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Abstract:  18 

Antimicrobial resistance (AMR) is a growing problem, especially in Gram-negative 19 
Enterobacteriaceae such as Klebsiella pneumoniae. Horizontal transfer of conjugative plasmids 20 
contributes to AMR gene dissemination. Bacteria such as K. pneumoniae commonly exist in biofilms, 21 
yet most studies focus on planktonic cultures. Here we studied the transfer of a multidrug resistance 22 
plasmid in planktonic and biofilm populations of K. pneumoniae. We determined plasmid transfer 23 
from a clinical isolate, CPE16, which carried four plasmids, including the 119-kbp blaNDM-1-bearing F-24 
type plasmid pCPE16_3, in planktonic and biofilm conditions. We found that transfer frequency of 25 
pCPE16_3 in a biofilm was orders-of-magnitude higher than between planktonic cells. In 5/7 26 
sequenced transconjugants multiple plasmids had transferred. Plasmid acquisition had no 27 
detectable growth impact on transconjugants. Gene expression of the recipient and a 28 
transconjugant was investigated by RNA-sequencing in three lifestyles: planktonic exponential 29 
growth, planktonic stationary phase, and biofilm. We found that lifestyle had a substantial impact on 30 
chromosomal gene expression, and plasmid carriage affected chromosomal gene expression most in 31 
stationary planktonic and biofilm lifestyles. Furthermore, expression of plasmid genes was lifestyle-32 
dependent, with unique signatures across the three conditions. Our study shows that growth in 33 
biofilm greatly increased the risk of conjugative transfer of a carbapenem resistance plasmid in K. 34 
pneumoniae without fitness costs and minimal transcriptional rearrangements, thus highlighting the 35 
importance of biofilms in the spread of AMR in this opportunistic pathogen. 36 

     37 
Importance:  38 

Carbapenem-resistant K. pneumoniae is particularly problematic in hospital settings. Carbapenem 39 
resistance genes can transfer between bacteria via plasmid conjugation. Alongside drug resistance, 40 
K. pneumoniae can form biofilms on hospital surfaces, at infection sites and on implanted devices. 41 
Biofilms are naturally protected and can be inherently more tolerant to antimicrobials than their 42 
free-floating counterparts. There have been indications that plasmid transfer may be more likely in 43 
biofilm populations, thus creating a conjugation 8hotspot9. However, there is no clear consensus on 44 
the effect of the biofilm lifestyle on plasmid transfer. Therefore, we aimed to explore the 45 
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relationship between plasmid transfer and biofilms, and the impact of plasmid acquisition on the 46 
host bacterial cell. Our data show resistance plasmid transfer is greatly increased in a biofilm versus 47 
planktonic growth, which may be a significant contributing factor to the rapid dissemination of 48 
resistance plasmids in K. pneumoniae.  49 

Background: 50 

Antimicrobial resistance (AMR) is a significant global health threat. The World Health Organization 51 
lists priority pathogens for which new treatments are needed, including multi-drug resistant (MDR) 52 
and carbapenemase-producing Klebsiella pneumoniae, which causes substantial disease burden (1, 53 
2). K. pneumoniae and members of its species complex cause infections at various body sites, 54 
including the urinary tract, the respiratory tract, and the bloodstream (3). Amongst the global high-55 
risk MDR K. pneumoniae clones are those belonging to clonal group 15 (CG15), which includes 56 
Sequence Type (ST) 14 K. pneumoniae (4).  57 

In the European Economic Area, the number of infections and deaths caused by carbapenem-58 
resistant K. pneumoniae (CRKP) has increased more than for any other bacterial infection (5). 59 
Carbapenem resistance is due primarily to the action of carbapenemase enzymes, the genes for 60 
which are frequently located in plasmids. One key example is the blaNDM gene family. These genes 61 
encode metallo-beta-lactamases and have become globally distributed (6, 7). In addition to 62 
carbapenem resistance, K. pneumoniae often carry additional antibiotic resistance genes (ARG), 63 
many of which are also plasmid-encoded. For example,  Gorrie et al. (2022) found the majority (86%) 64 
of K. pneumoniae isolates contained plasmids (3). This is problematic because plasmids can transfer 65 
to new hosts, via a process termed conjugation, providing a route of ARG transmission and 66 
contributing to the spread of AMR (4, 8, 9). During conjugation, plasmid DNA is transferred from a 67 
donor to a recipient via a pilus which links the donor and recipient cells (10–12). The efficiency of 68 
this process can be enhanced by mating pair stabilisation, where interactions between the plasmid-69 
encoded outer-membrane protein TraN on the donor cell interact with outer-membrane proteins on 70 
the recipient cell, such as OmpK36 (13). A recent study of CRKP in Europe found that successful 71 
dissemination of carbapenem resistance could occur through success of a specific clone, a specific 72 
plasmid, or transient association of a strain with different plasmids (7).  73 

As the conjugation process requires cell-cell contact, there has been interest in the potential 74 
interplay between conjugation and biofilms. Biofilms consist of aggregated cells which are encased 75 
in a matrix, and are usually attached to a surface (14, 15). In nature, most bacteria are thought to 76 
live in biofilms, and K. pneumoniae often exists in this lifestyle (16–18). Biofilms are clinically 77 
relevant as they form on hospital surfaces and at infection sites, and can include K. pneumoniae (19–78 
22). Hospital settings could thus provide an optimal environment for ARG transfer, with the 79 
combination of biofilms, antibiotic pressure and plasmid-encoded ARGs. 80 

Although higher conjugation frequencies have been reported in biofilms compared to in planktonic 81 
populations, there remains a lack of consensus as to the relationship between biofilms and 82 
conjugation (16, 23, 24), potentially due to challenging experimental design of biofilm studies, and 83 
the heterogeneous nature of biofilm populations (24). Furthermore, there is some evidence that the 84 
conjugative pili encoded by some plasmids themselves promote adherence, leading to increased 85 
biofilm formation (25). Taken together, these factors hint at a putative positive feedback loop 86 
between biofilm formation, plasmid carriage and plasmid transfer. Due to the prevalence of AMR 87 
plasmids in hospital-associated bacteria such as K. pneumoniae, the presence of biofilms in hospital 88 
settings, and the importance of investigating plasmid transfer from clinically relevant strains, we set 89 
out to explore the relationship between biofilms and an AMR plasmid using a recent K. pneumoniae 90 
patient isolate. 91 

Results: 92 

MDR K. pneumoniae clinical isolate with plasmid-borne blaNDM-1 93 
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A CRKP strain isolated from a urine sample taken at the Queen Elizabeth Hospital (Birmingham, UK), 94 
was used for this study, and named <CPE16.= A combined long- and short-read sequencing approach 95 
(Oxford Nanopore and Illumina) was used to characterise the strain and determine its plasmid 96 
content. CPE16 was classified as ST14 using Multilocus Sequence Typing (MLST), and a core-genome 97 
phylogeny comparing this isolate to publicly available K. pneumoniae species complex sequences 98 
revealed CPE16 falls within the K. pneumoniae sensu stricto group (Supp. Fig. 1). 99 

The complete CPE16 genome consists of its chromosome and four plasmids. The large plasmids 100 
pCPE16_2 and pCPE16_3 are H- and F-types, respectively, and pCPE16_4 is a ColE1-like small 101 
plasmid (Table 1). The smallest plasmid, pCPE16_5, was not typed by PlasmidFinder, but we found 102 
that it encodes a replication initiation protein related to that of phage IKe. Thus, we conclude that 103 
like IKe (26), pCPE16_5 utilises rolling-circle replication.  104 

The CPE16 genome contains multiple antibiotic resistance genes, including the carbapenemase gene 105 
blaNDM-1 (Table 1). Along with additional beta-lactamase genes (blaCTX-M-15, blaTEM-1B, and a non-106 
functional blaOXA-9), a quinolone resistance gene (qnrS), aminoglycoside resistance genes (aadA1, 107 
aacC4, and aphA6) and a bleomycin resistance gene (bleMBL), blaNDM-1 was found in the 119 kbp F-108 
type plasmid pCPE16_3. The pCPE16_3 backbone includes FII(K) and FIB replicons, as well as a 109 
complete and uninterrupted F-like conjugation module (27), spanning approximately 34 kbp 110 
between finO and traM (Fig. 1a). The antibiotic resistance genes in pCPE16_3 were located in a 111 
complex 30 kbp resistance region, which contained multiple complete or partial translocatable 112 
elements (Fig. 1b). The blaNDM-1 and bleMBL genes, derived from Tn125 (28), were flanked by a copy of 113 
IS26 and an ISAba125 interrupted by an ISSup2-like element (Fig. 1c). The aphA6 and qnrS1 genes 114 
were either side of ISKpn19, and the remaining resistance genes were in a Tn1331b element 115 
(GenBank accession GU553923) that had been interrupted by insertion of a 2,971 bp ISEcp1-blaCTX-M-116 

15 transposition unit (TPU) (Fig. 1c).  117 

Table 1. Complete CPE16 genome characteristics.  118 
Contig#, molecule Size (bp) Replicon type1 Antibiotic resistance genes 

1, chromosome 5,293,517 - blaSHV-106, mdf(A), fosA6, oqxAB, blaOXA-1, 
catB3, aacA4, dfrA1, sat2 

2, pCPE16_2 248,840 H-type2 msr(E)-mph(E), armA, sul1, aadA1, aadA2, 

dfrA12 
3, pCPE16_3 119,165 FII(K)-2:FIB3 blaNDM-1, blaCTX-M-15, blaTEM-1B, blaOXA-9

5, bleMBL, 

aadA1, aacC4, qnrS1, aphA6 
4, pCPE16_4 4,173 θ-RNA - 
5, pCPE16_5 2,095 rolling-circle - 

1 Replicon types determined using a combination of PlasmidFinder and PubMLST output, or through 119 
comparison to replicons of known types.  120 
2 Contains replicons identical to the PlasmidFinder references for pNDM-Mar (GenBank accession 121 
JN420336).  122 
3 FII(K) replicon sub-typed using PubMLST. The FIB replicon is identical to that of the FIB(pQil) 123 
reference (GenBank accession JN233705) in PlasmidFinder but could not be sub-typed by the 124 
PubMLST database.  125 
3 Identified as Col440I by PlasmidFinder, this is a theta-replicating, RNA-initiating plasmid similar to 126 
ColE1.  127 
4 Not typed by PlasmidFinder. Contains a gene for a putative rolling-circle replication initiation 128 
protein.  129 
5 Produces a non-functional OXA-9 due to the introduction of a premature stop codon by a single 130 
nucleotide polymorphism (SNP).  131 
 132 
 133 
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 134 

 135 

Figure 1: (a) Multi-drug resistance plasmid pCPE16_3. Orange arrows indicate AMR CDS, the 136 
green arrow indicates rep, the pink arrows indicate the conjugation module and yellow arrows 137 
indicate other CDS identified by Prokka. All essential conjugation module genes (29) were 138 
present on the basis of manual annotation using plasmid F (GenBank accession AP001918) as 139 
a reference. Maps were prepared using Geneious Prime 2021.1. (b) Insertion sequences in 140 
pCPE16_3 (purple boxes). These were identified using ISfinder and drawn to scale. Truncated 141 
elements are indicated by a jagged edge. (c) Scaled diagram of the 30.3 kbp region that 142 
contains the antibiotic resistance genes in pCPE16_3. IS are shown as coloured boxes, with 143 
names labelled above and the orientations of transposase genes indicated by arrows inside. 144 
The locations and orientations of antibiotic resistance genes are shown by labelled arrows 145 
below the diagram. The extent of sequences derived from complete, partial (∆) or interrupted 146 
transposons and transposition units are indicated by labelled coloured lines above the 147 
diagram. The positions and sequences of target site duplications generated by insertion of 148 
ISSpu2 and the ISEcp1 TPU are indicated as outlined in the key below.  149 

 150 

pCPE16_3 transfers at a high frequency in planktonic culture 151 

Since its sequence suggested that pCPE16_3 was conjugative, we wanted to confirm this prediction 152 
in planktonic liquid cultures. However, to enable conjugation assays, a suitable recipient strain was 153 
needed which contained a unique resistance marker to distinguish it from the MDR CPE16 (Table 2). 154 
Homologous recombination was used to insert a hygromycin resistance gene (hph) into the 155 
chromosome of K. pneumoniae ATCC 43816 (ST493), disrupting the chromosomal blaSHV. PCR and 156 
sequencing were used to confirm the successful insertion event and loss of the recombineering 157 
plasmid. The K. pneumoniae ATCC 43816 (KP1) with blaSHV::hph was called KP20. Insertion of the 158 
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hygromycin resistance cassette had no impact on strain growth rates (maximum growth rate in LB 159 
for KP1: 0.0257 ± 0.00103, for KP20: 0.0263 ± 0.000479 with P = 0.39), and resulted in a MIC for 160 
hygromycin of >1024 mg/L.  161 

Table 2. Minimum inhibitory concentration data for K. pneumoniae CPE16.  162 
 163 

Antimicrobial/ compound CPE16 MIC 

(mg/L) 

EUCAST 

Breakpoint (mg/L) 

Aztreonam >32 4 
Benzalkonium Chloride 64 N/A 
Carbenicillin >1024 N/A 
Cefotaxime >256 >2 
Chloramphenicol 256 >8 
Ciprofloxacin 128 >0.5 
Clindamycin hydrochloride >256 N/A 
Crystal Violet 16 N/A 
Doripenem >1024 >2 
Erythromycin 512 N/A 
Ethidium bromide >1024 N/A  
Fusidic acid 512 N/A 
Gentamicin 1024 >2 
Hygromycin 32 N/A 
Meropenem 64 >8 
Methylene Blue >1024 N/A 
Moxifloxacin >32 >0.25 
Nalidixic Acid >1024 N/A 
Novobiocin 512 N/A 
Rhodamine 6G >1024 N/A 
Rifampicin 32 N/A 
Tetracycline  8 N/A 
Ticarcillin >1024 >16 

 164 
Conjugation assays between the CPE16 donor and the KP20 recipient were performed. The number 165 
of donors and recipients was calculated at 0 and 20 h, and the number of transconjugants was 166 
calculated at 20 h. Under these conditions, the conjugation frequency of pCPE16_3 was 6.2x10-5 (± 167 
2.8x10-5). Putative transconjugant colonies were randomly selected and PCR analysis confirmed the 168 
presence of pCPE16_3 in the KP20 recipient. Over the 20 h incubation period the donor to recipient 169 
ratio changed substantially from 1:10 to 7:1 (Supp. Fig. 2). The conjugation assays confirmed that 170 
pCPE16_3 was conjugative, and conferred resistance to the carbapenem doripenem (MIC of 171 
doripenem for KP20 was 0.016 mg/L, while for KP20/pCPE16_3 it was >16 mg/L). 172 

In addition to PCR, the genomes of five transconjugants were sequenced using Illumina technology. 173 
Reads were aligned to the donor genome to determine which replicon(s) were present in the 174 
transconjugants. Read alignments confirmed that all colonies contained pCPE16_3. Interestingly, 3/5 175 
colonies also contained the ColE1-like plasmid pCPE16_4, which was likely mobilised by pCPE16_3. 176 

Biofilm lifestyle promotes pCPE16_3 conjugative transfer  177 

We anticipated that the close contacts afforded by the biofilm lifestyle would promote horizontal 178 
gene transfer (HGT) events. To test this, we first wanted to establish a suitable biofilm model. As 179 
Cusumano et al. (2019) (30) suggest biofilm production for K. pneumoniae is facilitated in 180 
supplemented TSB (TSBs) media, we compared biofilm formation in TSBs versus LB. Whilst the 181 
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difference was not statistically significant, there was a clear trend of improved biofilm formation 182 
using TSBs (Fig. 2a), therefore this media was selected for our model.  Next, we evaluated biofilm 183 
formation of the CPE16 donor and KP20 recipient at 24 h, and found no statistically significant 184 
difference between biofilm formation of the two strains (Fig. 2b). 185 

Conjugation frequency of pCPE16_3 in the biofilm was measured at 24, 48, and 72 h. The data 186 
show high levels of conjugation (± standard deviation) at all three time points compared to in 187 
planktonic populations: (4.1x10-2 (± 1.3x10-2) at 24 h, 3.5x10-2 (± 9.1x10-3) at 48 h and 4.1x10-2 (± 188 
6.8x10-3) at 72 h (Fig. 2c). Over the course of the assay, the donor to recipient ratio shifted, from 189 
approximately 1:10 at the start of the experiment to 4:1 at 72 h (Fig. 2d). This change in ratio, which 190 
may be due to the donor killing the recipient for example via a Type 6 Secretion System (31), was 191 
less pronounced in the biofilm model compared to the planktonic assays, and less apparent at the 24 192 
and 48 h time point from the biofilm experiment. 193 

 194 

 195 
Figure 2: CPE16 biofilm and conjugation. (a) Mean biofilm formation (crystal violet staining)  196 
at 72 h in TSBs and LB. (b) Mean biofilm formation of CPE16 and KP20 at 24 h in TSBs (crystal 197 
violet staining) (P = 0.077, unpaired t-test with Welch9s correction). For both sets of biofilm 198 
data, n = four experimental replicates, each the mean of three biological replicates. Each 199 
biological replicate is the mean of three technical replicates. Media-only values have been 200 
subtracted. (c) Mean conjugation frequencies of pCPE16_3 from the CPE16 donor into the 201 
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KP20 recipient in a biofilm over time. Point shape describes the experimental replicate. One-202 
way ANOVA indicated no difference in the conjugation frequencies across the time-points (P = 203 
0.71). (d) Mean donor:recipient ratios (CPE16:KP20) over time in biofilm conjugation assays. 204 
For both conjugation assays, n = three experimental replicates, each the mean of four 205 
biological replicates. For all, error bars represent standard deviation from the mean. 8ns9 206 
indicates 8not significant9.  207 

 208 

As with the planktonic conjugation assays, colonies were selected at random for PCR to confirm 209 
plasmid presence in the recipient strain and all were identified as transconjugants. Two 210 
transconjugant colonies were whole genome-sequenced. Similar to what was seen in the planktonic 211 
conjugations, both sequenced colonies contained pCPE16_3, one colony had also acquired 212 
pCPE16_4, while the other colony had acquired pCPE16_2 in addition to pCPE16_3. 213 

Acquired plasmids are stably maintained in KP20 and have no effect on fitness or biofilm 214 
formation   215 

Fitness and biofilm formation were assessed using the five sequenced KP20/pCPE16_3 216 
transconjugants from the planktonic conjugation assays. Of these, transconjugant (TC) 1-3 contained 217 
both pCPE16_3 and pCPE16_4, while TC4 and TC5 contained only pCPE16_3. None of the plasmids 218 
had a statistically significant impact upon maximum growth rate or biofilm formation (Fig. 3a and 219 
3b). In addition, the persistence of pCPE16_3 in KP20 was monitored over 48 h in the absence of 220 
selection, and no statistically significant plasmid loss was observed (Fig. 3c). 221 

 222 
Figure 3: Transconjugant phenotypes. (a) Maximum growth rates for KP20 recipient strain 223 
and KP20/pCPE16 transconjugants 1-5 (TC1-5). (b) Biofilm formation as determined by crystal 224 
violet assay at 72 h for KP20 and KP20/pCPE16 TC1-5. (c) Persistence of pCPE16_3 in KP20 225 
over time, displayed as the percentage of cells containing the plasmid. One-way 226 
ANOVA indicated no difference when comparing maximum growth rates of KP20 to 227 
transconjugants or when evaluating biofilm formation. Mann-Whitney U test indicated no 228 
significant difference between plasmid prevalence at 24 or 48 h. N = three experimental 229 
replicates, each comprising three biological replicates. For growth rates and biofilm assay, 230 
biological replicates were determined from three technical replicates.  231 

 232 

Impact of plasmid carriage on chromosomal gene expression is most pronounced in the biofilm 233 
and planktonic stationary lifestyles. 234 
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To determine the impact of plasmid carriage and/or biofilm formation on gene expression, RNA 235 
sequencing was carried out on KP20 ± pCPE16_3 to compare the transcriptome across three 236 
<lifestyles=: planktonic exponential growth phase, planktonic stationary phase (24 h), and biofilm (24 237 
h). For technical reasons, two biological replicates were included for the planktonic stationary phase 238 
analysis. From the data we examined two main questions: (1) What is the impact of plasmid carriage 239 
on KP20 chromosomal gene expression in each lifestyle? (2) What is the impact of lifestyle on 240 
plasmid gene expression? 241 

The data show that plasmid presence had relatively little impact on chromosomal gene expression in 242 
exponential planktonic populations but had a more pronounced impact in 24 h planktonic and 243 
biofilm populations (Fig. 4a). It was also evident that lifestyle had a much greater impact on 244 
chromosomal gene expression than plasmid presence. When evaluated using multidimensional 245 
scaling plots (MDS), samples from the exponential and biofilm conditions clustered well in their 246 
sample groups regardless of plasmid carriage, while the planktonic 24 h samples clustered based on 247 
plasmid carriage. Overall, samples from each lifestyle condition displayed distinct gene expression 248 
patterns, indicated by their clustering as separate groups (Fig. 4b). 249 

 250 
Figure 4: (a) Differential expression of chromosomal genes across (i) planktonic exponential 251 
indicated by 8−expon−8, (ii) planktonic 24 h (8−PK-24 h−8) and (iii) 24 h biofilm (8−BF 24 h−9) 252 
conditions relative to the average expression of each gene from Degust v4.2-dev . Each 253 
coloured box in the vertical direction corresponds to a single sample within A, B and C 254 
conditions. Each box in the horizontal direction corresponds to an individual gene. Log2 fold 255 
change against the average expression of each individual gene is displayed and relates to the 256 
key on the bottom right. No thresholds have been applied. Three biological replicates each of 257 
the WT (KP20) and transconjugant (TC) strains were compared for each condition except for 258 
the planktonic 24 h condition where two biological replicates were included. (b) 259 
Multidimensional scaling (MDS) plot from Degust v4.2-dev of similarity between samples in 260 
lifestyle groups compared to the KP20 reference genome. All samples, grouped by lifestyle, 261 
are compared to all other samples. Biological replicates of the WT KP20 and transconjugant 262 
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(TC) KP20/pCPE16_3 are displayed as individual points for planktonic exponential (blue), 263 
planktonic 24 h (orange) and biofilm 24 h (green) groups.  264 

 265 
In the planktonic exponential lifestyle, comparison of KP20 with KP20/pCPE16_3 indicated a total of 266 
73 genes were differentially expressed, with higher expression mostly observed in the 267 
transconjugant (68/73, 93%). Clusters of orthologous genes (COG) categories (32) were used to 268 
assess these categories included inorganic ion transport and metabolism, secondary metabolites and 269 
transcription (Supp. Fig. 3a). Of the genes to which functions could be assigned, 33% (24/73) were 270 
predicted to have a role in iron binding, capture, uptake and transport (Fig. 5a). The downregulated 271 
genes were involved in amino acid metabolism (avtA), iron storage (ftnA), L-cystine-binding (fliY) and 272 
manganese efflux (mntP). 273 

In contrast to the relatively small number of genes with altered expression in the exponential phase, 274 
in the planktonic 24 h and biofilm conditions, 911 and 925 genes respectively were differentially 275 
expressed in the KP20/pCPE16_3 transconjugant. COG categories were used to assess the genes 276 
with altered expression as a result of plasmid carriage. In the planktonic 24 h condition the profile of 277 
COG categories was highly varied. These included a relatively even split of upregulation (54.5%) and 278 
downregulation (45.5%), with a higher proportion of upregulated genes overall, specifically across 279 
several transport and metabolism categories, alongside transcription and energy production and 280 
conversion (Supp. Fig. 3b). In the biofilm, there was upregulation of transcription-associated genes, 281 
and downregulation of genes involved in metabolism, energy production and conversion, and 282 
inorganic ion transport and metabolism (Supp. Fig. 3c). 283 

 284 
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 285 

Figure 5: Statistically significant differential expression of chromosomal genes (a) Planktonic 286 
exponential condition: Comparison of KP20 to the transconjugant (8TC-expon) where the 287 
adjusted P value = <0.05 and log2 fold change mean expression was between g 1and f −1. (b) 288 
Planktonic 24h condition: Comparison of KP20 to the transconjugant (TC-PK-24-h) where the 289 
adjusted P value = <0.05 and log2 fold change mean expression was between g 2 and f −2. (c) 290 
BF 24 h condition: Comparison of KP20 to the transconjugant (TC-BF-24-h) where the adjusted 291 
P value = <0.05 and log2 fold change mean expression was between g 2and f −2. For all plots, 292 
locus tags represent hypothetical proteins. Plots were prepared using ggplot2. 293 

 294 
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To investigate the 24 h planktonic and biofilm data in greater detail, a more stringent cut off of log2 295 
fold change of between f −2 and g 2 was applied. For the planktonic condition, this cut-off criteria 296 
resulted in a list of 104 genes, of which 98/104 (94%) were downregulated (Fig. 5b). Although many 297 
(23) genes were annotated as hypothetical proteins, downregulated genes included those involved 298 
in stress response modulation and metal transport, amongst others. Additionally, ompK36 299 
(homologue of Escherichia coli ompC (33)) encoding the outer membrane porin OmpK36 was 300 
downregulated. OmpK36 has recently been identified as a receptor for the TraN component of the 301 
conjugative pilus of the F-type plasmid pKpQIL (13). There were five upregulated genes meeting the 302 
threshold criteria, annotated as: acoA (oxidoreductase subunit), pdhC (acetyltransferase 303 
component), srlB (phosophotransferase system component), rutC (aminoacrylate deaminase), exuT 304 
(hexuronate transporter) and a hypothetical protein. 305 

For the biofilm condition, the more stringent cut-off criteria resulted in a list of 107 genes, of which 306 
85/107 (79%) were downregulated (Fig. 5c). Downregulated genes in the biofilm condition included 307 
those with diverse functions, involved in processes such as translation, management of acid stress 308 
and secretion. There was also downregulation of ompK35 (homologue of E. coli ompF,(33)). Four 309 
upregulated genes were annotated as 8transcriptional regulators9: hdfR, betl, glpR, and marR, with 310 
marR encoding the 8multiple antibiotic resistance9 regulator protein. Additionally, aaeA, encoding an 311 
efflux pump subunit, was also upregulated during growth in biofilm. 312 

Lifestyle impacts expression of plasmid genes. 313 

Next, we examined plasmid gene expression in the three different lifestyles. MDS plots including 314 
both chromosomal and plasmid sequence data produced similar patterns to the chromosome-only 315 
MDS plots, where lifestyle-dependent clustering was observed (Supp. Fig. 4). Investigating the data 316 
in more detail suggests each lifestyle had a distinct impact on plasmid gene expression (adjusted P 317 
value <0.05, log2 fold change set to between >1 and <-1) (Fig. 6a). Broadly speaking, plasmid gene 318 
expression was downregulated in the exponential phase, and there were distinct up/downregulation 319 
patterns for planktonic 24 h and biofilm lifestyles (Fig. 6a). Differentially expressed plasmid genes 320 
were assessed relative to the planktonic exponential condition (Fig. 6b). The data indicated many 321 
plasmid genes were upregulated in both the planktonic stationary phase and biofilm samples (60 of 322 
123, 49%). For the lifestyles individually, 94/106 (89%) differentially expressed genes were 323 
upregulated in the planktonic stationary versus the exponential phase, and 76/82 (93%) 324 
differentially expressed genes were upregulated in the biofilm versus the planktonic exponential 325 
condition. 326 

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

The copyright holder for thisthis version posted January 11, 2023. ; https://doi.org/10.1101/2023.01.05.522703doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.05.522703
http://creativecommons.org/licenses/by-nc/4.0/


  327 

Figure 6: (a) Differential expression of 123 plasmid genes across planktonic exponential (8-328 
expon-8), planktonic 24 h (8-PK-24 h-8) and 24 h biofilm (8-BF 24 h-9) conditions relative to the 329 
average expression of each gene. Each coloured box in the vertical direction corresponds to a 330 
single sample. Each box in the horizontal direction corresponds to an individual gene. Log2 fold 331 
change against the average expression of each individual gene is displayed and relates to the 332 
key. No thresholds have been applied. Three biological replicates each of the WT (KP20) and 333 
transconjugant (TC) strains were compared for each condition except for the planktonic 24 h 334 
condition where two biological replicates were included. Visualisation from Degust v4.2-dev. 335 
(b) Statistically significant differential expression of plasmid genes relative to the planktonic 336 
exponential condition: A gene is only shown if mean differential gene expression was 337 
significantly different (adjusted P value = <0.05, log2 fold change of between g 1 and f −1.) 338 
between the planktonic exponential phase and at least one of the comparator conditions 339 
(biofilm 24 h and planktonic 24 h). Plot was prepared using ggplot2. 340 
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Of the plasmid genes with a function assigned (71/123, 58%), 15/71 (21%) encode proteins 341 
implicated in mobile element transposition, such as transposases. In most cases (10/15, 67%) these 342 
transposition genes were upregulated in both the stationary and biofilm conditions (adjusted P value 343 
<0.05, log2 fold change set to between >1 and <-1). Nine plasmid genes encoding antimicrobial 344 
resistance proteins were identified, 2/9 (aphA6 and qnrS1) were upregulated in both the stationary 345 
and biofilm conditions compared to the exponential condition and 5/9 (blaCTX-M-15, aacA4, aadA1, 346 
blaOXA-9 and blaTEM-1B) were upregulated in the biofilm condition only. Interestingly, blaNDM-1 was 347 
downregulated in the 24 h planktonic condition, and largely unaffected in the biofilm. Genes 348 
involved in toxin-antitoxin systems and anti-restriction were upregulated in both lifestyles. 349 
Expression of parA (plasmid segregation) was upregulated in the biofilm but not significantly 350 
different in the planktonic stationary phase. 351 

Concerning the conjugation module, in the planktonic stationary condition, all of the conjugation 352 
module genes were upregulated versus the planktonic exponential condition except for traT, traM 353 
and finO which did not meet the threshold for differential expression. In the biofilm condition, 354 
transcription of several conjugation module genes was unchanged versus the planktonic exponential 355 
condition, including genes involved in pilus assembly (traE, traK), the traI helicase, traN mating pair 356 
stabilisation protein, the traC ATP binding protein and the traD coupling protein. Across both the 357 
planktonic 24 h and biofilm 24 h conditions, traJ was upregulated versus the planktonic exponential 358 
condition. TraJ is a positive regulator of the entire transfer operon in F-like systems (34). It is worth 359 
noting that for this RNA sequencing experiment, bacteria were grown in pure culture, meaning no 360 
potential recipient cells for the plasmid were present. This may have an impact on conjugation 361 
module gene expression. 362 

Discussion: 363 

Here we have sequenced the genome of, and further characterised, a clinical urinary isolate of K. 364 
pneumoniae containing a 119 kbp plasmid carrying blaNDM-1, blaCTX-M-15, and blaTEM-1B carbapenemase 365 
and beta-lactamase genes. We showed that this plasmid can be transferred efficiently by 366 
conjugation in planktonic culture, and at orders-of-magnitude higher frequencies in a biofilm. The 367 
growth kinetics for transconjugants which had acquired pCPE16_3 were indistinguishable from the 368 
plasmid-free parental strain, and carriage of pCPE16_3 had no impact on transconjugant biofilm 369 
formation. In the absence of selection, the plasmid was maintained over 48 h. Our gene expression 370 
analysis indicated that plasmid presence had a unique impact on chromosomal gene expression in 371 
24 h planktonic and biofilm lifestyles, and less impact in exponential growth. Furthermore, our data 372 
show that plasmid gene expression in each lifestyle was distinct.   373 

Although plasmids can benefit their host cell, plasmid carriage can also impose a fitness cost under 374 
some conditions. This supposed cost/benefit conflict has been termed the 8plasmid paradox9 (35). 375 
Many resistance plasmids carry toxin-antitoxin systems and partitioning systems which help to 376 
ensure their maintenance once established in a bacterial host. Compensatory evolution through 377 
mutation can reduce cost-of-carriage, and help to resolve specific genetic conflicts which lead to 378 
fitness costs (36–38).  However, not all plasmids produce a fitness cost for a particular host.  Some 379 
plasmids can be maintained without positive selection, and may not impact cell growth (39). Indeed, 380 
some plasmids may increase host fitness without selection (39, 40). For example, a recent study 381 
determined that carriage of the pOXA-48_K8 plasmid was of benefit for some patient gut microbiota 382 
isolates on the basis of competition experiments and growth assays (41). Another recent study 383 
found that some E. coli strains which acquired the pLL35 plasmid, carrying blaCTX-M-15 and blaTEM-112 384 
beta-lactamases alongside other resistance genes, had enhanced growth versus the plasmid-free 385 
recipient (42). In work comparing two pKpQIL-like plasmids, gene expression changes rather than 386 
mutations were sufficient to reduce plasmid carriage costs (39). In line with these studies, our assays 387 
did not detect any fitness costs associated with carriage of pCPE16_3 by the K. pneumoniae host. 388 
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The cost-benefit balance may switch quickly upon encountering new environmental conditions (43), 389 
and host background can have a large impact on fitness (41).  390 

Biofilms are a problem in hospital environments where they can form on surfaces and are commonly 391 
found at infection sites (20, 22, 44). In contrast to biofilm cells, planktonic cells are suspended 392 
individually in liquid and are therefore likely to have equal exposure to environmental conditions 393 
(14, 17) and are unlikely to remain in close proximity to each other, reducing the probability of cell-394 
cell contact (24). The co-evolutionary trajectories of plasmids and hosts are unique in biofilms 395 
compared to planktonic populations (45). In addition, cells in a biofilm are in close proximity to each 396 
other which may have implications for HGT permitted by cell-cell contact (24). There remains a lack 397 
of consensus on the interplay between biofilm and HGT, with some reports that biofilm promotes 398 
the process and others indicating limited transfer (reviewed by (24)). In our system, the biofilm 399 
lifestyle was associated with much higher levels of conjugation compared to in planktonic culture. 400 
This is also in line with previous work (46), which found plasmid transmission in a K. pneumoniae 401 
biofilm occurred at a very high frequency (0.5 transconjugants per donor). However, as strain-402 
plasmid combinations are unique, it is difficult to generalise about whether the biofilm lifestyle leads 403 
to increased conjugation (due to increased and prolonged cell contacts or other factors), or if the 404 
limited cell movement in a biofilm restricts the horizontal spread of conjugative plasmids. Some data 405 
suggest a conjugative plasmid may promote biofilm formation due to conjugative pili aiding surface 406 
adhesion (25). However, this effect on biofilm formation is not always observed (23), and was also 407 
not observed in our study.  408 

Biofilms provide vastly different conditions to those encountered by planktonic cells (15), and are 409 
inherently more drug-tolerant than planktonic cells (17). Likely due to ease of manipulation, most 410 
studies on bacterial cells have been carried out on planktonic populations (47). However, it is 411 
essential to study these two lifestyles separately as the state of biofilm-embedded cells cannot be 412 
deduced from planktonic cells (15). In fact, several studies have demonstrated characteristic 413 
transcriptional profiles for cells in the biofilm lifestyle compared to in planktonic culture (48–50). 414 
Guilhen et al. (2016) found, when comparing gene expression in K. pneumoniae biofilm and 415 
planktonic cultures, that transcriptional fingerprints could be determined relating to growth stages 416 
in planktonic cultures (exponential phase versus stationary phase) and biofilms (aggregates versus 417 
3D structures and cells dispersed from a biofilm)(48). Indeed, our data support this hypothesis, with 418 
distinct chromosomal gene expression patterns in each of the three lifestyles. Together, this 419 
demonstrates that gene expression is specifically tailored to growth stage and lifestyle. It is clear 420 
that biofilms are important and unique bacterial lifestyles which require individual study. Our study 421 
adds to previous work with the observation that plasmid presence also had unique impacts on 422 
chromosomal gene expression across the three tested conditions.  423 

Strikingly, plasmid gene expression in each of the three lifestyles was unique. The downregulation of 424 
plasmid gene expression during exponential phase may be explained by cells aiming to reduce the 425 
fitness burden of plasmid carriage during rapid growth. Once in stationary phase or in a biofilm, 426 
plasmid genes were generally upregulated in our data set, including genes involved in conjugation 427 
and antibiotic resistance. Our conjugation data indicated conjugation frequencies were higher in the 428 
biofilm population, yet an increase in conjugation gene expression in comparison to 24 h planktonic 429 
cells was not observed. However, our RNA-sequencing experiment did not contain any potential 430 
recipient cells, which could explain this discrepancy. 431 

Overall, our data highlight that conjugation in biofilms is occurring at higher levels than predicted 432 
based on planktonic data. This is of particular concern as biofilms are the dominant bacterial lifestyle 433 
in many settings including hospital environments and in some infections. We also show that bacteria 434 
modulate gene expression patterns based on lifestyle, and in our data, plasmid presence 435 
substantially altered these patterns. We also demonstrate that plasmid genes are differentially 436 
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expressed in each lifestyle. Plasmids are important contributors to AMR and to virulence and 437 
furthering our understanding of how these mobile genetic elements interact with bacterial hosts in 438 
varied and relevant settings is thus of considerable importance.  439 
 440 
Methods: 441 

Routine culturing: Bacterial strains were routinely stored in glycerol at -80°C, grown in lysogeny 442 
broth (LB)/agar (LBA) (Sigma-Aldrich) at 37°C, with aeration for liquid cultures. Supplemented Tryptic 443 
Soy Broth (TSBs) was prepared as per (30) with 25 mg/L calcium chloride, 12.5 mg/L magnesium 444 
sulphate, and 1.25% total glucose. For optical density (OD) measurements, overnight cultures were 445 
used and measurements were taken at 600 nm (OD600). 446 

Whole genome sequencing: Whole genome sequencing (WGS) was carried out by MicrobesNG 447 
(https://microbesng.com), with preparation of strains as per their recommendations. Sample 448 
preparation for Illumina and Oxford Nanopore sequencing and initial data analysis (trimming 449 
(Trimmomatic 0.30 (51)), assembly (Unicycler 0.4.0 (52)) and annotation (Prokka 1.11 (53)) were 450 
done by MicrobesNG using their in-house scripts. Bandage (54) was used for assembly visualisation. 451 
WGS data are available under BioProject no. PRJNA917544. 452 

KP20 hygromycin resistant recipient strain construction: To insert a hygromycin-resistance cassette 453 
from (55) into blaSHV on the chromosome of a rifampicin-resistant derivative of K. pneumoniae ATCC 454 
43816 (kindly provided by Dr. Jessica Blair), we used the protocol described in (56), with some 455 
modifications. Recombineering primers (Supp. Table 1) with 40 bp homology to the chromosome 456 
and 20 bp homology to the hygromycin resistance cassette from pSIM18, were used for PCR 457 
amplification of the donor DNA molecule. First, pACBSCE was electroporated into ATCC 43816 RifR 458 
with subsequent electroporation of the PCR-amplified hygromycin resistance cassette. Successful 459 
transformants were selected on agar containing 300 mg/L hygromycin. To remove the 460 
recombineering plasmid, the strain was passaged without antibiotic. PCR and selective plating were 461 
used to confirm the presence and location of the resistance cassette, the antimicrobial resistance 462 
profile of the new recipient, and to check for loss of the recombineering plasmid pACBSCE. Growth 463 
kinetic analysis and whole genome sequencing were carried out by comparison to the ancestral 464 
strain. 465 

Planktonic conjugation assays: This method was developed based on the conjugation protocol 466 
described in (57). Donor and recipient cultures were grown overnight, subcultures were prepared in 467 
5 mL LB (1% inoculum) and grown to an OD600 of ~0.5. Cultures (1 mL) were centrifuged (3 min, 4722 468 
x g) and media was replaced with TSBs to correct the OD600 to 0.5. The donor and recipient were 469 
mixed at a 1:10 ratio alongside control single strain cultures. Cultures were diluted 1:5 in TSBs and 470 
these were incubated statically at 37°C for 20 h. At 0 and 20 h, donor and recipient cells were plated 471 
to quantify viable counts. To determine background growth, donors were plated onto 300 mg/L 472 
hygromycin and recipients were plated onto 4 mg/L doripenem. Mixed populations were plated 473 
onto single antibiotics (doripenem or hygromycin) to select the donor and recipient respectively and 474 
determine the proportion of each strain. At 20 h, mixed strains were plated on dual antibiotic 475 
(doripenem 4 mg/L and hygromycin 300 mg/L) to select putative transconjugants. PBS-only and 476 
media-only controls were included. Putative transconjugants were re-streaked on dual antibiotic to 477 
confirm growth. Experiments were completed a minimum of three independent times, with four 478 
biological replicates. Conjugation frequencies were calculated as follows using values from assay 479 
endpoints:  480 �ĀÿĀăąÿĂÿĀÿ ĄĀăÿăăÿā� = þăÿÿ ÿăþĀăĀ ĀĄ ĂĀÿÿāāĀÿĀăąÿÿĂāþăÿÿ ÿăþĀăĀ ĀĄ ĂĀÿĀĀā   481 
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To confirm transconjugants, single colonies were assessed by PCR and whole genome sequencing. 482 
Colony PCR was performed using REDtaq Ready Mix (Sigma) as per the manufacturer9s instructions, 483 
with 1 mM primers and corresponding annealing temperatures (Supp. Table 1). Agarose (1%) gel 484 
electrophoresis was used to visualize PCR products, and HyperlLadder 1 kb (Bioline) was used for 485 
size determination. 486 

Biofilm conjugation assays: Overnight cultures were OD600 corrected to 0.1 in TSBs. Donor and 487 
recipient were mixed at a 1:10 ratio. Single donor and recipient cultures, and mixed cultures (2 mL) 488 
were added to wells of a CytoOne® 6-well polystyrene plate (Starlab UK). Plates were covered with a 489 
Breathe-Easy® membrane (Diversified Biotech), lid and incubated statically at 37°C for 24-72 h. 490 
Donor, recipient and mixed cultures, and PBS and media controls were diluted and plated on agar as 491 
per the planktonic conjugation assay protocol at 0, 24, 48 and 72 h time points. At the 24, 48 and 72 492 
h time points, adhered cells were harvested by removing liquid culture and washing once with 2 mL 493 
sterile PBS. PBS was added to wells (1 mL) and the base and sides of each well were scraped twice 494 
using a cell scraper (VWR) to disrupt biofilm. Disruption to single cells was confirmed using strains 495 
containing constitutively expressed fluorescent proteins to aid visualisation by confocal microscopy 496 
(data not shown). A selection of putative transconjugant colonies were re-streaked on dual 497 
antibiotic (doripenem 4 mg/L and hygromycin 300 mg/L) to confirm growth, and PCR (as above) was 498 
used to confirm identity. Conjugation frequencies were calculated as above.  499 

Crystal violet biofilm assays: Overnight cultures corrected to an OD600 of 0.1 were added to wells of 500 
a sterile Cellstar® 96-well polystyrene u-bottom plate (Greiner Bio-one). Plates were covered with a 501 
Breathe-Easy® membrane (Diversified Biotech, Sigma-Aldrich) and sterile lid. These were incubated 502 
statically at 37°C for 24-72 h. After incubation, culture was removed, plates were washed with 503 
distilled water, and 0.1% crystal violet solution (Sigma-Aldrich) was added. Plates were incubated 504 
statically for 15 min at room temperature. Stain was removed, wells were washed in distilled water, 505 
and the stain was solubilised in 70% ethanol for 15 min at room temperature with shaking (60 rpm, 506 
Orbit LS Labnet International Inc.). The absorbance 600 nm (A600) was measured using a FLUOstar 507 
Optima plate reader (BMG Labtech) or a Spark microplate reader (Tecan). A minimum of three 508 
experimental replicates each consisting of three biological replicates were included, each the mean 509 
of three technical replicates. 510 

Growth kinetics: Growth kinetics were performed and assessed as previously described (58). 511 
Overnight cultures were diluted 1:10,000 in LB or TSBs in 96-well plate (Greiner Bio-one). A600 was 512 
recorded over 16 h using a plate reader. Data were analysed by growth curves (absorbance plotted 513 
against time) and by calculating maximum growth rate (μ) for each experiment. μ was calculated as 514 
follows, where t refers to a given time point and A refers to the A600 at that time point: 515 

� = (ýÿ (�Ă2) − ýÿ(�Ă1))(Ă2 − Ă1)  516 

Plasmid stability assays: Overnight cultures were diluted 1:100,000 in TSBs in a 96-well plate with 517 
lid, which was incubated statically at 37oC for 24 h. Subculturing (1:100,000) was repeated at 24 h 518 
and the plate incubated for an additional 24 h for a total of 48 h. At time points 0, 24, and 48 h, 519 
serial dilutions were used to enumerate bacteria grown on LBA alone, or LBA containing 2 mg/L 520 
doripenem. Each experiment included broth and PBS-only controls to detect any contamination. 521 
Experiments were completed three times independently, each consisting of four biological 522 
replicates.  523 

RNA sequencing: Four 10 mL overnight cultures/strain were prepared in TSBs, and were used to set 524 
up three test conditions (planktonic exponential, planktonic stationary (24 h) and biofilm (24 h)). 525 
TSBs (100 mL) was inoculated with 1 mL of overnight culture and incubated at 37°C 150 rpm until 526 
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mid-exponential phase when 1.8 mL of the culture was harvested by centrifugation (12470 x g for 90 527 
s). Pellets were resuspended in 1.8 mL RNAlater (ThermoFisher) and incubated at room temperature 528 
for 30 min. Cells were harvested by centrifugation and stored at -80°C. These cells represented the 529 
planktonic exponential condition. 530 

Next the planktonic stationary condition was set up following the same protocol as above but 531 
harvesting at 24 h. For the biofilm 24 h condition, the overnight cultures were OD600 corrected to 532 
0.1. Culture (2 mL) was added to 6-well CytoOne® (Starlab UK) polystyrene plates, covered with a 533 
Breathe-Easy® (Diversified Biotech) membrane and lid and incubated for 24 h statically at 37°C. After 534 
24 h, culture was removed, wells were washed with 2 mL pre-warmed PBS, and 1.8 mL RNAlater was 535 
added. Cells were scraped from the base and sides of the plate and transferred to a microfuge tube. 536 
Cells in RNAlater were incubated at room temperature for 30 min before being harvested by 537 
centrifugation and transferred to -80°C for later use. 538 

RNA extraction, sequencing and initial data analysis was performed by GeneWiz UK following their 539 
protocols. For in-house analysis, hybrid genomes from MicrobesNG were annotated using Prokka 540 
(53), using flags to specify species (–Genus Klebsiella –usegenus –species pneumoniae), sequencing 541 
centre ID (–centre UoB), and force Genbank compliance (–compliant). Kallisto (59) was used to 542 
pseudo-align reads to references, using the Odd-ends RNAseq_Analysis.txt workflow by Dr Steven 543 
Dunn, available at https://github.com/stevenjdunn/Odd-ends/blob/master/RNAseq_Analysis.txt 544 
Data were visualised and compared using Degust v4.2-dev (https://degust.erc.monash.edu/; (60). An 545 
adjusted P value (FDR, false discovery rate) of <0.05 and a log2 fold change cut-off of 1 was used to 546 
define statistically significant differences between conditions. RNA-Sequencing heatmaps comparing 547 
expression against the planktonic exponential condition, and COG category graphs were prepared 548 
using R.app GUI 1.70 (7735 El Capitan build) (61) employing ggplot2 (62). COG categories were 549 
assigned using Egg-nog 5.0 (63). 550 

Bioinformatics: Default parameters were used for all tools unless indicated otherwise. Anaconda 551 
version (v)4.11.0 (https://www.anaconda.com/) was used, employing Python v3.7.9. Annotation was 552 
done using BLAST searches (64) against reference sequences on GenBank®(65) or from the 553 
ResFinder database (66). For conjugation module genes, GenBank sequence 554 
https://www.ncbi.nlm.nih.gov/nuccore/AP001918.1/ (27) was used as a reference where possible as 555 
this entry contains annotations for an experimentally validated conjugation module. 8Essential9 556 
conjugation module genes were defined based on (29). Insertion sequences were identified on the 557 
basis of high percentage nucleotide identity to ISfinder database sequences (http://www-558 
is.biotoul.fr (67). Plasmid maps were prepared using Geneious Prime v11.0.6+10 (64 bit) or Gene 559 
Construction Kit v4.5.1 (Textco Biosoftware, Raleigh, USA). 560 

Multilocus sequence typing (MLST): The PubMLST website (https://pubmlst.org/) (68) and MLST 561 
software (Torsten Seemann, https://github.com/tseemann/mlst) were used to type isolates. 562 
PlasmidFinder (69)/plasmidMLST (68) were used to type putative plasmids and ResFinder (66) to 563 
locate acquired AMR genes. PlasmidFinder and ResFinder databases were queried using ABRicate 564 
(Torsten Seeman, https://github.com/tseemann/abricate) or by using the webtools 565 
(https://cge.cbs.dtu.dk/services/PlasmidFinder/ and https://cge.cbs.dtu.dk/services/ResFinder/). 566 

For phylogenetic tree construction, FASTA files for K. pneumoniae species complex strains were 567 
obtained using accession numbers from (70) with assistance from Dr Axel Janssen. Prokka (v1.14.6) 568 
(53), Roary v3.11.2 (using the -e flag)(71) and RAxML v8.2.12 (72) were used for annotation, core 569 
gene alignment and phylogenetic analysis respectively. RAxML was run using the following 570 
parameters: raxmlHPC-PTHREADS-AVX -f a -p 13524 -s <core_gene_alignment.aln> -x 12534 -# 100 -571 
m GTRGAMMA. iTOL Version 6.4.2 (73) was used for tree visualisation. 572 
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Genome sequences were compared to published reference genomes for strain validation. Snippy 573 
(https://github.com/tseemann/snippy) was used to identify any single nucleotide polymorphisms 574 
(SNPs) between genomes and reference genomes. Read mapping was carried out using BWA-MEM 575 
(74) and SAMtools (75). 576 

Additional analysis: Unpaired t-tests or one-way ANOVA were used to obtain P values, unless 577 
indicated otherwise. As standard, data were analysed and plotted using Microscoft® Excel version 578 
16.16.9 and Graphpad Prism version 8.0.2. 579 
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