both of these sample

sets.

Concerning the conjugation module, most of the differentially-expressed genes were

upregulated in the planktonic 24 h condition versus the exponential planktonic con-

dition. Upregulation might hint at possible DNA transfer in this condition. How-

ever, on the basis of the persistence test before the experiment was conducted, the

majority of cells in all the tested populations should already contain the plasmid.

There is some evidence that growth phase may impact conjugation. For example,

in a study into the transfer of an F-type plasmid into an E. coli K-12 population,

the authors argue that conjugation is likely to occur during transition into a non-

growing state (Headd and Bradford, 2020). Although this may provide a plausible

explanation for the gene expression profile observed in this work, this was not tested.

For the biofilm 24 h condition, the expression of several genes from this module was

unchanged compared to the planktonic exponential condition.

Although experiments in Chapter 5 suggested that the conjugation frequency was

greater in a biofilm versus the planktonic lifestyle, the gene expression data does not

provide an explanation for these findings and indeed deciphering mechanisms behind

these data was not an aim of this work. It is important to note that the conjugation

experiments were conducted using naïve KP20 recipients mixed with CPE16 donors,

and therefore are not comparable to the populations analysed in the gene expression

studies where the majority of cells are likely to contain the pCPE16_3 plasmid. It
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may be that the physiochemical properties of a biofilm, specifically the packing of

cells in a biofilm matrix, are sufficient to facilitate plasmid transfer in this lifestyle.

6.8 Conclusion

Taken together, overall these data indicate that lifestyle had a large effect on chro-

mosomal gene expression, and a greater effect than plasmid carriage. For the plank-

tonic 24 h condition, plasmid carriage did not particularly impact chromosomal gene

expression. However, for the planktonic exponential phase and biofilm 24 h condi-

tions, plasmid carriage had variable and principally distinct effects on chromosomal

gene expression. For example, a marked effect of plasmid carriage was observed

in the planktonic exponential condition where a large number of genes involved in

iron acquisition were upregulated. The impact of lifestyle on expression of plas-

mid genes implicated in mobile element transposition and the variable impact of

lifestyle on conjugation module expression was highlighted. As mobile genetic ele-

ments frequently carry antimicrobial resistance genes (Rozwandowicz et al., 2018),

and conjugation is a major facilitator of plasmid transfer (San Millan and MacLean,

2017), these data suggest that lifestyle may have an effect on both intracellular and

intercellular transfer of antimicrobial resistance genes.

6.8.1 Key findings

• Lifestyle has a large impact on chromosomal gene expression, regardless of

plasmid carriage

• Plasmid carriage has a distinct impact on chromosomal gene expression in the

planktonic exponential and biofilm 24 h conditions

• The plasmid has little to no impact on chromosomal gene expression in the

planktonic 24 h condition
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• Plasmid gene expression is affected by growth conditions across the majority

of annotated genes

• Expression of conjugation module genes is most upregulated in the planktonic

24 h condition

• Lifestyle may impact transfer of antimicrobial resistance genes
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Chapter 7

Discussion

This study employed two clinically-relevant models, one making use of a fluorescence-

reporter system and the second using plating techniques informed by WGS insights,

for assessment of conjugation of carbapenem resistance plasmids in planktonic and

biofilm populations. Gene expression of a transconjugant generated in the second

model versus the recipient was also assessed across three growth conditions. Overall,

this work has contributed to knowledge and understanding in three main aspects of

biology, each of which will be discussed below.

7.1 The application of flow cytometry to study

conjugation in bacterial populations

Traditional conjugation assays restrict throughput, partly due to the requirement for

culturing and colony counting to enable conjugation frequency calculation (Hazan

et al., 2012). Flow cytometry and similar techniques may remove the need for these

steps and therefore have the potential to reduce the time and resources used for

such investigations (Wilkinson, 2018). Although others have reported success using
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flow cytometry to monitor conjugation in bacterial populations (e.g. del Campo

et al. (2012); Sørensen et al. (2003)), the evidence provided here indicates that

a cautious approach is necessary for data interpretation. Firstly, use of a dual

fluorescence reporter system in this work highlighted issues with false positives which

were identified through dilution and control samples. Although one could argue that

use of a single fluorescent protein (such as in work by Sørensen et al. (2003)) would

avoid the obvious combined false- and true-positive transconjugant population, this

does not mean that such a system avoids coincident events. Instead this suggests

that false positives in these systems may require a different detection method (such

as DNA stains to aid doublet discrimination by indicating when more DNA is present

than would be in expected in a single cell (Reardon et al., 2014)). Secondly, this work

highlights the potential challenges of rare event detection which by its nature requires

a large number of events to be detected. In practice, depending on equipment

specifications, such samples may take considerable time to run which may impact

experimental outcomes if using live cells (as transconjugants may be produced during

sample analysis). Overall, the importance of careful evaluation of bacterial flow

cytometry setups has been emphasised. Potential solutions have been proposed,

such as the use of a highly conjugative plasmid in model development and equipment

with a high signal:noise ratio.

7.2 Conjugation monitoring in K. pneumoniae

populations using clinical isolate donors

The ability to evaluate conjugation using naturally-occurring strains and plasmids

from hospitals, especially those which contribute to AMR, is essential for under-

standing how to reduce its impact. Determination of plasmid transfer frequencies

from patient isolates was carried out. In the case of the CPE16 donor, particularly

high frequencies were revealed which supports existing evidence that conjugation is a
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major contributor to the spread of AMR in K. pneumoniae (Hendrickx et al., 2020).

In addition, concurrent transfer of co-resident plasmids was observed, indicated by

WGS data from transconjugant colonies. Alongside provision of frequencies for a

selection of isolates, this study produced a K. pneumoniae recipient strain which

may provide a useful community tool for assessing transfer of AMR plasmids. This

may be particularly suitable in cases where donor strains and plasmids prevent use

of existing recipient strains due to conflicting resistance profiles. The combination of

the CPE16 donor and KP20 recipient may also provide a convenient model, such as

in studies where a high conjugation frequency is a useful starting point for compar-

isons. This work also reinforced some of the benefits and limitations of WGS data

which was used here to aid in model development. This study highlighted that,

although inferences made from sequencing data about likely conjugative ability of

plasmids may be reliable, the conjugation frequency itself cannot (yet) be deciphered

from WGS data. For example, it was not possible to predict that pCPE16_3 would

transfer at such high frequency, while pCPE25_3 would conjugate at relatively low

frequency. In addition, this work provides evidence to corroborate some of the

conclusions from previous studies (Hausner and Wuertz, 1999; Król et al., 2011) in-

dicating that conjugation may be facilitated in a biofilm. However, further work is

required for direct comparison between planktonic and biofilm lifestyles, and to clar-

ify what the underlying mechanisms may be. For example, could this observation be

the result of the biofilm structure promoting cell-cell contact, initial donor-recipient

contacts followed by vertical transfer or perhaps another mechanism? These ques-

tions remain as yet unanswered.
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7.3 The evaluation of plasmid and lifestyle impacts

on gene expression

Plasmids may impose a fitness cost on their host, which can manifest as a growth

defect (San Millan and MacLean, 2017). Alternatively, there may be little or no

growth impact, and gene expression changes may be sufficient for adaptation to

plasmid carriage (Buckner et al., 2018). Environmental conditions are likely to im-

pact fitness costs, and artificial laboratory settings may not be reflective of the con-

ditions that would be encountered as a bacterium, for example, infects or colonises

a host (Hubbard et al., 2019). However, in the tested conditions, no obvious growth

impact was observed upon pCPE16_3 plasmid acquisition by KP20. Therefore,

RNA-sequencing was performed to evaluate the effect of the plasmid on host gene

expression. The effect of lifestyle on both the host chromosome and the plasmid

was also determined, as bacteria are often found as biofilms, including in infection

settings (Stalder et al., 2020). Therefore, studying bacteria across different growth

conditions is important. Lifestyle (biofilm versus two planktonic conditions) had

the greatest impact on gene expression, and the plasmid effect on gene expression

was lifestyle-dependent. Growth phase also affected gene expression across most

plasmid genes, including several genes implicated in mobile element transposition

and conjugation module genes. This work highlighted the importance of studying

bacterial populations and their plasmids across different growth conditions, and the

benefit of using plasmids from recently obtained clinical isolates to provide more

clinically-relevant experimental models. The data suggest that lifestyle may impact

gene transfer within cells and via conjugation which could have consequences for the

transfer of antimicrobial resistance determinants. However, further work is required

to support or refute these tentative hypotheses.
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Chapter 8

Appendices

8.1 Appendix 1 - Chapter 2

Table S1: Antibiotic stock preparation

Compound Solvent Stock concentration (µg/mL)

Ampicillin (sodium salt) Sterile distilled water (SDW) 10,000
Chloramphenicol Ethanol 100,000
Doripenem hydrate (powder) SDW 5000
Hygromycin B SDW 50,000
Kanamycin disulfate SDW 10,000

Figure S1: ThermoFisher Fluorescence SpectraViewer image of (excitation and)
emission spectra for GFP and mCherry fluorophores shows limited overlap. Dotted
and filled curves represent excitation and emission wavelengths respectively. Band-
pass filter settings are displayed as filled boxes overlaying the curves.
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Figure S2: Placement of the ‘total bacteria’ gate for acquisition of events on the
Attune NxT Flow cytometer. Example screenshot taken from Attune NxT software.
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Figure S3: blaSHV from KP1 chromosomal sequence (pink highlight) plus 400 bp
upstream and downstream sequence. Portions of forward and reverse recombineering
primers with homology to this region are in bold-underlined and italic-underlined
text respectively. The forward check primer for the hygromycin cassette insertion is
in bold purple text.
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Figure S4: Hygromycin resistance cassette (1483 bp) produced by PCR amplification
of the pSIM18 sequence. The forward (green highlight) and reverse (blue highlight)
portions of the recombineering primers with homology to the hygromycin cassette
are displayed. The bla promoter from pSIM18 is indicated (bold sequence in black
text). The hygromycin resistance gene from pSIM18 (blue text) is indicated with
stop and start codons underlined. The reverse check primer for insertion of the
cassette is shown (purple bold text).
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Figure S5: Predicted final sequence after recombineering where blaSHV has been
interrupted by insertion of the hygromycin cassette from pSIM18. Sequence (400
bp) upstream and downstream of original bla gene is included Forward (purple bold
lowercase text) and reverse (purple bold uppercase text) check primers for the cas-
sette are shown. Forward and reverse recombineering primers are indicated, with
the portions homologous to the cassette highlighted in green (forward orientation)
and blue (reverse orientation) respectively, and the regions homologous to the chro-
mosome indicated in adjacent bold black text. Pink highlighted text corresponds
to the remaining blaSHV chromosomal sequence. The size of the inserted cassette is
predicted to be 1562 bp (including primer sequences which are retained).

8.2 Appendix 2 - Chapter 3
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Figure S6: Using fluorescence profiles to direct 250 µL sample data analysis of planktonic and biofilm populations where donors contain
pKpQILgfp and recipients express mcherry. Gating strategy for selecting the fluorescent population from the total population for 6-well
assay biofilms (top) and planktonic cells (bottom). Backgating is displayed in the small plots to indicate rationale. (A) ‘All events’ are
displayed. (B) The ‘fluorescent events’ are selected from the total events. (C) The ‘mCherry+/GFP+ events’ are selected from the total
fluorescent population. (D) ‘Fluorescent (blue) and non-fluorescent (red) events’ are superimposed. Example plots from a single biological
replicate diluted 1:20,000 in PBS. Events acquired for 250 µL volume, rather than based on event number in the ’total bacteria’ gate.
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8.3 Appendix 3 - Chapter 4

Figure S7: Phylogenetic trees (core-distance neighbour-joining; con-
structed by Pathogenwatch (https://pathogen.watch) using PhyloCanvas
(https://www.phylocanvas.gl/) of CPE isolates and Sequence Type collec-
tions from Pathogenwatch (30/11/21 search for all available examples of each ST).
Scales indicate nucleotide substitutions per site. (A) CPE01 and CPE25 alongside
publicly-available examples of ST147. (B) CPE08 alongside publicly-available
examples of ST512. (C) CPE16 alongside publicly-available examples of ST14. (D)
CPE24 alongside publicly-available examples of ST395.
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Figure S8: Region of CPE24 contig 1 (black line) corresponding to CPE24 contig
4 (green line, 100% identity on BLASTn). The break in the green line illustrates
where there is no matching sequence of 100% identity. Image generated using BRIG
(Alikhan et al., 2011)
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8.4 Appendix 4 - Chapter 5

Table S2: Reference versus measured MIC values for ATCC 25922 used as a control
strain. All measured values were within one doubling dilution of the expected value.
Reference values obtained from (Andrews, 2001). These represent the expected
values for this strain. N/A indicates not applicable

Agent ATCC 25922 MIC (mg/L)

Reference Measured
Aztreonam 0.25 <0.25
Benzalkonium Chloride N/A 32
Carbenicillin N/A 16
Cefotaxime 0.06 0
Chloramphenicol 4 4
Ciprofloxacin 0.015 0
Clindamycin hydrochloride N/A 128
Crystal violet N/A 16
Erythromycin N/A 64
Ethidium bromide N/A 256
Fusidic acid N/A 512
Gentamicin 0.5 <1
Meropenem 0.008 <1
Methylene Blue N/A >1024
Moxifloxacin 0.03 0
Nalidixic Acid 4 4
Novobiocin N/A 32
Rhodamine 6G N/A 1024
Rifampicin N/A 8
Tetracycline disodium salt 2 1
Ticarcillin N/A 16
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Figure S9: Check of amplified cassette from pSIM18. (1) Ladder (HyperladderTM 1
kb). (2-3) Candidate cassette DNA. (4) Negative control (no DNA). Expected band
size 1483 bp. Arrow indicates ladder reference band.

Figure S10: Growth of candidate KP20 colony and the WT strain KP1 on a selec-
tion of antibiotics. Comparison of susceptibility profiles of 43816R pACBSCE and
candidate 43816R pACBSCE cassette containing colony on agar plates. (A) Candi-
date 43816R pACBSCE cassette-containing colony susceptibility to hygromycin B
(150 µg/mL). (B) Candidate 43816R pACBSCE cassette-containing colony suscep-
tibility to ampicillin (50 µg/mL). (C) 43816R pACBSCE susceptibility to ampicillin
(50 µg/mL).
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Figure S11: Biofilm KP20pCPE16 transconjugant validation. Colony PCR check
of transconjugant colonies using primers targeting (A) a replicon on the pCPE16_3
carbapenem resistance plasmid (expected size 231 bp), (B) the NDM carbapenem
resistance gene on pCPE16_3 (expected size 392 bp) and (C) the KP20 chromosome
(expected size 413 bp). 1,7) Ladder (2) Donor control (3) Recipient control (4)
Negative control (no DNA) (5,6) KP20pCPE16 colonies. Arrows indicate ladder
reference band sizes.

Figure S12: Mean donor:recipient ratios (CPE16:KP20) over time in biofilm conju-
gation assays. N = three experimental replicates, each the mean of four biological
replicates. Error bars represent standard deviation from the mean.
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Figure S13: CPE16 and KP20 in mixed populations over time during the biofilm
conjugation experiments. Mean CFU/mL for single strains at each time point during
the assay. Comparing CPE16 and KP20 CFU/mL at 0 h, P = 0.13. By 24 h, P =
0.0009 for this comparison (unpaired t-test). N = three experimental replicates, each
the mean of four biological replicates (apart from for 24 h in one replicate where three
biological replicates of KP20 were plated). Error bars illustrate standard deviation
from the mean.
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Figure S14: Morphology comparisons of the (A) KP20 recipient, (B) CPE16 donor,
(C) putative transconjugant colonies and (D, E) the mixed population. Recipient
colonies, putative transconjugants and the mixed population on hygromycin are all
opaque, larger and not light-reflective when compared to the donor colonies and the
mixed population on doripenem which are translucent and small.
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8.5 Appendix 5 - Chapter 6

Figure S15: Percentage variance within MDS plot dimensions in Figure 1. (A) All
samples, grouped by lifestyle, are compared to all other samples. (B) Planktonic
exponential samples are plotted alongside planktonic 24 h samples. (C) Planktonic
exponential samples are plotted alongside biofilm 24 h samples. (D) Planktonic 24
h samples are plotted alongside 24 h biofilm samples. Visualisation from Degust
v4.1.1 (Powell, 2019).
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