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276  analysing reads per gene and insertion indices per gene, and 0.69 to 0.77 when analysing the
277  reads per unique insertion site (Fig. 1, S2, S3 and Table S3). Therefore, although our TraDIS
278  experiments show a mild bottleneck, this is highly unlikely to affect any downstream

279  analyses that use gene-level metrics. To identify in vivo fitness genes, the numbers of

280  transposon insertion reads within each gene were compared between the Galleria infection
281  and the inoculum pools, with essential and ambiguous-essential genes excluded to reduce
282  false positives. Our analysis identified mutants of 133 (of 4,752) nonessential genes to be
283  significantly less abundant at 6 hpi and two features, rse4 and KPNRH 05271 to be slightly,
284  but significantly enriched (Fig. 2 and supplementary table S4). 35 genes were so severely
285  depleted after infection that they can be considered conditionally essential in G. mellonella

286  (Table S4).

287

288  Figure 2: TraDIS analysis identifies multiple potential K. pneumoniae fitness factors
289  important during G. mellonella infections. A: Volcano plot showing significantly less
290  abundant genes 6 h after infecting G. mellonella larvae in red and significantly higher abundant

291  genes in blue. Non-significant genes are shown in grey. Genes were considered significant if
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292  they possessed a Benjamini-Hochberg corrected p-value below a threshold of 0.05 and an
293  absolute log2 fold-change greater than 1. Essential and ambiguous-essential genes are removed
294  from the analysis. B and C: Manhattan plots with Benjamini-Hochberg corrected p-value and
295 log2 fold-change on the y-axis, respectively. Abbreviations: padj, Benjamini-Hochberg
296  corrected p-value; FC, fold-change. D and E: Reads per nucleotide of the inoculum and at 6
297  hpi, respectively of the chromosomal region containing the K- and O-locus. For this graphical
298  representation, triplicate TraDIS samples were combined and reads were normalised to the total
299  number of reads in all three replicates. F: Gene annotations of the Klebsiella K-locus (galF to
300 wbgU) and O-locus (tagG to gmlA), encoding the polysaccharide capsule and
301 lipopolysaccharide O antigen, respectively are coloured according to the TraDIS results at 6 h
302  post-infection; significantly depleted genes are shown in red, essential genes which were not

303  included in the analysis in yellow and genes without significant changes in grey.

304

305  Surface polysaccharides, cell envelope and iron acquisition genes are critical to cKp

306 G. mellonella infection

307  Capsule, lipopolysaccharide and enterobacterial common antigen

308  Capsule and lipopolysaccharide (LPS) are essential to the virulence of K. pneumoniae,

309  (Podschun and Ullmann 1998). The capsule allows K. pneumoniae to circumvent host

310  detection and prevent an early immune response; acapsular mutants are less virulent in mouse
311  models and are unable to spread systemically (Paczosa and Mecsas 2016). The

312 lipopolysaccharide, consisting of lipid A, core and O antigen is able to bind and sequester
313  parts of the complement system (Paczosa and Mecsas 2016). Both surface polysaccharides
314  also play a role in modulating innate immunity (Bengoechea and Sa Pessoa 2019). Following
315  G. mellonella infection, the eight genes with the most dramatic reduction in read counts (log2
316  fold-change < -12) all belonged to the capsule or O-antigen loci (Fig. 2B & C), and almost all
317  genes in these clusters were significantly depleted (Fig. 2D-F).

318  Four genes (wzxE, wecD, rffH, wecA) of the Enterobacterial common antigen (ECA)

319  synthesis locus (encoded by genes 720/KPNRH_ 05213 to yifK/KPNRH 05200) were also
320  significantly depleted at 6 hpi (Fig. 2B & C). The ECA is a conserved carbohydrate antigen
321  common to most Enterobacterales and plays an important role in bacterial physiology and its
322  interaction with the environment (Rai and Mitchell 2020). K. pneumoniae ECA synthesis

323  mutants were attenuated in in vifro murine lung and spleen tissues infections, but not in vivo
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324 in a murine intranasal infection model (Lawlor et al. 2005). Therefore, our analysis identified
325  mutants of all three major polysaccharide antigens (O, K and ECA) present on the cell
326  surface (Rai and Mitchell 2020) to be attenuated in G. mellonella.

327  Cell envelope proteins and regulators

328  Genes that encode cell envelope proteins appeared to be important during G. mellonella

329  infection. The major outer membrane lipoprotein Lpp (also known as Braun’s lipoprotein)
330  encoded by /pp/KPNRH 02211, and the genes of the Tol-Pal system (pa//KPNRH_03757,
331  to/B/KPNRH 03758, tolA/KPNRH_ 03759 and tolQ/KPNRH 03761) (located at 3.8 Mbp)
332 were significantly depleted after 6 hpi. The Tol-Pal system is involved in maintaining outer
333 membrane integrity and consists of five proteins: TolA, TolQ, and TolR in the inner

334 membrane, TolB in the periplasm, and the peptidoglycan-associated lipoprotein Pal anchored
335  to the outer membrane (Lloubés ef al. 2001). Lpp is a crucial protein in the outer membrane
336 covalently linking it with the peptidoglycan layer (Asmar and Collet 2018) and it is important
337  for complement resistance in multiple, phylogenetically distinct K. pneumoniae strains (Short
338 et al 2020). Mutations in both Lpp and Tol-Pal have been previously linked to attenuated
339  virulence in diverse bacteria (Sha et al. 2008; Godlewska et al. 2009; Asmar and Collet

340  2018). One of the most abundant proteins in the outer membrane is the porin OmpK36

341  (Hernandez-Allés et al. 1999) and mutants thereof were attenuated in a G. mellonella model
342  (Insua et al. 2013) and a pneumonia mouse model (March et al. 2013). Likewise, our

343  experiments identified a significant underrepresentation of transposon insertion mutants in

344 ompK36 (KPNRH_01613) 6 hours post-infection.

345  Also required for infection were regulators of cell envelope composition and integrity.

346  Mutants of phoPQ were significantly less abundant following infection. PhoP-PhoQ is a two-
347  component system, comprising the inner membrane sensor PhoQ and the cytoplasmic

348  regulator PhoP. This system regulates lipid A remodelling in K. pneumoniae in vivo and in
349  vitro (Llobet et al. 2015) and other virulence-associated genes in many enteric pathogens

350  (Groisman 2001; Bijlsma and Groisman 2005; Alteri et al. 2011; Lin et al. 2018). Salmonella
351  Typhimurium knockout strains of phoP and phoQ are highly attenuated for virulence in

352  macrophages and a mouse infection (Miller, Kukral and Mekalanos 1989) and this two-

353  component system also makes a small contribution to K. pneumoniae virulence during

354  G. mellonella infections (Insua et al. 2013). We also noted significant changes in mutant

355  abundance of genes related to the alternative sigma-factor RpoE (6?* or oF), one of the major
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356  regulators of cell envelope stress response systems (Flores-Kim and Darwin 2015; Roncarati
357  and Scarlato 2017) (Trevifio-Quintanilla, Freyre-Gonzalez and Martinez-Flores 2013). RpoE
358 activity is tightly controlled by a proteolytic cascade: after dissociation of RseB from RseA
359  (the anti-sigma factor which binds RpoE), RseA is partially cleaved by the proteases DegS
360 and RseP, then fully degraded by other cellular proteases such as ClpP/X-A, Lon and HslUV,
361  releasing RpoE in the cytoplasm (Roncarati and Scarlato 2017). While rpoFE itself and rseP
362  are essential genes and therefore not included in our analysis, transposon insertion mutants of
363  degS, clpP, clpX and lon were significantly less abundant, highlighting the role of RpoE gene
364  regulation during infection. Transposon mutants of the RpoE inhibitor RseA and insertions in
365  the promoter of the RseA-degrading protease HsIUV (KPNRH_05271) were enriched after
366  infection, indicating that increased RpoE signalling can enhance fitness in G. mellonella.

367 Both RseA and HslUV are, via RpoE, involved in stress response and the regulation of

368  virulence genes in multiple Enterobacteriaceae species (Flores-Kim and Darwin 2015).

369 Interestingly, none of the RpoE regulated cell envelope stress response systems CpxAR,

370  BaeRS, Rcs, and Psp (Flores-Kim and Darwin 2015) were identified in our screen, indicating
371  either a redundancy in these systems or the involvement of other factors. Such factors could
372 be the periplasmic chaperones Skp and SurA; both are members of the RpoE regulon in

373 E. coli (Dartigalongue, Missiakas and Raina 2001). Mutants of skp and surA were less

374  abundant in Galleria TraDIS and have previously been shown to be involved in pathogenicity
375 in E. coli, Salmonella Typhimurium, Shigella flexneri and Pseudomonas aeruginosa

376  (Sydenham et al. 2000; Redford and Welch 2006; Purdy, Fisher and Payne 2007; Klein et al.
377  2019).

378  Iron acquisition systems

379  Iron acquisition is essential during K. pneumoniae infections, and RH201207 produces the
380  siderophores enterobactin and yersiniabactin to chelate host iron. Because siderophores

381  confer benefits to bacterial populations, rather than individual cells, loss of siderophore

382  biosynthesis genes is not expected to influence fitness in a mutant pool, and siderophore
383  synthesis genes were not identified by the Galleria infection TraDIS. Utilisation of

384  enterobactin was, however, important: mutations in three of the four ferric iron-enterobactin
385  uptake complex components tonB (KPNRH 02155), exbB (KPNRH 00722), and exbD

386  (KPNRH 00723) reduced fitness in G. mellonella. TonB is essential for pathogenicity in
387  multiple bacteria, including hypervirulent K. pneumoniae (Hsieh et al. 2008). The fourth
388  component of this complex, fepB, was present in multiple copies in the RH201207 genome,
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389  so presumably mutation of just one gene does not cause loss of function. Mutation of the
390  yersiniabactin receptor gene fyuAd did not impair fitness, suggesting that enterobactin is

391  sufficient to allow bacterial replication in the G. mellonella haemolymph. This is consistent
392  with the roles of K. pneumoniae siderophores in murine infections, where enterobactin alone
393  allows replication in serum by sequestering iron from transferrin (Bachman et al. 2012).

394  Transferrin is also present in the haemolymph of G. mellonella (Vogel et al. 2011).
395  Further genes involved in Galleria mellonella fitness

396  Additional metabolic and hypothetical genes also contributed to fitness during Galleria

397 infection. These included the majority of genes in the aro operon for synthesis of chorismite
398  (aprecursor to aromatic amino acids), cys genes for sulphate assimilation and cysteine

399  biosynthesis, purine biosynthesis genes, several components of the electron transport

400  complex, and sspAB stringent response proteins. Only 11 genes of unknown function were
401  identified as infection-related (note some K- and O-locus genes were initially annotated as
402  hypothetical). Several transcription regulators were also identified that compromised fitness
403  when mutated: these were the arginine/lysine synthesis repressor argP, the fatty acid

404  regulator fabR, the zinc-dependent repressor nrdR and the nickel-dependent repressor ygjl.

405  Temporal analysis of the K. pneumoniae RH201207 G. mellonella infection

406  We also analysed bacteria at 2 hpi, in order to gain insight into the events of early infection,
407  and distinguish mutations influencing survival in the presence of G. mellonella immune

408  system components from those influencing replication in this host. Mutants in 54 genes were
409  significantly less abundant at 2 hpi, and only mutants lacking the cell division protein FtsB
410  were enriched (Fig. 3, S4-S6 and supplementary table S4). Comparison of both timepoints
411  showed 18 genes depleted only at 2 hpi, 36 genes less abundant at both timepoints and 97
412 genes for which mutant abundance was reduced only at 6 h post-infection (Fig. 3A). The
413  genes that were depleted at both time points consists of two subsets: 25 genes that are

414  depleted within the first 2 h and whose abundance does not change further, and 11 genes that
415  are depleted at 2 hpi and then further decrease in abundance over time. Ten out of these 11
416  genes are part of the K-locus, the other one is tagG, the first gene of the neighbouring

417 O antigen locus.
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Figure 3: Few genes are important for the onset but not the late stages of a G. mellonella
infection. A: The plot shows log2 fold-changes at 2 hpi and 6 hpi on the x- and y-axis,
respectively. Transposon mutants significantly less abundant at 2 hpi and 6 hpi are shown in
yellow and red, respectively. Mutants which are depleted at both timepoints are shown in either
green or blue (if the log2 fold-change at 2 hpi roughly equals that at 6 hpi in green and if their
abundance was much lower at 6 hpi in blue). Genes significantly higher abundant at 2 hpi and
6 hpi are shown in turquois and purple, respectively. Non-significant genes are shown in grey.
Numbers indicate the number of genes of each group. B: Graph highlighting the direction of
the log2 fold-change change over time. Genes are coloured according to A; non-significant

genes are not shown.

Of the 18 genes less abundant only at the beginning of the infection, most were barely within
our threshold for fitness-related genes. But six genes had log2 fold-changes of -3 up to -7,
among them two tRNAs, one hypothetical protein and the three genes oxyR
(KPNRH_05248), rnhA (KPNRH_04380) and tad4 (KPNRH_01302). It is very likely that
the tRNAs are false positives due to their very short length and therefore low number of
insertions. OxyR 1is a conserved LysR-type transcription factor which plays a key role in the
regulation of defence mechanisms against oxidative stress (Christman, Storz and Ames
1989), and has previously been linked to K. pneumoniae pathogenesis (Hennequin and
Forestier 2009). RnhA is the ribonuclease HI that cleaves RNA of RNA-DNA hybrids and is
involved in DNA replication, DNA repair, and RNA transcription (Kochiwa, Tomita and

Kanai 2007) and fadA encodes a tRNA-specific adenosine deaminase. This protein is
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441  responsible for adenosine to inosine RNA editing of tRNAs and mRNAs, and is involved in

442  the regulation of a toxin-antitoxin system in E. coli (Bar-Yaacov et al. 2017).

443  Of all significantly less abundant insertion mutants, the by far largest set, consisting of 97
444  genes, is depleted only at the later timepoint 6 h after infection. This group of genes contains
445  for example the two-component system phoP(Q, the Tol-Pal system and the majority of genes
446  of the O antigen cluster. Our data indicates that these genes might only have a minor impact

447  on fitness during very early stages of infection.

448  Shared in vivo fitness determinants in cKp RH201207 and hvKp ATCC 43816

449  We then sought to compare the G. mellonella fitness landscape of the cKp ST258 strain

450  RH201207 with a representative hvKp strain. G. mellonella infection TraDIS was performed
451  with the well-studied mouse-virulent strain ATCC 43816, which is an ST493 strain

452  possessing type Olv1 O antigen and K2 capsule type. Experiments were performed in the
453  same way as for RH201207 except that bacteria were recovered for sequencing at 4 hpi, due
454  to the faster progression of infection when using this strain (Fig. 1B). Each sample of ATCC
455 43816 yielded from 1.85 million to 2.08 million reads, more than 96 % of which were

456  reliably mapped to the chromosome of ATCC 43816 KPPR1 (CP009208.1) (Table S2). The
457  insertion density of the unchallenged ATCC 43816 mutant library was 415,000 or one

458  insertion per 13 nucleotides, which is similar to the RH201207 library (Table 2, S2), and 502
459  genes were classified as essential or ambiguous-essential (9.62 % of 5217 genes).

460  Reproducibility between experimental replicates was very high in this experiment, with

461  Pearson correlation coefficient > 0.97 for reads or insertion indices per gene, and > 0.91

462  when comparing reads per unique insertion site (Fig. S2, S3 and Table S3).

463  We identified 92 nonessential genes of K. pneumoniae ATCC 43816 that had significantly
464  lower mutant abundance after the Galleria infection and two genes (VK055 RS06420 and
465 VK055 RS19345) that were enriched (Fig. S4-S6 and supplementary table S5). Mutants in
466 10 genes of the 18-gene K locus of ATCC 43816 were significantly depleted after

467  G. mellonella infection, thereby mirroring the results of RH201207. In contrast, genes of the
468  O-locus were not implicated in in vivo fitness in G. mellonella. This was unexpected because
469  our previous study showed that O antigen genes were required for ATCC 43816 serum

470  resistance (Short et al. 2020) and we predicted that resistance to G. mellonella humoral

471  immunity may have similar requirements. However other studies of ATCC 43816 O antigen

472  have shown variable effects on virulence and related in vitro phenotypes (Shankar-Sinha et
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473 al 2004; Yeh et al. 2016). We speculate that the ATCC 43816 capsule has a dominant role in

474  protection from G. mellonella immunity and masks the activity of O antigen.

475  To compare the global TraDIS results from RH21207 with those of ATCC 43816, we

476  identified their shared genes by bidirectional best hits BLAST search using a sequence

477  similarity cut-off of 80 %. This analysis identified 4,391 shared genes, 3,974 of which were
478  non-essential in both strains and therefore included in the comparison. We identified 149
479  shared genes with a role in G. mellonella infection in either RH201207 or ATCC 43816, and
480 44 genes were implicated in both strains (Fig. 4A). This means that 37.3 % of the hits in
481  RH201207 were also identified in ATCC 43816 and 58.7 % of all hits in ATCC 43816 were
482  identified in either of the two RH201207 datasets, the largest overlap was with the later

483  timepoint of 6 hpi. Amongst those genes were, for example, the membrane-associated genes
484  ompK36, tolABQ, and Ipp, the outer membrane protein assembly factor bamB/yfgL, the

485  periplasmic chaperone sur4, and the ECA synthesis genes rffG and wecA.
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487  Figure 4: Multiple genes, including the cps cluster contribute to the fitness during Galleria
488  infections of both classical and hypervirulent K. pneumoniae. A: Venn diagram showing
489  the overlap of significantly less abundant insertion mutants in the classical ST258 strain
490  RH201207 and the hypervirulent strain ATCC 43816. Only non-essential genes shared by both
491  strains as determined by a bi-directional best blast analysis are shown. B-D: Cluster of
492  orthologous groups (COG) enrichment analysis shows an overrepresentation of outer
493  membrane biogenesis as well as nucleotide transport and metabolism genes in all sets of
494  significantly depleted genes during G. mellonella infection. Genes were assigned to Cluster of
495  Orthologous Groups (COG) (Tatusov et al. 2000) with eggNOG. The bars represent the
496  percentage of genes that belong in that category. Black bars denote the frequency of COGs in
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497  all non-essential genes of the particular strain, the frequency of all significantly depleted genes
498  after Galleria infection is coloured as follows, A: RH201207 2 hpi, B: RH201207 6 hpi, C
499  ATCC 43816 4 hpi. P-values were determined by Fisher’s exact test in R and the level of
500 significance is indicated by asterisks (*, P <0.05; **, P <0.01; *** P <0.001). COGs without
501  genes assigned to them (A, B, R, W, Y & Z) were removed.

502

503  We performed a clusters of orthologous groups (COG) enrichment analysis to define and
504  compare the broad pathways and molecular mechanisms that may contribute to fitness during
505  G. mellonella infections in both strains. The COG classifications of the genes in the

506  RH201207 and the ATCC 43816 genome was annotated with EggNOG Mapper (Huerta-
507  Cepas et al. 2017) and the COGs of all genes in which mutants were significantly

508  underrepresented after infection were compared to the total gene set. In RH201207, genes of
509 the replication, recombination and repair (L), cell wall/membrane/envelope metabolism (M)
510  and nucleotide transport and metabolism (F) clusters were overrepresented among the

511 infection-related genes at 2 hpi, whereas amino acid transport and metabolism (E) and genes
512 of unknown function (S) were underrepresented (Fig. 4B). At 6 h post-infection, cell

513  wall/membrane/envelope metabolism (M), intracellular trafficking, secretion, and vesicular
514  transport (U) and nucleotide transport and metabolism (F) were overrepresented, whereas
515  only genes of unknown function (S) were underrepresented (Fig. 4C). In the ATCC 43816
516  infection determinants, genes assigned to carbohydrate transport and metabolism (G), cell
517  wall/membrane/envelope biogenesis (M) and nucleotide transport and metabolism (F) were
518  overrepresented. The cell wall/membrane/envelope metabolism (M) and nucleotide transport
519  and metabolism (F) clusters were the only ones in which infection-related genes were

520  overrepresented for both cKp and hvKp, and at early and late time points. This finding further
521  stresses the importance of cell membrane integrity and surface polysaccharides in infections,
522  but also demonstrates the essentiality of nucleotide metabolism during the course of an

523  infection. The latter COG included the genes purd, purC, purE, purH, and rdgB; all purine
524  biosynthesis genes that showed significantly reduced fitness in both strains. The ability to de
525  novo synthesize purines has been associated with the intracellular survival of bacterial

526  pathogens such as Burkholderia pseudomallei, Shigella flexneri, and uropathogenic

527  Escherichia coli (Ray et al. 2009; Shaffer et al. 2017).
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528  Comparison with genetic fitness requirements in murine hosts and in vitro virulence

529  screens

530  We then sought to compare our findings in G. mellonella to published results of other high-
531  throughput fitness screens of K. pneumoniae, with the caveat that such screens by their nature

532 provide only a snapshot of the events of an infection, and are unlikely to be comprehensive.

533  The G. mellonella fitness genes identified in both strains showed considerable similarity to
534  those required for survival in human serum, which we examined previously using the same
535  mutant libraries (Short ef al. 2020). This was largely due to the importance of capsule,

536 O antigen and cell envelope proteins such as Lpp for survival under both selections; the many
537  metabolic genes identified as infection-relevant, for example those of purine biosynthesis

538  (Fig. 4), generally did not contribute to serum survival. For RH201207, over half of the genes

539  identified as required for full serum fitness also contributed to fitness in G. mellonella.

540  Fitness factors required for intestinal colonisation of mice have also been examined in an
541  ST258 background (Benoit ef al. 2019), although this screen was not comprehensive due to
542  various experimental factors. Several genes required in G. mellonella are also required for
543  intestinal colonisation, such as bamB (an outer membrane assembly protein), ompC/ompK36,
544  cyaA, (adenylate cyclase) and typ4 (a GTP-binding protein). Finally, there are some

545  important common factors among the requirements for infection of G. mellonella, and for an
546  hvKp murine lung infection (Paczosa et al. 2020). Genes contributing to both infection types
547  include some of those encoding ubiquitous virulence factors such as capsule or siderophore
548  importers. Notably, genes involved in aromatic amino acid biosynthesis (e.g. pabAB

549  aminodeoxychorismate synthase, aro operon genes), and purine biosynthesis (e.g. purH)
550  were required both for murine lung infection, and for Galleria mellonella infection in both
551  strain backgrounds. The importance of these pathways for two very different types of

552 infection, in representatives of both hvKp and cKp, suggests that they may be general

553  infection requirements for K. pneumoniae.

554  Validation of transposon insertion sequencing results and investigation of NfeR activity

555  Five single-gene mutants of K. pneumoniae RH201207 were tested for lethality in

556  G. mellonella to validate the TraDIS screen. The validation set included transposon insertion
557  mutants in the transcription antiterminator rfaH, the capsule gene wzc and the enterobacterial
558  common antigen gene wzxE, as well as clean deletion mutants of phoQ and nfeR. Research-

559  grade G. mellonella larvae were injected with 10° cfu of each strain, or a PBS control, and
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560  monitored for up to 72 hours. All strains showed a statistically significant virulence defect
561  (Fig. 5A), with the exception of RH201207 AphoQ; larvae infected with the AphoQ mutant
562  showed increased survival but the degree did not reach statistical significance. It is possible
563  that the TraDIS screen detected changes that reflect fitness in a competition environment with
564  other strains, or that are important at early stages of infection but are not relevant in the

565  longer term.
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567  Figure 5: Validation of TraDIS results with single-gene knockouts. A: Survival curves for
568  G. mellonella larvae following infection with K. pneumoniae RH201207 and mutants in
569  defined genes. B: Complementation of the virulence defect of RH201207 AnfeR. Mutants
570  where survival is significantly different to wild-type (Kaplan-Meier test) are indicated by
571  asterisks (*, P <0.05; **, P <0.01; *** P <0.001).

572

573  We selected nfeR (KPNRH_00645 also called ygjI) for further characterisation, as this gene
574  has not previously been linked to virulence in any species. In our TraDIS experiments, this
575  gene was required in K. pneumoniae RH201207, but not in ATCC 43816. Complementation
576  of the AnfeR mutation restored the virulence of the wild-type RH201207 strain (Fig. 5B).
577  NfeR contributes to metal homeostasis in E. coli by repressing expression of a neighbouring
578  ferric reductase gene, nfeF (Fig. 6A); this repression is relieved under excess nickel

579  conditions (Wang, Wu and Outten 2011; Wang et al. 2014). High nickel levels can disrupt
580  iron homeostasis in E. coli, leading to a longer lag phase due to reduced accumulation of iron
581  (Rolfe et al. 2012; Washington-Hughes et al. 2019). We hypothesised that loss of nfeR may
582  lead to deregulated metal homeostasis in K. pneumoniae RH201207, resulting in reduced

583  wvirulence in Galleria mellonella.

21


https://doi.org/10.1101/2020.10.30.362657

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.30.362657; this version posted October 31, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

504
254

0.0

relative nfefF
expression (logzFC)

W

I
(e Wid- AnfeR AnfeR
type comp
g P
3 D
Q
4
% — Wid-type
g — MnfeR
o2 — &nfeR comp
o
k=]
0

0 30 60 120 180
Time (min)
E
1.00
o 6 0.9
<
2
8, 2 W Viid-type
2 8 0.6 B anfeR
g o B 2nfeR comp
>2
=
S‘, 03
0
0.0
S ——— S —
4 0 500 1000 0 50 100 200
584 Hz02 (mM) NIiSOg (M) Dipyridyl (uM)

585  Figure 6: Investigation of NfeR function in RH201207. Mutation of nfeR resulted in a
586  dramatic increase in nfeF expression. A: Schematic of nfeF’ gene expression regulation by
587  NfeR. B: Deletion of nfeR leads to significant overexpression of nfeF’ as measured by qRT-
588  PCR. Level of significance in comparison to RH201207 is indicated by asterisks (***, P <
589  0.001). C: Serum survival of RH201207 AnfeR. Late exponential phase bacteria were incubated
590 in 66 % normal human serum for 3 hours, and viable counts measured over time. D:
591  Siderophore production by RH201207 AnfeR, using chrome azurol S agar assay. Results shown
592  are representative of two independent experiments, each comprising at least two biological
593  replicates. E: Sensitivity of RH201207 AnfeR to hydrogen peroxide, Nickel toxicity and
594  dipyridyl-induced metal starvation. Stationary phase cells were diluted directly into H>O»-
595  supplemented Mueller Hinton broth, and surviving cells enumerated after 100 min. For Nickel
596  and dipyridyl toxicity, growth was measured after incubation for 18 hours at 37 °C. Results
597  shown are the mean and standard deviation of four (H203) or three biological replicates, which

598 in the case of Ni and dipyridyl comprised of 3 technical replicates.

599
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600  We first tested whether NfeR regulates nfeF expression in K. pneumoniae RH201207 by

601  gRT-PCR using RNA extracted from late exponential phase bacteria. As shown (Fig. 6B),
602  deletion of nfeR caused a dramatic 85-fold increase in nfeF’ expression, and this change was
603  not seen in the complemented strain. We hypothesised that the virulence defect of RH201207
604  AnfeR may arise from a reduced defence against humoral immunity, or reduced ability to

605  acquire iron, as G. mellonella recapitulates several relevant features of mammalian serum-
606  based immunity, and is iron-limited (Lucidi et al. 2019). However, the mutant did not show
607  any differences relative to its wild type either in its ability to withstand serum exposure

608  (Fig. 6C), or its siderophore production (Fig. 6D). Finally, we examined three phenotypes
609 that may be disrupted when metal homeostasis is altered: resistance to oxidative stress

610  (hydrogen peroxide), nickel toxicity and sensitivity to iron starvation. Sensitivity to oxidative
611  stress is influenced by cellular iron pools, and was previously shown to be growth-phase

612  dependent for this reason (Touati 2000). Homologues of nfeR have been implicated in

613  resistance to nickel toxicity in large-scale fitness screens (Price ef al. 2018). It was also

614  shown that some genes in the same pathway as nfeF’ are more sensitive to dipyridyl-mediated
615  iron starvation (McHugh et al. 2003). However, K. pneumoniae RH201207 AnfeR did not
616  show changes in any of these phenotypes. Thus, while AnfeR mutation increases nfeF

617  expression and reduces virulence, its mechanism appears to be via subtle effects that are not

618  replicated in vitro.

619 Conclusions

620  Despite the urgency of the public health threat posed by classical, multidrug-resistant

621 K. pneumoniae strains, our understanding of their mechanisms of infection are still limited.
622  Galleria mellonella is an increasingly popular alternative model for bacterial infections,
623  which, unlike mice, is susceptible to infection by cKp. Here, we have performed the first

624  high-throughput fitness profiling study of K. pneumoniae during G. mellonella infection.

625  G. mellonella had favourable infection parameters for high-throughput screening; the

626  diversity of the highly saturated transposon mutant library was largely maintained through
627  the experiment, and excellent reproducibility was achieved between biological replicates.
628 Infection-related genes identified showed high concordance with current knowledge of
629 K. pneumoniae pathogenesis; all of the major virulence factors (siderophores, capsule,
630 O antigen) showed decreased mutant abundance, and many new virulence gene candidates

631  were identified in cKp. This included the metal-dependent regulator nfeR, which did not
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632  contribute to virulence in the hvKp background. A limitation of our study, and indeed the
633  majority of studies providing molecular detail on G. mellonella-pathogen interactions, is that

634  these putative virulence factors have not been further examined in mammalian models.

635  Our results showed a substantially different fitness landscape for RH201207 and

636  ATCC43816 during G. mellonella infection. Fewer infection-related genes were identified in
637 K. pneumoniae ATCC43816 (hvKp). This finding may reflect masking of some relevant

638 activities by dominant virulence factors; for example, the highly expressed K2 capsule of this
639  strain may compensate for loss of other cell envelope components, such as multiple genes
640  involved in RpoE signalling which were required in the cKp background. The complex

641 interplay of virulence factors underscores the need to consider the phylogenetic diversity of

642 K. pneumoniae when studying its pathogenesis.

643  We have demonstrated a simple, scalable method for virulence factor profiling in cKp, and
644  used it to provide the first genome-scale view of a cKp infection and compare it to an hvKp
645  strain. The capacity of the G. mellonella model to elucidate relevant virulence activities, and
646  the ease with which it can be applied to new strains, opens the possibility for robust species-
647  wide comparisons of infection determinants in K. pneumoniae and other opportunistic

648  pathogens.
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854 Tables

855  Table 1: Plasmid replicons in RH201207 identified by PlasmidFinder

. . Query length / . Position in | Accession
Plasmid Identity Tempylate leigth Contig contig number
ColRNAI 100 % 130/130 RH201207 8 | 10359-10488 | DQ298019
IncFIB(K) 100 % | 560/560 RH201207 7 | 4026-4585 IN233704
IncFIB(pQil) | 100 % | 740/ 740 RH201207 2 | 217-956 JN233705
IncFII(K) 97.8% | 148/148 RH201207 2 | 50275-50422 | CP000648
IncFII(K) 97.8% | 148/148 RH201207 6 | 1728-1875 CP000648
IncX3 100% | 374/374 RH201207 5 | 32841-33214 | IN247852

856

857  Table 2: Unique insertion sites of the TraDIS libraries used

858

Sample Chromosome | Unique Insertion Length / UIS
length Sites (UIS)

RH201207 5,475,790 bp | 510,834 10.72 bp

RH201207 2 hpi 5,475,790 bp | 379,343 14.43 bp

RH201207 6 hpi 5,475,790 bp | 359,602 15.23 bp

ATCC 43816 5,374,835 bp | 415,608 12.93 bp

ATCC 438164 hpi | 5,374,835 bp | 350,363 15.34 bp
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