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Bacteria can modify their morphology in response to environmental stimuli for survival
or host defense evasion. The rich glucose in vivo or in the Luria–Bertani (LB)
medium shortened the cell length of Klebsiella pneumoniae. The environmental glucose
decreased the levels of cyclic AMP (cAMP) and the transcription of crp, which declined
the cAMP–cAMP receptor protein (cAMP-CRP) activity. The cell length of crp deletion
mutant was significantly shorter than that of the wild type (0.981 ± 0.057 µm vs.
2.415 ± 0.075 µm, P < 0.001). These results indicated that the high environmental
glucose alters the bacterial morphology to a round form through regulating the activity of
cAMP-CRP complex. Comparative proteomics analysis showed increased expression
of 10 proteins involved in cell division or cell wall biosynthesis in the crp deletion strain.
Five of them (ompA, tolB, ybgC, ftsI, and rcsF) were selected to verify their expression
in the high-glucose environment, and overexpression of tolB or rcsF shortened the
bacterial length similar to that of the crp deletion strain. Electrophoretic mobility shift
assay indicated that CRP directly negatively regulates the transcription of tolB and
rcsF by binding to the promoter regions. This study first proved the role and partial
regulation mechanism of CRP in altering cell morphology during infection and provided
a theoretical basis for elucidating the mechanism in diabetes mellitus susceptible to
K. pneumoniae.

Keywords: Klebsiella pneumoniae, cyclic AMP-CRP, cell morphology, glucose, regulation

INTRODUCTION

Klebsiella pneumoniae is a rod-shaped, Gram-negative bacterium that belongs to the family
Enterobacteriaceae and is widely distributed in the mouth, skin, intestines, hospital settings, and
medical devices. This bacterium is an opportunistic pathogen responsible for many nosocomial
infections ranging from urinary tract infection to pneumonia. Over the past years, cases of primary
liver abscesses (PLAs) and other invasive infections, such as meningitis, necrotizing fasciitis, and
endophthalmitis, which are caused mainly by the hypermucoviscous phenotype of K. pneumoniae,
have increased worldwide (Fang et al., 2007; Siu et al., 2012; Zhang et al., 2016; Lee et al., 2017a).
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Patients with diabetes have high susceptibility to K. pneumoniae
infections (Yang et al., 2009; Lin et al., 2013c; Lee et al.,
2017b). K. pneumoniae strains are more virulent in diabetic
mice than in normal ones (Wu and Tsai, 2005). Exogenous
glucose could stimulate the production of CPS and type 3
fimbriae, the virulence factors of K. pneumoniae (Lin et al.,
2013b, 2016). These processes are regulated by the global
regulator cyclic AMP (cAMP) receptor protein (CRP) and
cAMP-CRP signaling pathway. The supply of environmental
glucose can inhibit the production of the intracellular second
messenger cAMP and inactivate the cAMP-CRP signaling
pathway (Lin et al., 2013b, 2016).

Bacterial morphology distinguishes bacterial species and
regulates bacterial attachment and pathogenicity (Huang et al.,
2008; Yang et al., 2016). For Helicobacter pylori, mutants with
non-helical cells exhibit stomach colonization defects in a murine
colonization model (Bonis et al., 2010; Sycuro et al., 2010).
Bacteria can modify their morphology in response to their host
environmental stimuli or different growth conditions (Justice
et al., 2004). However, no reports were found about the alteration
mechanism of K. pneumoniae morphology. Nutritional status
is a factor favoring bacterial shape modification that affects the
nutrient acquisition (van Teeseling et al., 2017). The effect of
high glucose in diabetic patients on the cell morphology of
K. pneumoniae NTUH-2044, a capsular serotype K1 strain with
hypermucoviscosity phenotype, is still unknown.

In this study, we determined the effects of environmental
glucose on the cell morphology of K. pneumoniae and the
partial underlying regulatory mechanism of cAMP-CRP for the
cell morphology. We revealed that the abundant glucose in
type 2 diabetes mellitus (T2DM) mice model or in the LB
medium altered the length of K. pneumoniae cells. The in-frame
deletion of the crp gene caused similar changes in the bacterial
morphology. Comparative proteomic analysis between the wild-
type (WT) and crp knockout strains showed the upregulated
expression of 10 genes associated with cell wall synthesis and
division in the crp knockout strain. Five of them were selected out
to verify their expression in the high-glucose environment and
the expressions of tolB, ftsI, and rcsF increased. Overexpression
of TolB or RcsF but not FtsI affected the bacterial morphology.
In addition, the CRP binding sites on the promoter regions of
tolB and rcsF genes were found and cAMP-CRP complex could
directly regulate the proteins expression. These results indicated
that the cAMP-CRP pathway is a key regulatory pathway that
regulates cell shape to correspond to the environmental glucose
changes, and tolB and rcsF play roles in this processing through
direct regulation by cAMP-CRP complex. This study provides
further understanding on the pathogenesis of K. pneumoniae in
patients with diabetes and one of the regulation mechanisms of
bacterial morphological alteration.

MATERIALS AND METHODS

Bacterial Strains and Growth
The bacterial strain K. pneumoniae NTUH-2044, a capsular
serotype K1 strain with hypermucoviscosity phenotype, was

isolated from a liver abscess patient in Taiwan (Chou et al., 2004).
For general K. pneumoniae cultivation, the bacteria were cultured
with shaking in LB broth at 37◦C without or with 12 mM glucose,
the critical blood glucose concentration of patients with diabetes
(Quincozes-Santos et al., 2017).

Construction of the Mouse Model of
T2DM and Infection With K. pneumoniae
Four-week-old male c57bl/6 mice were randomly divided into
two groups and fed with basal diet or high-fat diet (40%
of total energy from fat) for 1 month, then the T2DM
mice were intraperitoneally injected with Streptozocin (Sigma,
Japan), which dissolved by 0.1 M sodium citrate for five
continuous days (30 mg/kg body weight, one injection/day)
to induce the pancreatic cell damage (Zhang et al., 2008).
Control group mice were injected with 0.1 M sodium citrate
buffer. After 2 weeks, the mice were kept fasting for 14 h,
and then, the fasting blood glucose levels were measured by
withdrawing blood samples. After intraperitoneal injection with
105 colony forming units (CFU) K. pneumoniae for 20 h,
the liver tissue was taken out for homogenization and stained
with crystal violet.

Construction of crp Deletion Mutant and
Complementation of K. pneumoniae
An in-frame deletion strain 1crp and a complementary strain
C-crp were previously constructed using an allelic-exchange
strategy (Ou et al., 2017).

Bacterial Staining and Scanning Electron
Microscopy of K. pneumoniae Cells and
Quantitative Morphology Analyses
Bacterial strains were cultured in late logarithmic period. Then,
10 µl of fluids was coated onto slides and stained with crystal
violet. For the scanning electron microscopy of K. pneumoniae,
the bacteria were coated with palladium gold using a Hummer
6.2 sputter coater (Anatech USA, Hayward, CA, United States)
and observed by a VEGA 3 LMU high-resolution scanning
electron microscope (TESCAN, Czech) at 30 kV. Images of
the bacteria were quantitatively analyzed by ImageJ (version
1.52a) with NeuronJ plugin and Skeleton tool. Bacterial length
was estimated using the central axis length calculated for 16–
50 cells/strain.

Proteomic Sample and Peptide
Preparation
The WT and 1crp strains were cultured in LB medium
overnight, followed by 100-fold dilution with fresh LB broth.
The bacteria were harvested when OD600 reached ∼1.2, and
the bacterial pellets were washed twice with phosphate-buffered
saline. The bacterial proteins were then extracted using a bacterial
protein extraction kit (BestBio, Shanghai, China) according to
the manufacturer’s instructions. Protein concentrations were
determined using the bicinchoninic acid assay method (Smith
et al., 1985). Protein samples were digested using the filter-
aided sample preparation method (Wisniewski et al., 2009).
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Each protein extraction (200 µg) was mixed with 4 µl of
tris(2-carboxyethyl)phosphine reducing reagent and incubated
at 60◦C for 1 h. Then, 2 µl of methyl methanethiosulfonate
cysteine-blocking reagent was added and incubated at room
temperature for 10 min. After the protein solutions were
transferred to a 10-K ultrafiltration tube and centrifuged at
12,000 × g for 20 min at 4◦C, urea (8 M, pH 8.5) was
added and centrifuged under the same conditions. This step
was repeated twice. Then, tetraethylammonium bromide (TEAB)
(0.25 M, pH 8.5) was added and centrifuged three times for
20 min. After the tube was replaced with a new collection tube,
50 µl of TEAB trypsin (0.5 M, trypsin/protein = 1:50) were
added, and the mixture was incubated at 37◦C overnight. Then,
trypsin (trypsin/protein = 1:100) was added and incubated at
37◦C for 4 h, followed by centrifugation at 12,000 × g for
20 min. Finally, 50 µl of 0.5 M TEAB was mixed with the
collected sample and centrifuged at 12,000 × g for 4 min
at 4◦C. The enzymatically peptides were collected at the
bottom of the tube.

LC-MS/MS Protein Identification
The iTRAQ reagents 114, 115, 118, and 121 were used to
label the peptide samples from the WT or 1crp strain. The
labeled peptides were separated using the LC-20AB high-
performance liquid chromatography pump system (Shimadzu,
Kyoto, Japan). Analytical separations were performed using
the LC-20AD nano-high-performance liquid chromatography
(Shimadzu, Kyoto, Japan) coupled with a Triple TOF 5600
System (AB SCIEX, Concord, ON, Canada). The liquid
chromatography with tandem mass spectrometry (LC-MS/MS)
data were matched using the Mascot search engine against
the K. pneumoniae database to identify and quantify the
proteins. A coefficient of variation was calculated to remove
the poorly reproducible proteins, and coefficient of variation
≤0.5 indicated high repeatability. t-Test was used to identify
significant (P < 0.05) differences in the means between the
cultivated 1crp and WT. The results were considered statistically
significant if a twofold change was observed in the protein
expression levels.

Bioinformatics Analysis
Gene Ontology (GO) annotation1 and Kyoto Encyclopedia of
Genes and Genomes pathway2 enrichment analysis were used to
determine the functional subcategories and metabolic pathways
for the differentially expressed proteins. The mass spectrometry
results were analyzed by the R project, and the enriched GO
categories were analyzed by the REVIGO tool3 (Supek et al.,
2011). STRING 9.1 was used to explore the interaction network
and functional relations in the differential expression of proteins.
IPA (Version 01-04, QIAGEN, United States) was used to analyze
the regulation effects, and Cytoscape (version 3.8) was used to
generate the interaction map.

1http://www.geneontology.org/
2http://www.genome.jp/kegg/
3http://revigo.irb.hr/revigo.jsp

RNA Isolation and Quantitative
Real-Time PCR
Klebsiella pneumoniae NTUH-K2044 cultured overnight were
100-fold diluted in fresh LB broth containing 0 mM glucose,
12 mM glucose, or 12 mM glucose +500 nM cAMP to grow
to late logarithmic period. Total RNA was isolated using a
RNeasy Mini column (Qiagen) according to the manufacturer’s
recommendations. Chromosomal DNA was eliminated from the
purified RNA by RNase-free DNase I (Qiagen) treatment, and
complementary DNA was synthesized. The RNA was reverse
transcribed with a SuperScriptTM III first-stand synthesis system
(Invitrogen) using arbitrary oligonucleotide primers in 20 µl
of the reaction mixture. Quantitative real-time PCR (qRT-PCR)
was performed in a Light Cycler CFX96 instrument (Bio-Rad).
A Light Cycler Taq Man Master kit was used to detect the
expression of genes. Relative genes expression was quantified
using the comparative threshold cycle 2−11CT method with 16S
rRNA as the endogenous reference.

Construction of the Overexpressed Gene
Strains
The tolB, ftsI, and rcsF genes were, respectively, amplified by
PCR using the corresponding primers listed in Supplementary
Table S1 and inserted into the km-pGEM-T-easy plasmid
(Bryan et al., 2011). The recombinant plasmids were
transformed into the WT strain by electrotransformation.
The transcription of genes in the different strains was quantified
by qRT-PCR using the strain with empty km-pGEM-T-easy
as the control.

lacZ Fusion and β-Galactosidase Activity
Assay
The promoter-proximal DNA region of tolB, ftsI, or rcsF was
cloned into the low-copy-number transcriptional fusion vector
pHRP309 harboring a promoter-less lacZ reporter gene (Parales
and Harwood, 1993). The K. pneumoniae WT and 1crp strains
transformed with the recombinant plasmids were grown to
measure the β-galactosidase activity in the cellular extracts using
a β-galactosidase enzyme assay system (Miller, 1972).

Electrophoretic Mobility Shift Assay
The crp gene was inserted into the downstream of a sequence
encoding hexa-histidine in pET28a so that Escherichia coli host
produces His6-CRP, and then, the recombinant protein was
purified using a Ni–NTA agarose column (Spriestersbach et al.,
2015). The putative promoter region fragments of tolB, ftsI,
or rcsF were amplified and labeled using the biotin 3′ end
DNA labeling kit (Beyotime, China). The labeled single-stranded
probes were annealed with an annealing reagent (Beyotime) and
incubated with increasing amounts of His6-CRP protein (0, 0.6,
1, and 2 µM). After incubation at room temperature for 30 min,
the mixtures were analyzed using 6% native polyacrylamide
gel containing 1 nmol cAMP. The biotin-labeled DNA was
detected by the Chemiluminescence EMSA Kit (Thermo Fisher
Scientific, United States).
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Cyclic AMP Concentration Assay
Klebsiella pneumoniae were cultured LB medium with or without
12 mM glucose to late logarithmic period and were adjusted
to 107 CFU/ml. Then, the bacteria were washed twice with
phosphate-buffered saline and resuspended in 1 × lysis buffer
(CST, United States) and lysed by sonication for 10 min. The
lysate was briefly centrifuged at 14,000 rpm for 10 min. After
collecting the supernatant, cAMP concentration was detected by
the cyclic AMP XP R© Chemiluminescent Assay Kit (CST, #8019S)
according to the manufacturer’s introductions (Lin et al., 2013a).

Statistical Analysis
Experiments were performed with three independent replicates,
and data were statistically analyzed by GraphPad Prism
(version 5.0, United States). The values were expressed as
mean ± standard deviation. Significant differences of the
bacterium lengths between the groups were calculated by
unpaired two-tailed Student’s t-test, quantitative PCR, and
β-galactosidase activity data were analyzed by one-way ANOVA,
and P < 0.05, P < 0.01, and P < 0.001 all indicate
statistical significance.

RESULTS

High-Glucose Environment Affects the
Morphology of K. pneumoniae
Diabetic patients are highly susceptible to K. pneumoniae
infection and resulting in PLAs (Fang et al., 2007; Zhang
et al., 2016). In this study, T2DM mice model was constructed
to evaluate the physiological and pathological changes after
infection with WT K. pneumoniae. All the T2DM mice died
within 2 days after intraperitoneal injection with 105 CFU
bacteria, whereas the control group survived (data not shown).
The liver tissues from T2DM and control group were taken
out and observed after Gram staining. Most of bacteria in the
control group were rod-like shape while shortened to a spherical
or short rod-like shape in T2DM mice (Figure 1A), and the
average length of K. pneumoniae in control and T2DM mice
liver was 2.506 ± 0.131 µm and 1.387 ± 0.089 µm, respectively
(Figure 1B). To explore the effects of glucose on the growth
and length of K. pneumoniae, the WT bacteria were cultured
in LB medium with or without 12 mM glucose. The majority
of WT bacteria had substantially changed morphology in the
glucose-rich LB medium relative to that in the control LB
medium (Figure 1C). The WT K. pneumoniae cultured in LB
was rod-like shape and became spherical after adding 12 mM
glucose (Figure 1C). The average length of the WT strain in LB
medium supplemented with 12 mM glucose was shorter than
that in LB medium without glucose (1.654 ± 0.064 µm vs.
2.475± 0.083 µm, P ≤ 0.05) (Figure 1D).

Carbon Metabolism Regulator CRP
Could Regulate Bacterial Morphology
CRP is a global regulatory protein activated by cAMP, the second
messenger repressed by the environment glucose. We further

observed the change in the morphology of 1crp strain. 1crp
and C-crp strains were previously constructed as described (Ou
et al., 2017). The morphologies of 1crp, C-crp, and WT strains
were scanned by an electron microscope. As shown in Figure 1E,
the majority of the WT and C-crp strains presented a rod-like
shape, whereas the 1crp strain appeared shorter or globular. The
length of the 1crp strain was evidently shorter than that of the
WT (0.981 ± 0.057 µm vs. 2.415 ± 0.066 µm, P ≤ 0.05), the
difference between C-crp and WT was not statistically significant
(Figure 1F). These results indicated that CRP played a role in
maintaining the cell morphology of K. pneumoniae.

Comparative Proteomic Analysis
The proteins from the WT and its isogenic mutant 1crp were
extracted and quantitatively examined by LC-MS/MS analyses
to globally define the target proteins that are regulated by
CRP and eventually affect the bacterial morphology. Changes
in the two sources of protein profiles were analyzed, and
total 1,032 proteins were identified by Swiss-Prot database.
Among these proteins, 426 exhibited a twofold-change difference
(P ≤ 0.05) from two biological replicates according to the
identification parameters. The data were further organized
in a volcano plot (Figure 2A). The expression level of 146
proteins increased by more than twofold, and the level of 280
proteins decreased to <0.5-fold in the crp knockout bacteria
compared with that in the WT strain (Figure 2B). Therefore,
these proteins with altered expression levels were possibly
regulated directly or indirectly by the CRP. The quantification
data and deferentially expressed proteins are listed in the
Supplementary Table S2.

Bioinformatics Analysis on the Cell
Division and Cell Wall Biosynthesis of
Related Proteins
The identified proteins were analyzed using GO term analysis to
obtain the global view of the biological processes and molecular
functions regulated by CRP. The major biological processes,
cellular components, and molecular functions are shown in
Figure 3A. According to the biological processes, the identified
proteins were classified into several major classes. The enriched
GO categories were then submitted to the REVIGO website
to reduce the untrustworthy proteins (Supek et al., 2011). The
result (Figure 3B) showed that part of proteins are associated
with cell wall biosynthesis, cellular component assembly, and
cell adhesion. In addition, the differential expressed proteins
contributed to biological processes were further investigated
by Kyoto Encyclopedia of Genes and Genomes pathway
enrichment analysis (Figure 3C). The metabolic pathways, ABC
transporters, phosphotransferase system, and two-component
system were the major pathways. Some proteins are also
involved in the pathways associated with lipopolysaccharide and
peptidoglycan biosynthesis.

STRING database was used to detect the functional relations,
generate the interaction networks (Figure 4A) and further
understand the functional interactions of the twofold differential
proteins. The network analyses showed a few differential
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FIGURE 1 | Glucose addition or crp knockout affected the morphology of Klebsiella pneumoniae NTUH-K2044. (A) The morphology of the WT strain in the infected
mice liver without or with type 2 diabetes was observed after Gram-staining. Mice infects with K. pneumoniae by intraperitoneal injection. T2DM, type 2 diabetes
mellitus mice, control indicates healthy mice. (B) The lengths of K. pneumoniae in (A) were analyzed by ImageJ plugin. (C) The morphology of the WT strain cultured
in LB medium without or with 12 mM glucose was observed using a microscope by 1,000 × magnification. (D) The lengths of strains were analyzed by ImageJ.
(E) Scanning electron micrographs of WT, 1crp, and C-crp strains. (F) Quantitative analysis of the lengths of different strains of K. pneumoniae. WT, wild type; 1crp,
crp deletion strain; C-crp, crp complementary strain. Error bars represent standard deviation. **P < 0.01; ***P < 0.001; for comparison between each group with
wild type as calculated by unpaired two-tailed Student’s t-test.

genes involved in cell division, maltose and glycerol uptake,
and metabolism. The proteomic data showed a cluster of
proteins that were tightly associated with the biosynthesis of
cell wall component. Further clustering analysis indicated that
the proteins involved in sugar transport, cell division, or cell

wall biosynthesis, and the virulence factor were differentially
expressed after crp been deleted (Figure 4B). The levels of most
proteins associated with cell division and cell wall biosynthesis,
including RcsF, FtsI, FtsA, FtsL, FtsQ, OmpA, TolB, YbgC,
MurA, and MrcA, were upregulated, and these proteins may
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FIGURE 2 | Analysis of the mass spectrometry data. (A) Volcano plot from the mass spectrometry data demonstrates the magnitude and significance of the cellular
proteins from the deletion strain compared with the control (WT). Horizontal dashed line shows where p-value is 0.05 [-log10 (0.05) = 1.3], and the vertical dashed
lines show where the fold change is 2 [log2 (2) = 1] or 0.5 [log2 (0.5) = -1]. The twofold change and p-value of 0.05 were used as the threshold cutoff. (B) The
number of proteins was counted according to the fold change of log2 (ratio).

be regulated by CRP. The functions and fold changes of the
identified genes involved in cell division and cell wall biosynthesis
are listed in Table 1. RcsF functions in the signal transduction
from the cell surface to Rcs signaling system (Castanie-Cornet
et al., 2006; Sato et al., 2017), while OmpA, which acts as an
outer membrane (OM) porin, can form channels through the
cellular membranes (Hong et al., 2006). TolB plays a role in
OM invagination during cell constriction in the trans-envelope

Tol-pal system (Zhuang et al., 2002; Gerding et al., 2007; Ridley
and Lakey, 2015). The Fts opera, containing FtsA, FtsI, FtsL,
and FtsQ, are involved in cell division (Chen and Beckwith,
2001; Kureisaite-Ciziene et al., 2018; Du et al., 2019). MrcA and
MurA play a role in cell wall formation (Kock et al., 2004; Zhu
et al., 2012), Tig is involved in protein export, and the only
downregulated protein in the 11 proteins related to cell division
(Martinez-Hackert and Hendrickson, 2009).
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FIGURE 3 | Gene Ontology (GO) analysis and pathway enrichment analysis of the differential expression proteins. (A) GO annotation of the differential proteins
identified by liquid chromatography with tandem mass spectrometry (LC-MS/MS), including molecular function, biological process, and cellular component. (B) The
enriched GO categories were analyzed by the REVIGO tool. The colored spots showed the regulatory proteins which appeared to be commonly involved in the major
biological functions. (C) Pathway enrichment and gene quantity analysis of differentially expressed proteins.

qRT-PCR Analysis Revealed That
High-Glucose Environment Affects the
Expression Levels of Related Genes
Here, the most significant upregulated genes (ompA, tolB, ybgC,
and rcsF), which increased to more than threefold, and ftsI, as
the highest fold in the Fts opera, were selected as the targets to
verify whether the environmental glucose changed the bacterial
morphology due to the expression changes of these genes.
The messenger RNA (mRNA) levels of these five genes were
quantitatively detected in K. pneumoniae cultured without or
with 12 mM glucose. The qPCR results (Figure 5A) showed that

the expression levels of rcsF, tolB, and ftsI but not ompA and ybgC
increased substantially in the LB medium with 12 mM glucose
than that in medium without glucose. Meanwhile, pal and trmO
located in the downstream of tolB and rcsF also increased their
expression in the glucose-rich conditions compared with in LB
broth (Figure 5A).

Overexpression of rcsF and tolB Affects
Bacterial Morphology
Then, the relationship between the TolB, FtsI, or RcsF and the
change in the bacterial morphology was determined. The genes
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FIGURE 4 | Analysis of the indicated proteins in the cell division, transport, and metabolism. (A) Analysis of the protein–protein interaction of the identified proteins
by STRING 9.0 and generated by Cytoscape 3.8. Medium confidence was set and disconnected nodes were hided. Nodes are proteins, and lines represent
functional associations between proteins. Gene clusters associated with cell division (dark blue and yellow), maltose (triangle), and glycerol (diamond) metabolism
involved in the network. (B) Functional clustering analysis of the differential proteins identified in the crp deletion and WT strain of K. pneumoniae.

encoding the indicated proteins were cloned into the km-pGEM-
T-easy plasmid. The recombinant plasmids were transformed
into the WT K. pneumoniae to construct the corresponding
protein overexpression strains. The mRNA levels of rcsF, tolB,
and ftsI in the different strains were quantified by real-time PCR.
The results showed that the mRNA levels of these genes were
higher in the 1crp mutant than in the WT strain, similar to
the results of proteome analysis (Figure 5B). CRP negatively
controlled the expression of these genes. The strains with the
overexpression plasmids increased the expression level of the
corresponding gene significantly. The shapes of the strains were

TABLE 1 | Functions of genes involved in cell division and cell wall biosynthesis.

Locus_tag Gene
name

Gene Function Fold changea

KP1_1055 rcsF Outer membrane lipoprotein 3.415925562

KP1_1958 ompA Outer membrane protein 3a 5.465537071

KP1_1702 tolB Translocation protein TolB precursor 6.554541469

KP1_1697 ybgC Tol-pal system-associated acyl-CoA
thioesterase

3.258493781

KP1_3464 ftsI Division-specific transpeptidase,
penicillin-binding protein 3 (PBP3)

2.931135476

KP1_0916 ftsA ATP-binding cell division protein 2.040040225

KP1_0905 ftsL Cell division protein 2.08796376

KP1_0915 ftsQ Membrane anchored protein involved in
growth of wall at septum

2.179539979

KP1_5097 mrcA Peptidoglycan bifunctional
penicillin-binding protein 1a (PBP1a)

2.989608765

KP1_4910 murA UDP-N-acetylglucosamine
1-carboxyvinyltransferase

2.439517468

KP1_1269 tig Trigger factor 0.47762087

aFold change indicates the expression ratio of wild type with crp mutant identified
by quantitative mass spectrometry.

observed by microscopy (Figure 5C), and the results showed
that TolB (1.832 ± 0.049 µm) or RcsF (2.037 ± 0.062 µm)
overexpression considerably shortened the bacterium length
compared with the empty km-pGEM-T-easy plasmid group.
Overexpressed FtsI also partially changed the bacterial shape, but
the result was not statistically significant (2.213 ± 0.070 µm vs.
2.469± 0.066 µm) (Figure 5D).

Glucose Affects the Intracellular cAMP
Level and the crp, tolB, and rcsF
Transcription
In vitro, external glucose decreased the intracellular cAMP
level and crp transcription but increased the transcription
levels of rcsF and tolB in K. pneumoniae (Figures 5E,F), and
adding 500 nM exogenous cAMP analogs (db-cAMP) in the
present of glucose increased the cAMP level equivalent to the
glucose-free condition (Figure 5E). Meanwhile, cAMP addition
increased the transcription of crp and declined the rcsF and tolB
transcription (Figure 5F).

CRP Directly Regulates the Transcription
of rcsF and tolB
The mechanisms of CRP in the regulation of tolB and rcsF
that led to the change in bacterial morphology were studied by
performing lacZ fusion β-galactosidase activity assay and EMSA.
The putative CRP binding site located at the promoter region
of indicated opera were observed in the upstream of tolB and
rcsF genes via bioinformatics analysis (Figures 6A,B), but the ftsI
gene was not found. Then, the gene fragments containing each
promoter were cloned into the promoter-less LacZ fusion vector
pHRP309 to generate the tolB–lacZ, ftsI–lacZ, or rcsF–lacZ fusion
plasmids. The recombinant plasmids were transferred into the
WT, 1crp mutant, and C-crp strains. The results showed that
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FIGURE 5 | Selected genes in the WT K. pneumoniae affected the cell morphology. (A) The messenger RNA (mRNA) levels of five selected genes and tolA, pal, and
trmO were detected by quantitative PCR after the wild-type (WT) strain was cultured in the glucose-rich medium. Comparison was performed by one-way ANOVA.
(B) Quantitation of the indicated mRNA levels in WT strains overexpressed with the selected proteins. WT transformed with empty vector acted as the negative
control. Comparison was performed by one-way ANOVA. (C) The morphology of the overexpressed strains and WT of K. pneumoniae was scanned by a
microscope after staining with crystal violet. (D) The lengths of the WT, 1crp, and overexpression strains were analyzed using ImageJ. Comparison between each
group with WT as calculated by unpaired two-tailed Student’s t-test. (E) The in vivo cAMP concentrations of WT strain cultured in LB broth with or without 12 mM
glucose or 12 mM glucose +500 nM cAMP analog dibutyryl-cAMP (db-cAMP) were measured. Error bars represent standard deviation. Comparison was performed
by one-way ANOVA. (F) The mRNA levels of crp, rcsF, and tolB in WT strain cultured in LB with 0 mM glucose, 12 mM glucose, and 12 mM glucose combined with
500 nM db-cAMP were quantified. Comparison was performed by one-way ANOVA. Error bars represent standard deviation. *P < 0.05; **P < 0.01; ***P < 0.001;
n.s., not significant.

1crp carrying the tolB–lacZ or rcsF–lacZ fusion vector caused
higher activity of β-galactosidase compared with the WT and C-
crp group, while ftsI–lacZ did not remarkably change the level
of β-galactosidase (Figure 6C). Then, the recombinant His6-
CRP protein was expressed and purified from E. coli BL21(DE3)

to verify the results of LacZ reporter assay, and EMSA was
performed using the labeled tolB, ftsI, or rcsF promoter probes.
The results showed that binding of His6-CRP could be observed
after incubation with tolB and rcsF promoter, while ftsI promoter
did not form a complex with His6-CRP (Figure 6D). These

Frontiers in Microbiology | www.frontiersin.org 9 January 2020 | Volume 10 | Article 2984

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02984 January 11, 2020 Time: 17:16 # 10

Liu et al. cAMP-CRP Modulates the Cell Morphology of K. pneumoniae

FIGURE 6 | cAMP-CRP binding directly to tolB and rcsF promoter was identified by EMSA and lacZ fusion assay. (A) The tolB-pal-cpoB operon and the promoter
sequence. The large arrows represent the open-reading frames, and the CRP binding site was marked as red color and underlined. (B) The rcsF-trmO operon and
the promoter sequence. (C) LacZ fusion assay of the cAMP-CRP binding to the tolB and ftsI promoter regions. Recombinant pHRP309 plasmids were transferred
into the WT, crp-knockout, and crp complementary mutant of K. pneumoniae. Error bars represent standard deviation. **P < 0.01; ***P < 0.001; n.s., not significant;
comparison was performed by one-way ANOVA. (D) cAMP-CRP binding directly to tolB and rcsF promoter regions was identified by EMSA. Ten nanogram
unlabeled probe (cold probe) was added to compete with labeled probe for binding His6-CRP protein.

results indicated that CRP could bind directly to the predicted
CRP binding sites and regulated their transcription.

DISCUSSION

Diabetes is a well-known risk factor for the development of
Klebsiella liver abscess (Fang et al., 2007; Lee et al., 2016).
The impaired host defense mechanisms in DM may be highly
associated with PLA (Muller et al., 2005). Patients with controlled
glycemia and immune function exhibit an improved state and
tend to have lower PLA rate than those with uncontrolled
glycemia (Lin et al., 2013c). In addition to the influence of
host immune system in DM, several studies have proved that
exogenous glucose can stimulate the production of virulence
factors of K. pneumoniae (Lin et al., 2013b, 2016). This
phenomenon suggests that a high-glucose environment enhances
the pathogenicity of bacteria, which may also contribute to the
high susceptibility to K. pneumoniae infection in DM.

Pathogens can change their cell morphology to survive in
diverse environments and evade host defenses (Li and Nielsen,
2017; Rodriguez et al., 2019). In Enterobacteriaceae, the cell size
diversity helps bacteria to avoid complement-mediated killing
and play a role in their pathogenesis (Huang et al., 2008; Dalia
and Weiser, 2011). In this study, the length of K. pneumoniae
was shortened in T2DM mice and the LB medium with 12 mM
glucose, the critical blood glucose concentration of patients with
diabetes. One factor that contributed to the shortened cell length
of K. pneumoniae may be the increased bacterial growth rate in
the glucose-rich medium, which affects the cell division and cell
wall synthesis. The crp knockout strain, lack of the catabolite

repressor protein, had shorter cell lengths with decreased growth
rate, suggesting that CRP played an important regulation role
in the diversity of K. pneumoniae morphology, and the alter
of cell shape in rich glucose environment was not just due to
the increasing of growth rate. The rich environmental glucose
inactivated the cAMP-CRP regulatory complex. Compared with
the 1crp strain which completely lacks the regulation role of
cAMP-CRP, WT in the glucose-rich medium still forms the
cAMP-CRP complex, which regulates the downstream genes.
This may explain the shorter cell lengths in the 1crp strain than
those of WT in the glucose-rich medium.

In most bacteria, the cell size and shape are determined by the
cell wall. The cell wall of Gram-negative bacteria is composed
of two membranes, namely, the inner membrane and OM. The
space between inner membrane and OM defines the periplasm, a
cellular compartment that contains a thin layer of peptidoglycan.
Many proteins associated with the peptidoglycan synthesis or
cell division, and the proteins or lipoproteins on the OM had
been proved to influence the bacterial morphology (Cabeen and
Jacobs-Wagner, 2005; Jorgenson et al., 2014; Heller et al., 2017).
Comparative proteomics analysis revealed that CRP regulates 11
proteins, which involved in cell division or cell wall biosynthesis.
However, several proteins, such as FtsZ and MreB, which related
to the maintenance of cell shape, had not been identified due to
the limitation of peptide preparation and protein identification.
Five proteins were selected for detailed analysis, and the cell
lengths of strains overexpressing RcsF or TolB were shortened
similar to the bacteria cultured in the glucose-rich medium. RcsF
is an OM lipoprotein component of the Rcs system, a stress-
signaling cascade complex involving at least six components
(Wall et al., 2018). RscF is the sensor which detects the damage
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caused by chemicals targeting to the OM or peptidoglycan and
activates the RcsB regulator of the system (Guo and Sun, 2017).
The phosphorylated RcsB can positively regulate the FtsZ gene
involved in the cell division (Konovalova et al., 2016; Guo
and Sun, 2017). The FtsZ-mediated Z-ring force determines
the direction of the cell wall growth and indirectly determines
the cell shape (Cabeen and Jacobs-Wagner, 2005). TolB is a
soluble periplasmic protein in the Tol-Pal complex, the conserved
complex of cell envelopes in Gram-negative bacteria (Lazzaroni
et al., 2002). The mutant genotypes of the Tol-Pal proteins vary
in length and exhibit some chain reaction compared with the
WT in Salmonella typhimurium (Masilamani et al., 2018). In
K. pneumoniae, the lengths of each tolB or rcsF overexpression
strains were longer than those of the 1crp strain, indicating
that the alteration of cell length in 1crp was through regulating
multiple genes, not just one gene, to adapt to the environment.
The high-level glucose decreases the cAMP-CRP activity, thus
reversing the repression of rcsF and tolB genes. The rcsF and tolB
expression levels change altered the cellular morphology by direct
or indirect regulation of other genes associated with cell shape.

In summary, this study used comparative proteomic analysis
to examine how glucose-regulating genes affect the bacterial
morphology. After comparing the proteomes of 1crp and
WT strains, tolB, ftsI, and rcsF were selected to verify their
effects on the bacterial shape regulated by cAMP-CRP complex.
Overexpression of TolB or RcsF shortened the bacterial length
similar to that of crp-deleted strain. CRP negatively regulates
the transcription of tolB and rcsF by directly binding to
their promoter regions. Thus, the results implied that high
environmental glucose repressed the cAMP-CRP level to regulate
the cell morphology of K. pneumoniae and the expression of
tolB and rcsF, the genes play roles in the alteration of bacterial
morphology via direct regulation by cAMP-CRP complex. This
study first proved the role and partial regulation mechanism of
CRP altering cell morphology in K. pneumoniae. The clinical
importance of cell shape alteration during K. pneumoniae
infection will be explored in future studies.
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