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ABSTRACT BolA has been characterized as an important transcriptional regulator,
which is induced in the stationary phase of growth and is often associated with bacte-
rial virulence. This study was initiated to elucidate the role of the BolA in the virulence
of K. pneumoniae. Using a mouse infection model, we revealed bolA mutant strain
yielded significantly decreased bacterial loads in the liver, spleen, lung, and kidney,
and failed to form liver abscesses. Gene deletion demonstrated that the bolA was
required for siderophore production, biofilm formation, and adhesion to human colon
cancer epithelial cells HCT116. Quantitative reverse transcriptase PCR (RT-qPCR) indi-
cated that BolA could impact the expression of pulK, pulF, pulE, clpV, vgrG, entE, relA,
and spoT genes on a genome-wide scale, which are related to type Il secretion system
(T2SS), type VI secretion system (T6SS), guanosine tetraphosphate (ppGpp), and sidero-
phore synthesis and contribute to fitness in the host. Furthermore, the metabolome
analysis showed that the deletion of the bolA gene led to decreased pools of five
metabolites: biotin, spermine, cadaverine, guanosine, and flavin adenine dinucleotide,
all of which are involved in pathways related to virulence and stress resistance. Taken
together, we provided evidence that BolA was a significant virulence factor in the abil-
ity of K. pneumoniae to survive, and this was an important step in progress to an
understanding of the pathways underlying bacterial virulence.

IMPORTANCE BolA has been characterized as an important transcriptional regulator,
which is induced in the stationary phase of growth and affects different pathways directly
associated with bacterial virulence. Here, we unraveled the role of BolA in several pheno-
types associated with the process of cell morphology, siderophore production, biofilm
formation, cell adhesion, tissue colonization, and liver abscess. We also uncovered the im-
portance of BolA for the success of K. pneumoniae infection and provided new clues to
the pathogenesis strategies of this organism. This work constitutes a relevant step toward
an understanding of the role of BolA protein as a master regulator and virulence factor.
Therefore, this study is of great importance for understanding the pathways underlying
K. pneumoniae virulence and may contribute to public health care applications.
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lebsiella pneumoniae is an important opportunistic pathogen that is often respon- T
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infections, it is necessary to determine the virulence factor of K. pneumoniae. Accepted 18 August 2022
Stress response protein BolA affects different pathways directly related to bacterial Published 19 September 2022
virulence, which was first discovered in Escherichia coli, and its homologs form a broadly
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conserved family of proteins in prokaryotes and eukaryotes (7-9). In Gram-negative bacte-
ria, the expression of BolA is induced due to the depletion of nutrients or in response to
several stresses which leads to a short spherical morphology and allows bacteria to quickly
adapt to hostile conditions (10-12). BolA has pleiotropic effects and controls a variety of
phenotypes like outer membrane permeability, Fe-S cluster biogenesis, and iron sensing
and regulation (13-15). Characterized as a transcription factor, BolA also participates in the
expression of diguanylate cyclases (DGCs) and phosphodiesterases (PDEs), affects the syn-
thesis and degradation of the secondary signal metabolite c-di-GMP, induces the expres-
sion of tricarboxylic acid (TCA) cycle genes, fimbria-like adhesins-related genes, represses
the expression of flagellum-associated genes with consequences for bacterial motility and
biofilm formation (16, 17). All these adaptation processes confer specific advantages for
bacterial survival and are often associated with virulence.

To date, the role of BolA protein in the induction of important stress-resistant physio-
logical changes and its recent implication in virulence have been well characterized in E.
coli, Salmonella enterica serovar Typhimurium, and other species of bacteria (7, 12, 18).
However, the role of BolA protein in the virulence of K. pneumoniae has not yet been
characterized. These studies hinted that BolA might play an important role in bacterial
virulence and prompted us to investigate the role of BolA in the virulence of K. pneumo-
niae to understand and overcome K. pneumoniae strategies for successful infection.

In the present work, we identified a BolA homolog in K. pneumoniae NTUH-K2044
and unraveled its role in several phenotypes associated with the virulence of K. pneu-
moniae. We tested the growth rate of K. pneumoniae NTUH-K2044 and the bolA mutant
strains in M9 and LB medium, the ability of iron uptake, the adhesion to HCT116 cells,
and their resistance to bile, osmotic and oxidative stress, as well as the ability to kill
Galleria mellonella larvae. The colonization ability of different strains in the liver, lung,
spleen, and kidney tissues of mice and the role of BolA in liver abscess formation were
also tested by the mice septicemia infection model.

RESULTS

Identification of E. coli and S. Typhimurium BolA homologs in K. pneumoniae.
The E. coli K-12 W3110 amino acid sequence (GenBank accession no. APC50728.1),
S. Typhimurium SL1344 amino acid sequence (GenBank accession no. FQ312003.1), and
K. pneumoniae NTUH-K2044 amino acid sequence (laboratory sequencing results) were
used to search for the BolA homologs in K. pneumoniae. The predicted three-dimensional
(3D) structures of the BolA proteins were nearly identical for the three species (Fig. 1A to
C). Multiple sequence alignments of BolA from E. coli, S. Typhimurium, and K. pneumo-
niae were obtained with the DNAMAN software, and the BolA sequence of K. pneumo-
niae and E. coli had 91.4% similarity, and that of S. Typhimurium SL1344 was 91.4%
(Fig. 1D). It was found that K. pneumoniae BolA protein had an a18182a2a333a4 fold
with four a-helices and three B-sheets. The helix-turn-helix (HTH) signature FXGXXXL
sequence, characteristic of BolA proteins and typically implicated in protein-DNA interac-
tion, was also present.

BolA was required for maintaining cell morphology and did not affect the
growth rate of K. pneumoniae. We used a hypervirulent K. pneumoniae strain (NTUH-
K2044, the wild-type [WT] strain) to construct the bolA mutant strain (AbolA) and the com-
plementation strain (AbolA+bolA). The scanning electron microscopy (SEM) of these cells
revealed the effects of bolA on cell morphology (Fig. 1E). During the exponential phase, it
was found that WT cells exhibited the classical rod-shaped morphology. However, in the
stationary phase, WT cells showed a shorter and wider morphology, while the AbolA cells
were generally longer and thinner than the WT cells and were similar to the shape of WT
cells during the exponential phase. Because BolA was identified as a stress-responsive
protein, we then explored the growth rate of WT and AbolA strains in nutrient-rich LB
and nutrient-restricted M9 medium. The results showed that the deletion of the bolA
gene did not affect the growth rate of K. pneumoniae in the LB medium, and the final
concentrations of the WT and AbolA strains were almost identical. In the M9 medium, the
growth rate of the AbolA strain was reduced compared with the WT strain, and the final
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FIG 1 The 3D structure computer model and multiple sequence alignments of BolA protein, and the SEM images of the WT and the bolA mutant strains.
(A) A computer model of the 3D structure predicted from K. pneumoniae NTUH-K2044 BolA protein using SWISS-MODEL is presented. (B and C) The
computer models of the 3D structure predicted from E. coli K-12 W3110 and S. Typhimurium SL1344 BolA protein using SWISS-MODEL are presented,
respectively. (D) Multiple sequence alignment of BolA from E. coli K-12 W3110, S. Typhimurium SL1344, and K. pneumoniae NTUH-K2044 were obtained
with the DNAMAN software. In green are the B-sheets and in yellow are the a-helixes. The small arrows at the top of the sequence represent the amino
acid of the characteristic helix to helix (HTH) FXGXXXL sequence. (E) The SEM images of the bacterial cell morphology are displayed (including the WT and
bolA mutant strains).

concentration of the AbolA strain was also decreased. However, there was no significant
difference in growth rate between these two strains (P > 0.05). The growth curves of the
WT and the AbolA strains are shown in Fig. S1 in Supplemental File 1.

BolA positively regulated siderophores production and biofilm formation.
Chrome azurol S (CAS) agar assays were used to detect the siderophores of K. pneumo-
niae. It was observed that the WT strain exhibited a larger orange halo than the AbolA
strain. In other words, the bolA deletion reduced the area of the orange halo by about
2.6 times, which was statistically significant (P < 0.001). The ability to produce sidero-
phores of the AbolA+bolA strain has nearly recovered to the level of the WT strain
(Fig. 2A). This result suggested that the deletion of the bolA gene reduced the produc-
tion of siderophores. We then investigated whether K. pneumoniae BolA affected bio-
film formation. Using a 96-well plate model, we found that the biofilm biomass of the
AbolA strain was significantly lower than the WT strain. The AbolA+bolA strain nearly
restored its biofilm biomass, which was statistically significant (P < 0.001) (Fig. 2B), sug-
gesting that BolA was required for K. pneumoniae biofilm formation.

BolA effectively regulated the expression of T2SS, T6SS, siderophores, and iron
transport-related genes. RNA-sequencing was performed to compare the transcrip-
tomic profiles of the WT and AbolA strains, and a total of 146 differentially expressed
genes were identified between these two strains in the stationary phase. Among these
differentially expressed genes, 26 genes were upregulated, and 120 genes were down-
regulated. That is, the overwhelming majority of differentially expressed genes were
downregulated (Fig. 3A). Software GOseq based on Wallonia’s noncentral hypergeo-
metric distribution was performed on the groups of genes significantly upregulated or
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FIG 2 The role of BolA in the production of siderophores and biofilm formation. (A) CAS plates were
used to measure the production of siderophores. The area of the orange halo in the CAS agar plate
was determined after 48 h of cultivation at 28°C. The larger area of the orange halo indicates that
the strain has produced more siderophores and increased the capacity of iron uptake. (B) The 96-well
plate assay results showed K. pneumoniae bolA mutant strain was defective in biofilm formation. After
48 h of incubation, the biofilm biomass was measured using a 0.1% of crystal violet assay, and the
optical density was determined at 595 nm. ***, P < 0.001; ****, P < 0.0001 by t test.

downregulated, among which, the downregulated differentially expressed genes were
mainly enriched in T2SS and T6SS, and these two secretion systems were important
virulence factors for bacteria. Gene ontology (GO) enrichment analysis showed differ-
entially expressed genes involved in the membrane, localization, transport, oxidore-
ductase, and tRNA processing (Fig. 3B). Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis indicated differentially expressed genes involved in metab-
olism, transporters, and secretion system (Fig. 3C). As reported previously, stress
response protein BolA was confirmed to be induced during the transition into the
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FIG 3 Transcriptome analysis between the WT and AbolA strains. (A) Pie chart of 146 genes significantly regulated by bolA gene. The number of genes
significantly downregulated or upregulated is indicated in green and orange, respectively. (B) Graphical representation of the gene GO enrichment analysis
was in “biological process,” “cellular component,” and “molecular function” categories for genes downregulated or upregulated in response to the bolA
gene. *, P value associated with the enrichment test was lower than 1 x 10~* No asterisk indicates that the P value associated with the enrichment test
was between 1 x 1072 and 1 x 10~* (C) Functional classification of KEGG pathway. The KEGG enrichment pathways were summarized in eight main
pathways. *, P value associated with the enrichment test was lower than 0.01. No asterisk indicates that the P value associated with the enrichment test
was between 0.01 and 0.05. In all, the bar length corresponds to the average log, change (in the absolute value of the AbolA/WT ratio) of the genes
significantly upregulated or downregulated associated with each KEGG or GO enrichment pathway, and the red graphic shows upregulated pathways and
the green the downregulated pathways. (D) Results of the expression of genes related to T2SS, T6SS, siderophores, and ppGpp synthesis between WT and
AbolA strains. The expression levels of these genes were detected by RT-qPCR, and the experiments were carried out in triplicate with three independent
RNA samples. Student's t test with GraphPad Prism software was used to analyze the continuous data obtained by RT-gPCR. *, P < 0.05; **, P < 0.01.
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TABLE 1 Differentially expressed genes involved in different pathways?

Gene log, fold change (AbolA/WT) P value
Secretion system genes
pulK —2.9395 0.00683
pulF —2.6985 0.00020409
pulH —4.4938 0.0026801
pulE —5.4198 1.76E—05
clpv —1.6083 0.001354
vgrG —3.0464 0.0017717
Biofilm genes
mhpB —4.4938 0.0026801
ydeY —2.3545 0.00017415
iolD —1.0834 0.00010384

Oxidoreductase genes

ulaA —4.3418 0.0046157
KP1_4425 —3.4869 0.00011244
KP1_1420 —2.4485 3.50E—06
KP1_2565 —1.824 0.0021176

K transport genes

kdpA —1.824 0.0021176
kdpB —4.1932 8.04E—08
Iron transport genes
fhuB —2.3265 0.0027437
fecD —1.0755 0.0022485
fopB —1.3265 2.57E—05
afuA —2.3265 0.0027437
afuB —3.9395 1.70E—06
KP1_3194 —1.1371 3.85E—05

Enterobactin synthesis gene
entE —1.7892 5.32E-06

aThe value of log, fold change was negative, which means these genes were down-regulated after the bolA was
deleted.

stationary-phase (7, 19). It was interesting to observe that the genes in the AbolA strain
were downregulated during the stationary phase (Table 1), including several genes
(pulK, pulF, pulE, pulH, clpV, tssH, and vgrG) associated with the secretion system. More
surprisingly, the expression of the gene associated with enterobactin synthesis (entE)
and several genes associated with iron transport, including KP1_3194, fopB (KP1_3174),
fecD, fhuB (KP1_1440), afuA, and afuB were downregulated during the stationary-phase.
BolA also promoted the expression of several biofilm-related genes (mhpB, ydeY, and
iolD), oxidoreduction-related genes (ulaA, KP1_4425, KP1_1420 and KP1_2565) and K*
transport genes (kdpA and kdpB).

To validate the results obtained in RNA-sequencing, the expression levels of several
genes were further analyzed by RT-gqPCR (Fig. 3D). Thirteen different genes were
selected for analysis, including the differentially expressed genes mentioned above
and ppGpp synthetic-related genes. The regulation patterns of these genes were con-
sistent with the RNA-sequencing results and were downregulated after bolA deletion.

BolA regulated the metabolites related to stress resistance and virulence. To
compare the differentially accumulated metabolites between the WT and AbolA strains,
a liquid chromatography-mass spectrometry (LC-MS) system was used for metabolite
identification. A total of 82 differentially accumulated metabolites with known specific
substances were screened. These differentially accumulated metabolites were defined as
those with variable importance for projection (VIP) value >1 and P < 0.05 compared to
the WT strain. Among the detected metabolites, 25 metabolites were upregulated, and
57 metabolites were downregulated. Among them, 17 metabolites were increased and
24 metabolites were decreased in positive mode, while 8 metabolites were increased
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FIG 4 Volcanic maps of differentially accumulated metabolites in the WT and AbolA strains. Red dots denote

upregulated metabolites, and green dots denote downregulated metabolites.

and 33 metabolites were decreased in negative mode. The differentially accumulated
metabolites were visualized by a volcano map (Fig. 4A). Based on the metabolomic anal-
ysis, five metabolites related to stress resistance and virulence were identified (agmatine,
cadaverine, guanosine, flavin adenine dinucleotide [FAD], and p-biotin) (Table 2). We
speculated that the downregulation of these five metabolites may be the factor leading
to the weakening of the virulence and stress resistance of the AbolA strain of K. pneumo-
niae. However, further studies are still needed to explore the speculation.

BolA protected K. pneumoniae cells against bile and oxidative stresses. To eval-
uate the role of K. pneumoniae BolA in intestinal colonization, bacteria underwent spe-
cific intestinal stresses associated with bile stress, osmotic stress, and oxidative stress.
In the bile challenge experiment, we examined the ability of the strains to tolerate bile,
and a significant difference was observed between the WT and AbolA strains (Fig. 5A).
The WT, AbolA, and AbolA+bolA strains were grown in an LB medium containing 1%
of oxbile, the ability of WT strain to grow in the 1% bile was 3-fold higher than that of
AbolA strain, which was statistically significant (P < 0.001). The AbolA+bolA strain
restored the ability to tolerate bile stress. For the osmotic resistance assay, the results
were surprising, and no significant difference was observed between the WT and the
AbolA strains in an LB medium containing 0.5 M NaCl (Fig. 5B). An oxidative stress
assay showed that the AbolA strain had a 1.79-fold greater sensitivity to 30% H,O, (in-
hibition zone = 3.73 cm?) than the WT strain (inhibition zone = 7.69 cm?), which was
statistically significant (P < 0.001). The AbolA+bolA strain restored the ability to toler-
ate oxidative stress (Fig. 5C). Collectively, these results suggested that the BolA
increased the survival rate of K. pneumoniae in bile and oxidative stresses.

BolA promoted K. pneumoniae virulence in the G. mellonella larvae model of
infection. To evaluate the role of the BolA in the virulence of K. pneumoniae, we used
the G. mellonella larvae for K. pneumoniae infection. G. mellonella larvae were injected
with phosphate-buffered saline (PBS) or 2 x 10> CFU/larva of the WT, AbolA, or

TABLE 2 Differentially accumulated metabolites of virulence and stress resistance®

Name Regulated type FC (AbolA/WT) VIP Pvalue
Agmatine Down 0.87 1.28 0.0368
Cadaverine Down 0.91 1.17 0.0045
Guanosine Down 0.94 1.16 0.0454
FAD Down 0.80 1.84 0.0016
p-Biotin Down 0.79 1.53 0.0092

9Represented in Table 2 is the fold change of the AbolA/WT ratio for several metabolites related to virulence and
stress resistance. FC, fold change. VIP, variable importance in projection. The VIP value was derived from the
multivariate statistical analysis to characterize the contribution of the variable to the difference between the
two groups.
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FIG 5 The role of BolA in the stress response (including bile, osmotic and oxidative stresses). (A) Bile resistance. The percentage
of viable cells was calculated by plating the appropriate dilutions on LB agar plates containing bile (1.0%). (B) Resistance to
osmotic stress. The ability of resistance to osmotic stress for the WT and AbolA strains was extrapolated by comparison to the
numbers of viable cells on LB agar plates containing NaCl (0.5 M). (C) Resistance to hydrogen peroxide. The ability of strains to
challenge hydrogen peroxide (30%) was measured by disc diffusion assay. ***, P < 0.001; ****, P < 0.0001; ns, not significant
(P > 0.05) by t test.

AbolA+bolA, and the survival rate was daily monitored for 72 h (Fig. 6). The results of
infection by the WT strain could be observed at 72 h of infection, with a decrease of
about 83% of the initial larvae population. It was worth noting that the AbolA strain
was found to increase by 53% the larval survival rate at 72 h after infection, compared
with the survival rate of the WT strain. The AbolA+bolA strain was shown to restore
the virulence to the level of the WT strain. These results indicated the essential role of
bolA in the pathogenesis of K. pneumoniae in the G. mellonella larvae infection model.
BolA promoted K. pneumoniae cell adhesion and in vivo colonization of mice.
The WT and AbolA strains were compared for their ability to adhere to HCT116 human
colon cancer epithelial cells, and the adherence rate of the AbolA strain was normal-
ized to that of the WT strain (100%) (Fig. 7A). The AbolA strain significantly decreased
adherence compared with the WT strain, mounting 2.8-fold lesser adherence to
HCT116 cells (P < 0.01). Based on the results of stress challenge and cell adhesion
experiments, we speculated that BolA may affect the adhesive capacity of K. pneumo-
niae in mice, and we performed in vivo verification. We used a mouse septicemia infec-
tion model to observe the colonization of bacteria in mouse tissues, including the liver,
spleen, lung, and kidney. Ten-week-old female BALB/c mice were intraperitoneally
injected with 2 x 10* CFU in 500 uL of normal saline (NS). The mice were euthanized
at 24 h postinoculation (hpi) and the liver, spleen, lung, and kidney bacterial burdens
were determined. Given the bolA gene deletion, we anticipated that the colonization
ability of the AbolA strain would be attenuated, and this was indeed observed. It was
observed that the colonization ability of K. pneumoniae in the liver, spleen, lung, and
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FIG 6 Survival of G. mellonella larvae following inoculation with K. pneumoniae strains. G. mellonella
larvae were infected with PBS or 1 x 107 CFU of WT, AbolA, or the AbolA+bolA strains. G. mellonella
larvae infected with the AbolA strain had an enhanced survival rate compared to WT or the
AbolA+bolA strains. Statistical significance was examined using Kaplan-Meier analysis with a log-rank
(Mantel-Cox) test (****, P < 0.0001).
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FIG 7 The role of BolA in the adherence to HCT116 cells and colonization ability in liver, lung,
spleen, and kidney tissues of mice. (A) Adherence of the K. pneumoniae NTUH-K2044 and AbolA
strains to HCT116 cells. The K. pneumoniae strains were grown to the logarithmic phase and added to
HCT116 cells, incubated, and settled onto host cells for 1 h. Then, the bacteria were washed with
PBS, released with Triton X-100, and plated onto LB agar for CFU counts. The adherence rate was
calculated by dividing the number of adherent cells by the number of input cells. Briefly, 200 uL K.
pneumoniae cells (OD595 = 0.5) were added to each well at a multiplicity of infection (MOI) of
200bacteria/cell. Considering that the MOI value was 200 rather than 1, then, the adherence rates of
the bolA mutant strain were normalized to that of the WT strain (defined as 100%). **, P < 0.01 by t
test. (B) 10-week-old female BALB/c mice were intraperitoneally injected with the WT and AbolA
strains (5 mice for each group) at an inoculation dose of either 1 x 10* CFU for 24 h. The bacterial
burdens in the liver, spleen, lung, and kidney were determined for each mouse by quantitative plate
count at 24 h after infection. Bacterial numbers (expressed as log 10 CFU) were standardized per 0.1
g of wet organ weight. Statistical significance was examined based on unpaired nonparametric
Mann-Whitney U tests (**, P < 0.01).

kidney tissues of mice after the bolA deletion was significantly lower than the WT strain
(P < 0.01). In the liver, spleen, lung, and kidney at 24 hpi, the AbolA strain had coloni-
zation levels about 4 logs lower than K. pneumoniae NTUH-K2044 (Fig. 7B). These data
indicated that the ability of the AbolA strain to survive and spread was attenuated in
the mice.

Histopathological evaluation of the livers from WT-infected mice at 120 h after
infection revealed the frequent presence of either microabscesses (Fig. 8C, arrow) or

B

FIG 8 Histopathological examination of tissues from mice. Mice were inoculated with K. pneumoniae NTUH-K2044
or AbolA strains (2 x 10* CFU). At 120 h after infection, liver tissues were taken for hematoxylin-eosin staining
sections, and representative microscopic photos were selected for display (Fig. 8). In mice infected with the WT
strain, macroabscesses (F, arrow) or microabscesses (C, arrow) were seen in the liver (magnification, x40); The
high-power field (magnification, x400) shows the microabscesses composed of inflammatory cells (D).
Furthermore, in mice infected with WT strain, the resected liver showed significant abscesses (A, arrow); No
microabscess formation was observed in the liver (magnification, x40) of mice infected with bolA mutant strain
(E), and the resected liver shows no obvious abscess (B).
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macroabscesses (Fig. 8F, arrow). The high-power field (magnification, x40) showed the
microabscesses composed of inflammatory cells (Fig. 8D, arrow). In contrast, no micro-
abscesses were observed in AbolA-infected mice (Fig. 8E). The numbers of liver
abscesses were 14, 17, 12, and 3 (mean, 11.5) in 4 WT-infected mice, and 0, 0, 0, and 0
(mean, 0) in 4 AbolA-infected mice. Moreover, in WT-infected mice, gross liver
abscesses were observed (Fig. 8A, arrow), and no liver abscesses were observed in
AbolA-infected mice (Fig. 8B). In conclusion, BolA could promote the survival and
growth of K. pneumoniae and then infect organs, causing liver abscesses in mice.

DISCUSSION

In the current study, we characterized the K. pneumoniae NUTH-K2044 BolA protein
and elucidated its role in several phenotypes associated with the process of cell mor-
phology, siderophore production, biofilm formation, cell adhesion, tissue colonization,
and liver abscess.

The amino acid sequences of E. coli K-12 W3110, S. Typhimurium SL1344, and K.
pneumoniae NTUH-K2044 were used to search for the homologs of BolA in K. pneumo-
niae. It was observed that the protein sequence of BolA in K. pneumoniae and E. coli
had a 91.4% similarity, that of S. Typhimurium SL1344 was 91.4% and the predicted
three-dimensional (3D) structures of BolA proteins were nearly identical for the three
species. These results indicated that BolA protein is highly conserved among E. coli,
S. Typhimurium, and K. pneumoniae. We then investigated the effect of BolA on bacte-
rial cell morphology and found that when K. pneumoniae NTUH-K2044 enters the
stationary phase, the bacterial cells become rounder and shorter compared with the
classical rod-shaped morphology. While the cell morphology of the AbolA strain can-
not be maintained like the WT strain. We believed the rounder of bacterial cells results
in a decrease in surface-to-volume ratio, and less surface area exposed to damaging or
unfavorable environments. A similar result was also found in E. coli (10), and this result
demonstrated that BolA is required for maintaining the cellular morphology of K. pneu-
moniae. Because BolA was identified as a stress-responsive protein and it is not clear
whether BolA affects the growth rate of K. pneumoniae, we then measured the growth
rate of the WT and AbolA strains in nutrient-rich LB and nutrient-restricted M9 medium.
It could be found that there was no significant difference in growth rate between
WT and AbolA strains in LB and M9 medium. Similar results were also found in
S. Typhimurium (7). However, a previous study has shown that the deletion of bolA
affects the growth rate of E. coli in a nutrient-rich medium (13). These results illustrated
that BolA has disparate effects on the growth rate of different bacterial species and did
not significantly impact the growth rate of K. pneumoniae.

Beyond that, studies have shown that bacterial biofilms are usually pathogenic,
which often cause nosocomial infections, and that BolA is a transcription factor also
involved in biofilm formation (20, 21). However, it is still unclear whether BolA affects
the biofilms formation ability of K. pneumoniae. Therefore, we conducted biofilm for-
mation experiments and found the biofilm formation ability of the AbolA strain was
significantly lower than the WT strain, which was consistent with the result reported in
the previous study (16). It is worth noting that BolA effectively promotes biofilm forma-
tion in K. pneumoniae NTUH-K2044 which might cause chronic infections and biofilm-
related diseases. These results provided additional evidence that BolA plays distinct
roles in different organisms.

Several studies have indicated the critical contribution of transcriptional regulators
in bacterial adaptation and virulence (22-25). It is known that BolA is a bacterial tran-
scription factor that has pleiotropic effects and promotes survival in different stresses
(15). However, we still do not know the effects of BolA on the survival of K. pneumoniae
under different stresses. We subsequently investigated the role of BolA in K. pneumo-
niae in response to bile and oxidative stresses, and BolA was found to increase the via-
bility of K. pneumoniae under these two kinds of stresses. We also observed that the
deletion of bolA in K. pneumoniae significantly reduces its adhesion rate in HCT116
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cells, similar to what has been observed for the V. cholerae bolA homolog study (18).
Moreover, we found that the ability to adhere to the intestinal epithelium in the bolA
mutant strain was also attenuated. It is known that adhesion to intestinal epithelial
cells could happen in the earlier stage of infection in vitro and appears to be important
for K. pneumoniae pathogenesis. These data indicated that the absence of bolA
reduced the ability of bacteria to protect themselves in the hosts. Thus, we believe
that bolA is essential for the survival and infection of K. pneumoniae. These studies also
pointed to a potential role of BolA in the virulence of K. pneumoniae and emphasized
the significance of the identification of new transcriptional regulators to understand
and overcome K. pneumoniae pathogenesis strategies. Besides, RNA-sequencing and
RT-gPCR analysis suggested the direct effects of BolA are related to the induction of
genes related to iron transport and the synthesis of siderophores. Through CAS agar
plate experiments, we found that the AbolA strain exhibited a lesser halo than the WT
strain in a CAS agar plate. These results indicated that BolA had a positive regulatory
effect on siderophore production. To the best of our knowledge, this was the first time
to determine the role of BolA in the capacity of iron uptake in K. pneumoniae, and we
believe that BolA affected the production of siderophores by regulating the expression
of the iron transport-related genes and siderophores synthesis gene entE.

To study the effects of BolA on K. pneumoniae proliferation and survival in the host,
we chose the wax moth G. mellonella as the infected host. G. mellonella is an attractive
infection model for human pathogens which has several advantages and has been
increasingly used to study virulence mechanisms. In G. mellonella larvae killing experi-
ments, our results suggested that the delete of the bolA gene significantly reduced the
virulence of K. pneumoniae in the larvae of G. mellonella. The results showed that the K.
pneumoniae bolA gene was absent, and the pathogenicity of the bacteria was
decreased, similar to what has been observed for the S. Typhimurium BolA homolog
study (7). We found that the AbolA strain significantly reduced the ability to colonize
the liver, lung, spleen, and kidney organs of mice. Furthermore, histopathological ex-
amination showed that the formation of liver abscesses has not also been observed in
the mice infected by the AbolA strain. The results revealed that the AbolA strain was
defective in the formation of liver abscesses in mice. Based on the above results, we
believed that BolA not only has effects on cell morphology, biofilm formation, iron
uptake, the resistance to bile, and oxidation, but also affects the survival of K. pneumo-
niae in mice, and its ability to infect and cause disease is also reduced.

RNA-sequencing and metabolome assay were performed to evaluate the impact of
BolA in global transcriptional regulation and compare the differentially accumulated
metabolites among the WT and the AbolA strains, respectively. RNA-sequencing
showed that the expression of T2SS, T6SS, siderophores synthesis, and iron transport-
related virulence genes of the AbolA strain were significantly downregulated which
was consistent with the results obtained in RT-gPCR. The metabolome analyses
showed the metabolites related to virulence and stress resistance were downregulated
in the AbolA strain (including biotin, spermine, cadaverine, guanosine, and FAD). It is
worth noting that guanosine can become c-di-GMP and ppGpp when phosphorylated,
which are the second messenger of bacteria, have a variety of physiological functions,
among which the most important is to coordinate the stress response of bacteria (26,
27). Based on the above results, we hypothesized that virulence factor BolA may pro-
mote the virulence of K. pneumoniae by promoting the accumulation of five metabo-
lites (biotin, spermine, cadaverine, guanosine, and FAD) and the expression of genes
related to T2SS, T6SS, iron transport, siderophore, and ppGpp synthesis.

Taken together, we demonstrated for the first time that the K. pneumoniae BolA
plays an important regulatory role in bacterial morphology, biofilm formation, and pro-
duction of siderophore. When the bolA gene was deleted, reduced bile and oxidative
stress resistance and reduced liver, spleen, lung, and kidney colonization were identi-
fied in mice. We proposed that BolA is a relevant player in K. pneumoniae virulence,
contributing to the survival of this pathogen in a hostile environment during infection
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and providing new clues to the pathogenesis strategies of this organism. The current
study also showed that the BolA is a good candidate as a therapeutic target against K.
pneumoniae systemic infection. However, further studies are still needed to investigate
other potential mechanisms associated with the effect of BolA on the virulence of K.
pneumoniae and overcome K. pneumoniae strategies for successful infection and for-
mation of liver abscess.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used are
listed (see Table S1 in Supplemental File 1). All bacterial strains were stored at —80°C in an LB medium
containing 25% glycerol. pKO3-Km was used to generate gene mutant strains through homologous
recombination. Unless otherwise stated, K. pneumoniae and E. coli cultures were grown in LB medium, M9
(Na,HPO, 6.8 g/liter; KH,PO, 3.0 g/liter; NaCl 0.5 g/liter; NH,CI 1.0 g/liter; and 0.6% glucose medium) me-
dium or on LB agar at 30°C, 37°C or 43°C and supplemented with kanamycin (Km; 50 wg/mL or 25 pwg/mL)
where required. Bacterial growth was monitored by measuring the optical density at 595 nm (OD,;).

For growth curves, overnight cultures were diluted 1:100 in LB or M9 medium and cultured at 37°C
for 12 h. The OD,,; values were measured by a microplate reader at hour intervals.

Construction of the bolA gene deletion and complementation strains. A bolA gene deletion
strain (AbolA) of the K. pneumoniae NTUH-K2044 strain was constructed using the principle of homolo-
gous recombination as previously described (28). In brief, the left and right flanking DNA fragments of
the bolA gene were amplified by PCR (using primers BolA-A/B and BolA-C/D) (see Table S2 in
Supplemental File 1). Splicing overlap extension PCR (SOE-PCR) was used to amplify the DNA fusion frag-
ments (using primers BolA-A/D). The fusion fragments and temperature-sensitive vector pKO3-Km were
cut with Notl (New England Biolabs) and ligated with T4 DNA ligase (New England Biolabs). The
recombinant plasmid pKO3-Km-AbolA was verified by PCR amplification and sequence determination
(using primers pKO3-F/R). Then, the recombinant plasmid pKO3-Km-AbolA was introduced into NTUH-
K2044 by electroporation (29, 30).

To construct the complementation strain (AbolA+bolA), the DNA fragment that contained the bolA
coding sequence and promoter region (using primers BolA-HB-F/R) (see Table S2 in Supplemental File 1)
was amplified by PCR. Then, the DNA fragment was cloned into the pGEM-T-easy-km. After that, the
recombinant plasmid was transformed into the AbolA strain by electroporation (31). The gene deletion
mutant and complementary strains were verified by PCR and sequence determination (using primers
BolA-NF/NR).

Scanning electron microscopy (SEM). The SEM was performed to investigate the effect of BolA on
bacterial cell morphology. Briefly, the supernatants were discarded after bacterial cultures were centri-
fuged. Bacterial cells were fixed overnight at 4°C in 2.5% glutaraldehyde. After washing them with PBS
three times, they were dehydrated by gradient incubation and finally suspended in anhydrous ethanol.
Drops of the bacterial suspension were applied to a glass coverslip, dried, and covered with chromium.
Finally, bacterial cells were observed and photographed.

CAS agar assays for iron uptake. To elucidate the role of the BolA in the virulence of K. pneumo-
niae, CAS agar plates to detect the formation of siderophores were performed as described in the previ-
ously published articles (26, 32). In brief, it was prepared by first dissolving 60.5 mg of CAS powder
(Yuanye Bio-Technology, China) in 50 mL of double-distilled water (ddH,0), and then adding 10 mL of
1 mM solution of FeCl; (Aladdin Biochemical Technology Co., Ltd., Shanghai). Then, 72.9 mg hexadecyl-
trimethylammonium bromide (HDTMA; Yuanye Bio-Technology, China) was added to 40 mL ddH,O.
Finally, 100 mL of the CAS stock solution made from the HDTMA solution was slowly poured into the
CAS solution under stirring and autoclaved. Next, the freshly autoclaved 1.5% agar LB plate and CAS
stock solution were mixed at a ratio of 9:1 to make a CAS agar plate. Then, 2 uL overnight bacterial cul-
tures were inoculated on the CAS plate and cultivated at 28°C. The CAS plate was photographed after
48 h of cultivation. The assay was repeated three times.

RNA sequencing. To evaluate the impact of K. pneumoniae BolA in global transcriptional regulation.
RNA sequencing was performed to compare the transcriptomic profiles of the WT and AbolA strains. The
WT and AbolA strains were grown overnight in a 20 mL LB medium. The bacterial overnight cultures
were diluted at 1:100 in fresh LB medium and grown to a stationary phase at 37°C. The bacteria were
harvested by centrifugation and total RNAs were extracted using a Spin Column Bacteria Total RNA
Purification kit (Sangon Biotech) according to the manufacturer’s instructions. The RNA quality and
quantity were determined by 1.0% formaldehyde denaturing agarose gel electrophoresis and spectro-
photometry in a NanoDrop ND-1000 machine, respectively. lllumina sequencing was performed at
Novogene Bioinformatics Technology Co., Ltd. (Beijing, China), and the data were analyzed on the free
online platform Novogene Cloud Platform. RNA-sequencing was carried out with three biological repli-
cates for each strain.

Metabolome assays. To compare the differentially accumulated metabolites between the WT and
AbolA strains, the metabolome assay was used for metabolite identification. The metabolome assay was
performed at Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China). Briefly, the overnight cultures
were centrifuged at 8000 x g for 10 min at 4°C. The supernatants were discarded. The cell pellets were
then washed three times in 10 mL of PBS (4°C), resuspended in an extraction solvent consisting of meth-
anol/water (4:1 vol/vol), and then a 6 mm grinding bead was added. After grinding for 6 min with a fro-
zen tissue grinding instrument, the sample was extracted with low-temperature ultrasound for 30 min,

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.00378-22 11


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00378-22

BolA Reveals a Novel Virulence Factor in K. pneumoniae

and then the sample was placed at —20°C for 30 min The supernatant was centrifuged for 15 min and
transferred to a tube for analysis. The sample extracts were analyzed by using an LC-MS system, and the
data were analyzed on the free online platform of Majorbio Cloud Platform. The metabolome assays
were performed with six biological replicates for each strain.

RT-gPCR analysis. RT-gPCR was performed to determine the expression levels of several differentially
expressed genes (DEGs) identified in RNA-sequencing. The WT and AbolA strains were grown in LB me-
dium to stationary phase, and then the bacterial cells were collected. The total RNA was extracted from
harvested cells with a Spin Column Bacteria Total RNA Purification kit (Sangon Biotech, Shanghai). Then,
the extracted RNA was reverse transcribed into ¢DNA using a TransScript All-in-One First-Strand cDNA
Synthesis SuperMix (One-Step gDNA Removal). Finally, the RT-qPCR was performed using a Tip Green
qPCR SuperMix (TransGen Biotech Co., Ltd.) in a Mastercycler ep realplex system (Eppendorf, Hamburg,
Germany), with an initial incubation at 94°C for 30 s, followed by 40 cycles of 5 s at 94°C and 30 s at 60°C.
The primers used for RT-gPCR are shown in Table S3 in Supplemental File 1. The internal control gene
16SrRNA was used to normalize the expression of each candidate gene. The threshold cycle (Ct) numbers
were determined by the detection system software, and the data were analyzed based on the 2724t
method. The experiments were carried out in triplicate with three independent RNA samples.

Biofilm formation assays. The biofilm formation assays were performed to investigate whether BolA
affects the biofilm formation ability of K. pneumoniae. The overnight bacterial cultures were diluted to
approximately 108 CFU/mL, and 200 uL of the diluted cultures were added to the 96-well polystyrene
plate and incubated at 37°C for 48 h. Each well was washed with 200 L PBS three times to remove plank-
tonic bacteria. After staining with 0.1% crystal violet for 25 min, the crystal violet was washed thoroughly
with PBS and the 96-well polystyrene plate was dried at room temperature. Then, 200 uL of anhydrous
ethanol was added into each well to dissolve crystal violet and the biofilm thickness was estimated by
measuring the absorbance of dissolved dye at 595 nm (OD.,) (11). Each assay was performed in triplicate
and repeated four times.

Stresses challenge assays. To evaluate the role of K. pneumoniae BolA in intestinal colonization,
bacteria underwent specific intestinal stresses associated with bile stress, osmotic stress, and oxidative
stress. Bile and osmotic stress assays were performed based on a previously described method (33).
Briefly, bacterial cultures were grown separately until they reached an OD,, of 0.2 in LB medium. Then,
the cultures were diluted 100000 times and 100 uL of the diluted cultures were plated onto LB agar
plates containing NaCl (0.25 M, 0.5 M, or 0.75 M) and bile (1.0%, Sangon Biotech), respectively. The plates
were incubated overnight at 37°C, and CFU was enumerated. The results were expressed as the ratio of
the number of colonies obtained from the LB agar plate containing NaCl or bile to the number of colo-
nies obtained from the LB agar plate. The experiments were performed at least three times.

For oxidative stress sensitivity assays (34), the exponential-phase bacterial cultures were diluted to
an OD, of 0.2 and were uniformly spread over an LB agar plate. Then, a sterile 6-mm paper disk (5 uL
of 30% H,0,) was placed on the center of the agar surface. Next, the plates were incubated at 37°C for
24 h. The experiments were repeated at least three times.

Adherence assays. The WT and AbolA strains were compared for their ability to adhere to HCT116
human colon cancer epithelial cells. HCT116 human colon cancer epithelial cells were grown in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 0.1 mg/mL streptomy-
cin (35). Cell adhesion assays were performed mainly according to the methods described previously with
minor modifications (36, 37). For adherence experiments, HCT116 cells were grown to confluent mono-
layers in 24-well plates, and then the cells were washed twice with Hank's balanced salt solution (HBSS).
Followed by 200 uL of K. pneumoniae cells (OD,s, 0.5) in FBS-free RPMI 1640 medium were added to each
well and were settled onto host cells by centrifugation at 200 x g for 5 min. After incubating for 1 h at
37°Ciin 5% CO, humidity, cells were washed 4 times with PBS, and then the bacteria were released by the
addition of 0.5% Triton X-100. The recovered bacteria were quantified using serial dilution and plating
onto LB agar. The adherence rate was calculated by dividing the number of adherent cells by the number
of input cells. Briefly, 200 uL K. pneumoniae cells (OD595 = 0.5) were added to each well at a multiplicity of
infection (MOI) of 200 bacteria/cell. Considering that the MOI value was 200 rather than 1, then, the adher-
ence rates of the AbolA strain were normalized to that of the WT strain (defined as 100%). Assays were per-
formed in duplicate and repeated at least three times.

G. mellonella larvae killing assays. To evaluate the role of the BolA in the virulence of K. pneumo-
niae, we used the G. mellonella larvae for K. pneumoniae infection. G. mellonella larvae killing assays were
performed as described in the previously published articles (38, 39). Briefly, K. pneumoniae strains were
prepared by harvesting exponential-phase bacterial cultures, washing twice in PBS, then adjusting to
1 x 107 CFU. Groups of larvae (N = 10) were injected with 10 uL of working bacterial suspension at the
last proleg using a hypodermic microsyringe. For each assay, a group of larvae was injected with PBS as
a control. Injected larvae were placed in Petri dishes at 37°C for 72 h in the dark. The percent survival
was recorded at 24 h intervals. G. mellonella larvae were considered dead if they did not respond to
physical stimuli. Assays were repeated three times.

Animal ethical statement. This study was granted by the Institutional Animal Ethics Committee
(IAEC). And all the assays were done maintaining the strict rules and regulations set. The approval num-
ber for the same was 20210008.

Mice infection experiments. The mouse septicemia infection model was used to observe the colo-
nization of bacteria in mouse tissues to evaluate the role of the BolA in the virulence of K. pneumoniae.
Ten-week-old female BALB/c mice (n = 5 in each group) were used for infections (40). Bacterial cells
were collected by centrifugation and resuspended in sterile normal saline (NS). Mice were infected by in-
traperitoneal injection of the bacterial suspension (1 x 10* CFU K. pneumoniae/mouse). After 24 h, the
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mice were euthanized and organs (including liver, spleen, kidney, and lung) were homogenized in NS,
and then appropriate dilutions were plated onto LB agar for CFU counts.
Eight-week-old female BALB/c mice (4 per group) were infected by intraperitoneal injection with
K. pneumoniae at a dose of 2 x 10° CFU per mouse for 120 h (41). The livers were retrieved, fixed in 10%
formalin, and embedded in paraffin blocks. The tissue sections were stained with hematoxylin-eosin and
were imaged and quantified under a light microscope. The number of abscesses was quantified in five
low-power fields (magnification, x40).
Statistical analyses. All statistical analysis was performed using Prism (GraphPad). G. mellonella lar-
vae survival was calculated using Kaplan-Meier analysis with a log-rank (Mantel-Cox) test. Differences in
K. pneumoniae burden in tissues between groups were examined based on unpaired nonparametric
Mann-Whitney U tests. Adherence assays, stress challenge assays, and iron uptake assays were analyzed
by t test. Statistically significant was defined by P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and
P < 0.0001 (****).
Data availability. The raw data of RNA-sequencing were submitted to the Short Read Archive (SRA)
division of the GenBank repository under accession number PRINA699464. The raw data of Metabolome

have been deposited to the Metabolights database with accession number MTBLS2712.
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