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ABSTRACT Klebsiella pneumoniae is an opportunistic gram-negative bacterial pathogen 
responsible for a variety of infections in hospitals and in the community. Hypervirulent 
K. pneumoniae (hvKp) strains are characterized by their ability to cause liver abscesses 
and bloodstream infections. This study describes plasmid-based tetracycline-dependent 
regulation systems for induction or repression of target genes in hvKp. These plasmids 
encode a wild-type tetracycline repressor (TetR) or a reverse variant (revTetR), and carry 
tet-sensitive promoters, for anhydrotetracycline-dependent Tet-ON or Tet-OFF regula­
tion, respectively. The dynamic range, determined by gfp under tet control, was up 
to 19.3-fold with wt-TetR and 5.5-fold with revTetR. As analyzed for up to 48 h, the 
reporter-gene responses in both systems were controllable in an inducer concentration-
dependent manner. When the virulence-associated factor peg-344 was induced by the 
Tet-ON system, two different hvKp strains exerted slightly increased pathogenicity in a 
Galleria mellonella infection model. These tet vectors can be useful tools for characteriz­
ing potential virulence factors and other genes of interest in an important pathogen.

IMPORTANCE Hypervirulent Klebsiella pneumoniae (hvKp) strains are a serious threat 
in healthcare environments and beyond. Even in healthy individuals, infections often 
result in liver abscesses, and the bacteria can spread to multiple infection sites. We here 
describe two kinds of gene expression control in hvKp, dependent on anhydrotetracy­
cline (ATc). The Tet-ON system uses wild-type tetracycline repressor (TetR), and addition 
of ATc leads to target gene induction. In the Tet-OFF mode, reverse TetR is co-repressed 
by ATc, resulting in target gene repression. We have quantified both systems by reporter 
gene assays and also subjected the hypervirulence marker gene peg-344 to Tet-ON 
control. When induced, two different hvKp strains exerted slightly increased pathogenic­
ity in a Galleria mellonella (greater wax moth) infection model. These systems can be 
useful tools for characterizing potential virulence factors and other genes of interest in 
an important pathogen.

KEYWORDS tetracycline, inducible expression, gene regulation, hypervirulent 
Klebsiella pneumoniae, pathogenicity, Galleria mellonella

K lebsiella pneumoniae is an opportunistic gram-negative bacterial pathogen. 
Equipped with various antimicrobial resistances, “classic” K. pneumoniae (cKp) cause 

a range of nosocomial infections, including sepsis and pneumonia. Over the last decades, 
a second pathotype, termed hypervirulent K. pneumoniae (hvKp), has emerged globally 
(1, 2). These hvKp strains are characterized by distinct clinical manifestations, often 
resulting in liver abscesses, and by their ability to spread via bloodstream to multiple 
infection sites. In contrast to cKp, hvKp affect healthy, young, and immunocompetent 
persons who acquire the infection outside the hospital or healthcare environment (1, 3). 
Whole-genome sequencing studies of hvKp revealed the presence of plasmids carrying 
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potential hypervirulence-mediating genes, whose complex functions and interactions 
for in vivo pathogenicity are not yet fully understood (4). These genes encode 
capsule regulators and siderophores (among others), which are not typical virulence 
factors but play a role in host immune modulation (5). Even though these genes may 
also be present in cKp, genomic analyses verified that their carriage is associated with 
hvKp pathogenicity, as shown in mice (6, 7). Another important hypervirulence marker 
encoded on hvKp plasmids is the putative drug/metabolite transporter PEG344 (8). It 
might contribute to pathogenicity by acting as a regulator for other virulence genes, 
but its role is not finally clear. When hvKp was grown in human ascites, a pathologic 
accumulation of fluid within the peritoneal cavity, increased abundance of peg-344 RNA 
was reported (8). It has thus been speculated that PEG344 may transport an unidentified 
growth factor present in this environment.

Besides genome-based studies, the deletion of suspect hypervirulence genes 
contributes to understanding their role in the pathogenic potential of hvKp. Deletions 
are an established method in reverse genetics to understand the role of a genetic 
trait, but are restricted to the binary impact of a gene’s presence or absence. Another 
possibility to unravel gene-function relationships is to investigate a transcriptional 
dosage effect by regulated expression. The tet system is one of the most versatile and 
popular tools for gene induction in all kinds of organisms (9–11). To date, tet regulation 
in prokaryotes has reportedly been applied in more than 45 genera across the whole 
spectrum of bacterial phyla, as well as in archaea. The system originates from tetracy­
cline-resistance determinants, like the one of transposon Tn10 (12), and is based upon 
the tetracycline repressor (TetR). To achieve inducible expression, a gene of interest is 
placed downstream of a tet-regulated promoter, which can be of natural or synthetic 
origin and which carries one or more TetR DNA-binding sites (tetO). Tet regulation comes 
in two flavors (Fig. 1). In Tet-ON systems, the gene of interest is repressed by TetR until 
an inducer, frequently anhydrotetracycline (ATc), is applied. TetR-ATc interaction leads 
to the detachment of the regulator-effector complex from tetO to allow for transcrip­
tion initiation to occur. Tet-ON is the method of choice if immediate induction from a 
repressed state is desired. The second mode, Tet-OFF, is most often based upon reverse 
TetR (revTetR), specific TetR variants with a reversed allostery (13–15). These regulators 
differ from wt-TetR by one to a few amino acid exchanges only and do not bind to tetO 
unless ATc (here classified as effector) is present. Tet-OFF thus enables a rapid shut-down 
of a target gene of interest.

We here report plasmid-based Tet-ON and Tet-OFF regulation systems for hvKp. Both 
types of regulated expression were quantified by reporter gene analysis. Finally, Tet-ON 
regulation was applied to investigate the effect of peg-344 induction in two hvKp strains 
on their pathogenicity in a Galleria mellonella (greater wax moth) infection model.

MATERIALS AND METHODS

Bacterial strains, growth conditions, phenotypic testing, and manipulations

All cloning was performed in Escherichia coli NEB 5-alpha (New England Biolabs [NEB], 
Frankfurt am Main, Germany). Two clinical isolate K. pneumoniae strains were included 
in this study, SPK0509 (of sequence type [ST] 86) and SPK152528 (of ST29). All bacteria 
(Table 1) were grown in liquid or on solid lysogeny broth (LB, Carl Roth, Karlsruhe, 
Germany). Antibiotics were used, where appropriate, at the following final concentra­
tions: ampicillin, 100 µg/mL; chloramphenicol, 60 µg/mL (for selection in K. pneumoniae), 
or 25 µg/mL (for selection in E. coli). ATc, the effector of TetR and revTetR, was pur­
chased from Thermo Fisher Scientific (Waltham, MA, USA) and was prepared as a 10 
mM stock solution in 70% (wt/vol) ethanol. It was diluted prior to use and was added 
to bacterial cultures at a final concentration of 0.4 µM unless otherwise stated. Screen­
ing for hypervirulence-associated genes was done by using Kleborate (v.2.3.3) (16). 
Multi-locus sequence typing was performed using the Pathogenwatch online platform 
(17). Chemically competent E. coli was transformed using standard techniques (18). K. 
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pneumoniae cells were made electrocompetent as follows: 1 mL of an overnight culture 
grown in 5 mL of LB with 0.5 µM EDTA (LB/EDTA) was used to inoculate 100 mL of 
LB/EDTA that was shaken at 37°C until an OD600 of 0.7 was reached. After chilling on 
ice for 20 min, the culture was centrifuged at 4,000 rpm (1,770 × g) for 20 min at 4°C. 
The pellet was resuspended in 15 mL of 10% (vol/vol) ice-cold glycerol and washed 
twice. Finally, the pellet was resuspended in 1 mL of ice-cold 10% (vol/vol) glycerol. For 
transformation, 1 µL–2 µL, containing at least 200 ng of plasmid DNA, was added to 50 µL 
of competent cells in an electroporation cuvette with a 2 mm slot width. Electroporation 
was performed at 2.5 kV, 25 µF, and 200 Ω. After the pulse, 1 mL of LB was added, and 
cells were allowed to recover at 30°C with shaking at 300 rpm for 1 h. Cells were plated 
onto LB plates supplemented with appropriate antibiotics and incubated for up to 2 days 
at 37°C.

Isolation and sequencing of nucleic acids

Plasmid DNA was prepared from 5 mL overnight cultures of E. coli using the Hi Yield 
Plasmid Mini Kit (Süd-Laborbedarf, Gauting, Germany), according to the manufacturer’s 
recommendations. Final plasmid constructs were verified by whole-plasmid sequenc­
ing applying Oxford Nanopore Technology (Eurofins, Ebersberg, Germany). K. pneumo­
niae isolates were whole-genome sequenced as part of screening for hvKp in routine 
diagnostics, as described previously (20, 21).

Construction of plasmids

All plasmids used in this study are summarized in Table 2. In order to obtain pRAB101-
sfgfpΔtetR, plasmid pRAB101-sfgfp (22) was digested with XbaI and self-ligated. This 
enzyme cuts twice in pRAB101-sfgfp, and the tetR gene was almost entirely removed. 
Plasmid pRAB131-sfgfp was constructed using the Gibson Assembly Cloning Kit from 
NEB as follows: plasmid pBBR1MCS-1 (23) was linearized with HindIII. The tetR gene, 
the tet-regulatory sequence of Tn10 (PA, PR1, and PR2), and sfgfp were amplified from 
pRAB100 (22) with primers Tn10promotergfp_fwd and Tn10promoter-gfp_rev. A revtetR 
allele termed tetR#28 was amplified from plasmid pTE-28 S15-0X (24) with primers 
revtetR_fwd and revtetR_rev. Plasmid pRAB131-N25-sfgfp was generated by cloning a 
synthetic fragment containing the PN25 promoter sequence (25) upstream of revtetR 
via SgrAI and AscI. This sequence was ordered from Thermo Fisher Scientific (Waltham, 
MA, USA). Notably, cloning was successful only after a double-stranded DNA fragment 
containing another SgrAI site had been added (26). This fragment was obtained by 
hybridizing oligonucleotides SgrAI_linker_fw and SgrAI_linker_rev. Plasmid pRAB101-
peg-344 was constructed by cloning a PCR product generated from K. pneumoniae 
SPK0509 chromosomal DNA (primers: peg-344-fw and peg-344-rev) into pRAB101e via 

FIG 1 Schematic representation of Tet-ON (above, with wt-TetR) and Tet-OFF regulation (below, with 

revTetR). In the Tet-ON system, administration of ATc (red triangles) leads to induction, whereas in 

the Tet-OFF system, ATc administration leads to repression. TetR dimers are symbolized in the DNA-

bound (gray) or in the induced/de-repressed state (red-orange). Bent arrows: tet-regulated promoters; 

rectangles: tetO (republished from reference (9), previously published under a CC BY-NC-ND 4.0 license).
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KnpI and SalI. Oligonucleotides used in this study (Table 3) were purchased from Biomers 
(Ulm, Germany), and restriction enzymes were from NEB (Frankfurt am Main, Germany).

Quantitative analysis of reporter gene activity

Culture growth and green fluorescence as a means of tet-dependent expression of 
superfolder-gfp (sfgfp) was quantified as follows. A total of 5 µL of overnight cultures 
of K. pneumoniae SPK0509 was used to inoculate 150 µL of LB in 96-well plate format, 
supplemented with a final concentration of 60 µg/mL of chloramphenicol (Cm60) and 
ATc at various concentrations up to 0.8 µM (where appropriate). Multi-mode plate 
readers used were either a SYNERGY 2 (Agilent Technologies, Winooski, VT, USA) or an 
Infinite M200 (Tecan, Männedorf, Switzerland). In either device, cultures were grown at 
37°C with orbital shaking for 10 s at 200 rpm every 20 min, followed by measurement 
of cell density (absorbance at 600 nm) and fluorescence (excitation filter: 485 nm with 9 
nm bandwidth, emission filter: 520 nm with 20 nm bandwidth). Measurements were 
conducted for up to 48 h. Each measurement was performed using at least three 
biological and three technical replicates.

Confocal laser scanning microscopy (CLSM)

CLSM was applied to qualitatively analyze green fluorescence of reporter strains. 
Therefore, 100 µL of overnight cultures of K. pneumoniae SPK0509 were used to inoculate 
5 mL of LB/Cm60 with ATc at various concentrations up to 0.4 µM (where appropriate). 
Cells were incubated at 37°C in an orbital shaker at 300 rpm for 6 h, avoiding direct 
exposure to light due to the photosensitivity of ATc (27). One milliliter of the culture 
was sedimented by centrifugation, washed in 1 mL of phosphate-buffered saline (PBS), 
resuspended in 20 µL of PBS, and mixed with 20 µL of ProLong Live Antifade Reagent to 
prevent photobleaching (Thermo Fisher Scientific, Waltham, MA, USA). A total of 10 µL 
of the suspension were spotted onto a glass slide and covered by a coverslip. CLSM was 

TABLE 1 Bacterial strains used in this study

Genus and species Strain designation Description/genotype Reference or source

Escherichia coli NEB 5-alpha fhuA2::IS2 Δ(mmuP-mhpD)169 ΔphoA8 glnX44 ϕ80d[ΔlacZ58(M15)] 
rfbD1 gyrA96 luxS11 recA1 endA1 rphWT thiE1 hsdR17

New England Biolabs (Frankfurt am 
Main, Germany)

Klebsiella pneumoniae SPK0509 WGS-based typing by Kleborate:
ST86, capsule type KL2; hypervirulence-associated genes: 

aerobactin, salmochelin, rmpADC, rmpA2, peg-344; MGE: pKpVP-1, 
IncHI1B(pNDM-MAR), repB-KLEB; only antibiotic resistance gene: 
SHV-1

Clinical isolate, abscess material 
(liver); (19)

Klebsiella pneumoniae SPK152528 WGS-based typing by Kleborate:
ST29, capsule type KL54; hypervirulence-associated genes: 

yersiniabactin; MGE: ICEKp3; only antibiotic resistance gene: 
SHV-187

Clinical isolate, abscess material 
(mouth); (this study)

TABLE 2 Plasmids used in this study

Designation Relevant features/characteristics Reference or source

pBBR1MCS-1 rep, oriV, mob, cat (CmR), broad host-range vector (23)
pTE-28 S15-0X Source of codon-adapted revtetR (tetR#28) (24)
pRAB100 Source of the Tn10 tet-regulatory sequence (PA, PR1, and PR2), tetR, and sfgfp (22)
pRAB101e tetR, tet-regulatory sequence (22)
pRAB101-sfgfpΔtetR pRAB101-sfgfp with tetR deleted This study
pRAB101-sfgfp pRAB101e with codon-adapted sfgfp (22)
pRAB101-peg-344 pRAB101e with peg-344 This study
pRAB131-sfgfp pRAB101-sfgfp derivative with tetR replaced by revtetR This study
pRAB131-N25-sfgfp pRAB131-sfgfp with additional promoter PN25 upstream of revtetR This study
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performed using an SPE-II (Leica Microsystems GmbH, Wetzlar, Germany) with a 63×/1.30 
oil objective and Leica X 3D software. The sfGFP protein was excited with 415 nm–477 
nm laser light, and fluorescence emission was detected at 488 nm–561 nm.

Galleria mellonella infection model

Larvae of G. mellonella (greater wax moth) were purchased from Euro Esche (Quinzano 
d’Oglio, Italy). The animals used in this study had an average weight of 512 mg (standard 
deviation: 33 mg) and an average length of 3.2 cm (standard deviation: 0.2 cm) and 
showed no signs of melanization (blackening) at the onset of the experiments. Overnight 
cultures of K. pneumoniae strains harboring different plasmids were used to inoculate 10 
mL of LB/Cm60 and 0.4 µM ATc (where appropriate) to a start OD600 of 0.1. After growth 
for 3 h at 37°C at 300 rpm, the cells were collected and washed in PBS. Then they were 
resuspended in about 1.5 mL of PBS and adjusted to contain about 2 × 106 cells per 
mL. The larvae were infected with 5 µL (containing about 1 × 103 cells) of the inoculum 
through the left proleg using a 100 µL Hamilton Microliter syringe (710N, Hamilton, Reno, 
NV, USA). The syringe was thoroughly flushed with sterile water, ethanol, and PBS after 
each injection. Larvae were then incubated in the dark at 37°C in Petri dishes (10 larvae 
per dish). The bacterial burden of the doses was confirmed by plating cells onto LB/Cm60 
agar. Survival of infected larvae was scored at five time points within 72 h. The larvae 
were considered dead when they failed to respond to touch, which was equivalent to 
complete melanization. Three to four replicates were performed with different batches 
of larvae, resulting in 30 to 40 larvae for each strain and condition tested. At the end of 
each experiment, surviving larvae were terminated by incubation at −20°C. Kaplan-Meier 
survival curves were plotted using GraphPad Prism 10.4.0, and survival analysis and 
statistical significance were determined using the log-rank test (GraphPad Software, San 
Diego, CA, USA).

RESULTS

Plasmids for Tet-ON and Tet-OFF regulation in hypervirulent K. pneumoniae 
strains

Our previous study in Stenotrophomonas maltophilia (22) had yielded plasmids derived 
from pBBR1MCS (23) carrying all required components for tet regulation. We hypothe­
sized that these might also work in K. pneumoniae and selected two clinical isolate 
hypervirulent strains, SPK0509 and SPK152528, for the following experiments.

To rule out growth impediments by the effector, both strains were cultivated in LB 
medium with concentrations of up to 1,000 ng/mL (equalling about 2 µM) of ATc and 
growth was monitored by OD600 for 48 h. ATc treatment only exerted small perturbations 
on growth in either strain (Fig. S1). This suggested that ATc concentrations sufficient for 
full induction in many other bacteria could also be applied to these hvKp to enable 
efficient tet regulation without impeding growth.

Two constructs intended for analysis and quantification of tet regulation in K. 
pneumoniae had been cloned before: plasmid pRAB101-sfgfp (Fig. 2A), containing an 

TABLE 3 Oligonucleotides used in this study

Designation Sequence (5′ → 3′)
peg-344-fw GATCGTCGACTGAAGGGGAATGAATGCGTA
peg-344-rev GATCGGTACCTCTACACTATATTTTCAGCTATTCA
revtetR_fwd GCTGCAGGAATTCGATATCAGAGTCATGAGGTTAC­

CATGGTC
revtetR_rev TTAGGAATTAATGTCCCGCCTGGACAAG
SgrAI_linker_fw CGCGCCAGGCCGCCACCGGCGGGTCGCCGACGG
SgrAI_linker_rev CGCGCCGTCGGCGACCCGCCGGTGGCGGCCTGG
Tn10promotergfp_fwd GGCGGGACATTAATTCCTAATTTTTGTTGACACTC
Tn10promoter-gfp_rev CGAGGTCGACGGTATCGATATGGAATTGTGAGCGGATAAC
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sfgfp gene under control of a tet regulatory sequence, and pRAB101e, containing the 
tet sequence but no reporter gene (22). We here additionally constructed plasmid 
pRAB101-sfgfpΔtetR, in which the sequence upstream of the sfgfp reporter is devoid 
of a functional tetR gene, to resemble full induction. The three plasmids were each 
used to transform strain SPK0509. Green fluorescence was quantified as a readout for 

FIG 2 (A) Map of plasmid pRAB101-sfgfp. Features are drawn to scale. (B) Fluorescence measurements of K. pneumoniae 

SPK0509 (pRAB101-sfgfp) in a time- and inducer concentration-dependent manner. Standard deviations are indicated by gray 

regions. The inset describes the ATc concentrations used in each experiment. RFU, relative fluorescence units. (C) Lower part: 

partial map with features of plasmid pRAB131-N25-sfgfp. Other features identical to those of pRAB101-sfgfp were omitted. 

Upper part: sequence of the PR2 promoter and the downstream positioned PN25 promoter. (D) Fluorescence measurements 

of K. pneumoniae SPK0509 (pRAB131-N25-sfgfp). See panel B for details. Note the different scale of the y-axis. (E) CLSM of K. 

pneumoniae SPK0509 carrying plasmids as indicated, grown at ATc concentrations as given to the left.
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expression regulation of sfgfp in a time- and inducer-dependent manner. Cultures were 
supplemented with concentrations from 0.01 µM up to 0.8 µM of ATc, and growth 
and reporter activity were monitored for up to 48 h. Strains harboring pRAB101-sfgfp 
displayed a directly correlated inducer-dependent response when cultivated with rising 
concentrations of ATc up to 0.6 µM (Fig. 2B). At 0.4 µM of ATc (a common concentration 
for bacterial tet induction), we observed an induction factor of 16.7, and with 0.6 µM of 
ATc, the maximal dynamic range during the measurement was 19.3-fold. Fluorescence of 
SPK0509 (pRAB101e) was very low irrespective of the presence or absence of ATc (Fig. 
S2A), while SPK0509 (pRAB101-sfgfpΔtetR) produced strong green signals (exceeding 
those of induced pRAB101-sfgfp) under both conditions (Fig. S2B).

With the aim to also provide Tet-OFF control, we constructed a plasmid similar to 
pRAB101-sfgfp, but with wt-tetR replaced by a revtetR variant. The resulting plasmid, 

FIG 3 (A) Partial map with features of plasmid pRAB101-peg-344. Other features identical to those of 

pRAB101-sfgfp were omitted. (B) Pathogenicity of strains SPK152538 (natively peg-344-negative) carrying 

pRAB101-peg-344 or pRAB101e and cultivated with or without ATc in G. mellonella larvae. Survival 

curves were analyzed using the Kaplan-Meier method (log-rank test). Results obtained with strains 

carrying pRAB101e (“empty”) are given in faint colors. (C) Analogous experiments with SPK0509 (natively 

peg-344-positive) carrying each of the two different plasmids.
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pRAB131-sfgfp, failed to achieve ATc-dependent regulation but resembled a fully 
induced state with or without effector (Fig. S2C). We hypothesized that this might be 
due to insufficient levels of revTetR. To overcome this limitation, the constitutive PN25 
promoter stemming from coliphage T5 was cloned between the PR2 promoter and the 
revtetR gene of pRAB131-sfgfp to yield pRAB131-N25-sfgfp (Fig. 2C). Indeed, SPK0509 
(pRAB131-N25-sfgfp) exhibited drastically decreased green fluorescence in the presence 
of, but not in the absence of, ATc, indicative of functional Tet-OFF control. As depicted 
in Fig. 2D and, similarly to the Tet-ON system, regulation was time- and dose-dependent 
and resulted in a dynamic range peaking at 5.4-fold with 0.4 µM ATc during the course 
of measurement. No further increase of co-repression was observed at higher effector 
concentrations.

CLSM was conducted with strains bearing the different tet-plasmids. Results depicted 
in Fig. 2E confirmed findings from quantitative measurements. In the case of SPK0509 
(pRAB101-sfgfp), green fluorescence was virtually undetectable in the absence of 
inducer. At 0.05 µM ATc, cells glowed dimly green, and induction with 0.4 µM of 
ATc resulted in bright fluorescence. The response appeared homogeneous within the 
population observed under the microscope, irrespective of the concentration of inducer. 
Also, SPK0509 (pRAB131-N25-sfgfp) showed uniform and gradually decreased green 
fluorescence in the presence of 0.05 or 0.4 µM of ATc, respectively, compared to effector-
free conditions. Under any condition tested, green fluorescence of SPK0509 (pRAB101e) 
was below the visible limit in CLSM, whereas SPK0509 (pRAB101-sfgfpΔtetR) showed a 
strong signal.

Effects of inducible expression of peg-344 in hvKp in the Galleria mellonella 
infection model

In order to place a native K. pneumoniae gene under tet-inducible control, we chose the 
virulence-associated factor peg-344. The resulting plasmid to achieve Tet-ON control was 
termed pRAB101-peg-344 (Fig. 3A). Besides strain SPK0509, which is natively peg-344-
positive, strain SPK152528, which is lacking peg-344 in the genome, was also transformed 
with pRAB101-peg-344 or with pRAB101e as a control. The four strains were injected into 
four separate groups of G. mellonella larvae, whose survival was monitored for up to 72 
h. Both strains harboring pRAB101-peg-344 imposed an ATc-dependent increased risk 
of killing the larvae. This effect was at the edge of significance in SPK152528 (Fig. 3B), 
resembling a peg-344 complementation scenario (P = 0.055), and was also reproducibly 
recognized in SPK0509 (Fig. 3C), in which peg-344 was inducibly expressed in addition 
to the native copy (P = 0.279). Larvae that had been infected with hvKp strains bearing 
pRAB101e had no significant difference in survival, irrespective of absence or presence of 
ATc, as reflected by P-values >0.999 (SPK152528) or 0.627 (SPK0509), respectively.

DISCUSSION

The major goal of this study was the construction of new and enhanced tet-regulation 
components, originating from E. coli, for use in K. pneumoniae, particularly hvKp. A 
comparative analysis of regulatory elements between these two gammaproteobacterial 
genera confirmed identical sequence motifs in native promoters (28). Thus, induction 
systems that originate from (or were developed for) the one may generally be suited 
also for the other (29). Gene-regulation systems previously applied in K. pneumoniae 
make use of a thermosensitive bacteriophage P1-derived C1-regulated promoter (30) or 
exploit arabinose (31), isopropyl-β-D-thiogalactoside (29), rhamnose, or xylose (32) as 
inducers. However, the use of thermal induction in higher infection models is limited due 
to homeostatic temperature conditions, while carbohydrate-based regulation systems 
may influence metabolism of bacteria and possibly also of the host organism.

The tet system is a popular and frequently used gene regulation system and offers 
unparalleled versatility (9). An early example of ATc-dependent regulation in the genus 
Klebsiella was described in a study examining a nitrogen fixation gene cluster in K. 
oxytoca (33). In K. pneumoniae, Wang et al. (34) applied tet induction for induced 
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expression of single guide RNA within a system of clustered regularly interspaced 
palindromic repeats interference. We have previously established tet regulation in the 
gammaproteobacterium S. maltophilia. The underlying plasmid pRAB101-sfgfp showed 
comparable performance also in K. pneumoniae (Fig. 2B and reference 22). The present 
study also marks the implementation of revTetR-based Tet-OFF control in Klebsiella. This 
kind of transcriptional regulation permits target gene repression upon addition of an 
effector, in contrast to many other induction systems for bacteria, which are suitable to 
achieve an effector-dependent ON response only. In the present study, both Tet-ON and 
Tet-OFF could be fine-tuned by adjusting different ATc levels at subinhibitory concentra­
tions (Fig. 2B and D and Fig. S1). One drawback of ATc is its instability upon longer 
exposure to light, which may result in undesired changes in inducer concentrations, as 
shown in E. coli (27).

The revTetR variant we used is characterized by the mutations EA15 LG17 LV25, 
which yield an efficient reverse phenotype in different gram-negative and gram-positive 
bacteria (15, 24, 35–38). The encoding allele chosen in our study had previously been 
adapted to high G+C codon usage of mycobacteria (24). Since the K. pneumoniae 
genome has a more balanced nucleotide content, the failure of pRAB131-sfgfp to 
achieve Tet-OFF control in this bacterium might be due to insufficient revTetR protein 
levels. Supported by examples from literature (24, 36, 38, 39), a strong and constitutive 
promoter driving revtetR was expected to improve Tet-OFF control. Promoter PN25 had 
been used for tet regulation in E. coli before (25) and also provided improved regulatory 
effects in our experiments (Fig. 2D).

The Tet-ON system was additionally applied for the induction of a virulence-associ­
ated hvKp gene peg-344 in an in vivo infection model. Despite being below the limit 
of significance, the results of these experiments (Fig. 3B and C) bolster our findings on 
ATc-dependent induction of the sfgfp reporter gene and are in line with previous studies. 
In a mouse infection model, Bulger et al. found that peg-344 plays a decisive role in the 
virulence of pulmonary hvKp infections (8). Russo and colleagues reported an increased 
risk of severe sickness in mice to be associated with peg-344 (3). Studies also concluded 
that strains with a single knockout of peg-344 do not show a non-pathogenic phenotype 
(40). Notably, peg-344 in combination with other virulence genes is strongly associated 
with the hypervirulence phenotype (3, 7), but not by itself (4). At this point, the actual 
relevance of peg-344 cannot finally be assessed.

The validation of G. mellonella as an infection model in our laboratory required 
experimental standardization and a careful choice of suitable larvae, in terms of 
fitness (as judged by melanization) and larval stage of development. A previous study 
addressed difficulties of the G. mellonella infection model to differentiate between cKp 
and hvKp (41), whereas the present work included only the latter type of K. pneumoniae. 
Regarding a debate about the general suitability of G. mellonella for infection studies 
with hvKp (41, 42), our study generally suggests that meaningful results can be achieved 
with this organism, as also stated recently (43). A limitation of our study lies in the 
fact that we only used two hvKp strains, with quantifications of reporter gene activity 
assessed in one of them. In fact, genetic backgrounds of clinical isolates compared 
to laboratory-adapted strains play an important role, also pertaining to transformation 
efficiency. For example, isolate SPK152528 is neither characterized by a hypermucoid 
phenotype nor by carriage of various plasmids. Possibly, the integrative conjugative 
element ICEKp3 or production of yersiniabactin affected the experiments.

Conclusions

The new vector-based Tet-ON and Tet-OFF systems permit two different types of time- 
and dose-dependent transcriptional regulation in K. pneumoniae and are potentially 
suitable for investigation of hypervirulence-associated genes in an infection model. 
Future studies should investigate tet regulation also in other cKp or hvKp strains and 
address the question of whether induction can be achieved even after infection of the 
larvae (e.g., by force-feeding the animals with an aqueous ATc solution).
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Regarding peg-344 as one of the signature factors for hvKp (44), its exact role in 
virulence remains elusive. Further studies are warranted, and inducible expression might 
provide a valuable contribution.
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