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Abstract

Hypervirulent Klebsiella pneumoniae (hvKp) strains that form biofilms have recently emerged worldwide; however, the
mechanisms underlying biofilm formation and disruption remain elusive. In this study, we established a hvKp biofilm
model, investigated its in vitro formation pattern, and determined the mechanism of biofilm destruction by baicalin (BA)
and levofloxacin (LEV). Our results revealed that hvKp exhibited a strong biofilm-forming ability, forming early and mature
biofilms after 3 and 5 d, respectively. Early biofilm and bacterial burden were significantly reduced by BA +LEV and
EM +LEV treatments, which destroyed the 3D structure of early biofilms. Conversely, these treatments were less effective
against mature biofilm. The expression of both AcrA and wbbM was significantly downregulated in the BA +LEV group.
These findings indicated that BA + LEV might inhibit the formation of hvKp biofilm by altering the expression of genes

regulating efflux pumps and lipopolysaccharide biosynthesis.

Introduction

Klebsiella pneumoniae is a gram-negative commensal
bacterium and an important opportunistic pathogen causing
severe, life-threatening infections of the respiratory,
digestive, and urinary tracts [1]. In the era of antibiotics, K.
pneumoniae became a major cause of healthcare-associated
infections and a risk factor of severe community-acquired
infections [2]. In China, K. pneumoniae infections accounted
for 11.9% of cases of ventilator-associated pneumonia
(VAP) and intensive care unit (ICU)-acquired pneumonia
[3]. In Singapore, the mortality rates of K. pneumoniae
bacteremia were reported to range from 20 to 26% [4].
Such high prevalence and mortality rates of K. pneumoniae
infections undoubtedly cause a great burden on national
health systems. In addition, K. pneumoniae continues to
evolve and adapt as it acquires new genetic material. The
two currently circulating K. pneumoniae pathotypes include
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the classical (cKp) and hypervirulent (hvKp) types [5]. In
1986, seven cases of invasive hvKp infection in individuals
presenting with hepatic abscess in the absence of biliary tract
disease and septic endophthalmitis were reported in Taiwan,
China. Of note, hvKp is also known as hypermucoviscous
K. pneumoniae (hmKp) because of its hypermucoviscous
phenotype [6, 7]. This pathogen is more virulent than cKp
and continues to evolve. Interestingly, hvKp is often detected
in healthy populations, in which it causes severe, life-
threatening, community-acquired infections characterized
by pathological changes, such as septic liver abscess,
meningitis, necrotizing fasciitis, and endophthalmitis. Over
the last three decades, the incidence of hvKp infections has
steadily increased, and they are now more common in Asia
than in Western countries. Infections caused by hvKp have
been reported in several regions of the world, including
North America, South America, Europe, and Australia [8].

With the advancement of medical science and technology,
medical devices and artificial organs are increasingly used
for the treatment of various diseases [9]. Implants, such as
catheters, dentures, artificial heart valves, and prostheses
have been associated with biofilm-related infections [10].
The formation of bacterial biofilms is the primary means
by which bacteria defend themselves against external
stressors [11]. However, the broadly used therapeutic
concentrations of antibiotics cannot usually eradicate the
bacterial cells residing deep within the biofilm structure.
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In general, the antibiotic treatment of biofilms is protracted
and requires high drug doses. Moreover, the overuse of
antibiotics has increased antimicrobial resistance (AMR)
globally [12]. Consequently, the world is on the verge of
a postantibiotic era, with the spread of AMR potentially
dramatically regressing medical care [13]. Thus, we need
novel antimicrobial agents that can modulate/inhibit biofilm
formation and overcome drug resistance in infectious
diseases [14].

Several studies have recently reported on the ability
of traditional Chinese medicine, such as Scutellaria
baicalensis, to inhibit biofilm formation [15]. The plant's
extract, especially its principle active ingredient, baicalin
(BA), has attracted the research interest of pharmacologists.
Baicalin is the main phytochemical marker in the quality
control of S. baicalensis. This compound has antibacterial,
antiallergic, antitumor, hepatoprotective, choleretic,
immunomodulatory, antifungal, and antibacterial properties
[16]. Baicalin is also known to work synergistically with
various antibiotics, accelerating biofilm disruption,
enhancing antibiotic penetration, and facilitating bacterial
clearance [17]. Quinolone antibiotics, such as norfloxacin,
ciprofloxacin, flurofloxacin, and levofloxacin (LEV), which
target various gram-negative bacilli, are commonly used in
the clinic. Levofloxacin is a third generation fluoroquinolone
exhibiting both broad-spectrum and enhanced antibacterial
activity [18]. Macrolides, such as erythromycin (EM), are
broad-spectrum antibiotics with 14-, 15-, or 16-member
macrocyclic lactone rings. Several studies have revealed
that macrolides are potentially valuable in the treatment of
biofilm-associated infections as they disrupt the bacterial
biofilm and facilitate the bactericidal action of other
antibiotics [19]. In particular, erythromycin has played
an important role as an antibacterial agent since its initial
discovery and clinical application [20]. Other representative
macrolides include azithromycin and clarithromycin.

In the present study, we screened hvKp strains using the
string test. We next evaluated the biofilm formation ability
of hvKp strains using the Congo red agar method and
semiquantitatively assessed biofilm generation by crystal
violet staining. We also constructed a hvKp biofilm model
and examined biofilm formation in vitro. To the best of
our knowledge, no prior study has reported the effects of
baicalin alone or in combination with other antibiotics, such
as fluoroquinolones, cephalosporins, or aminoglycosides,
on hvKp biofilm formation. This study aimed to establish
a hvKp biofilm model, evaluate hvKp biofilm formation
patterns in vitro, and investigate the effects of BA combined
with LEV on hvKp biofilm formation and biofilm-related
gene expression.
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Materials and Methods
Reagents

Baicalin (BA, no. 190712; purity > 98%) was purchased
from Refmedic (Nanjing, China). Levofloxacin (LEV, no.
130455-201607; purity > 98.5%) and erythromycin (EM,
no. 130307-201417 purity >98%) were provided by the
China Institute of Pharmaceutical and Biological Products
Inspection (Shanghai, China).

Bacterial Strains

Between October 2019 and October 2020, 289 K.
pneumoniae strains were isolated from clinical samples at
the First Affiliated Hospital of Guangxi Medical University
(Nanning, Guangxi, China). Duplicate strains from the same
organs/tissues of the same patient were eliminated. Written
informed consent for the provision and release of all clinical
samples used in the study was obtained from all participants.
Bacterial strains were identified using a VITEK-2 compact
automatic bacterial identification drug sensitivity analyzer
(bioMérieux SA, Marcy—l’Etoile, France). Isolated strains
were inoculated in glycerol and frozen at—80 °C. The K.
pneumoniae ATCC43816 strain was provided by the Centre
for Environmental Life Sciences Engineering Laboratory,
Nanyang Technological University (Singapore, Singapore).

hvKp Screening

We screened all hvKp strains using the “string test” [21].
Briefly, each lyophilized K. pneumoniae isolate was thawed,
and a small amount of bacterial solution was obtained using
a sterile inoculation loop. The bacterial solution was applied
to Mueller—Hinton (MH) agar plates (Solarbio, Beijing,
China) using the three-zone line method [21]. MH agar
plates were then incubated at 37 °C for 24 h. After 24 h,
the MH agar plates were removed and the colonies were
touched with a sterile inoculation loop and drawn outwards.
A positive result was indicated by the generation of a viscous
string > 5 mm in length following the stretching of bacterial
colonies on MH agar.

Biofilm Formation Ability
Congo Red Agar Method of Qualitative Biofilm Formation

Selected hvKp isolates were inoculated on Congo red agar
plates using the three-zone line method [22]. Accordingly,
Congo red agar plates inoculated with bacteria were
incubated at 37 °C for 24 h and the growth of colonies was
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observed. Biofilm-positive strains on Congo red plates
were indicated by small, dry, black colonies delineated by
transparent circles (Fig. 1a), whereas large, red, mucoid,
smooth, and rounded colonies indicated biofilm-negative
strains.

Semiquantitative Analysis of Biofilm Formation by Crystal
Violet Staining

Evaluation of biofilm formation was performed in 96-well
microtiter plates as previously described [22]. Briefly, 200 ul
bacterial suspension (optical density [OD]z,=0.1;~ 108
colony forming units [CFU]/ml) was added to each well.
MH broth without bacterial suspension was used as the
negative control. After incubation at 37 °C for 24 h, the
plate was washed thrice with sterile distilled water, dried
at 20-25 °C, and stained with 200 ul crystal violet (0.1%
w/v) for 15 min. The excess stain was rinsed thrice with
sterile distilled water, the plate was dried, and the bound
stain was solubilized in 200 pl of 95% (v/v) ethanol. The
solubilized stain in each well was transferred to a new
microtiter plate, and its absorbance was measured at 570 nm
(ODys;() using a microtiter plate reader (Multiskan; Thermo
Fisher Scientific, Waltham, MA, USA). Tested strains were
classified according to their ability to form biofilms, as

trong biofilm former
30.00%

Fig. 1 a Congo red agar method for biofilm formation (Small, dry,
black colonies delineated by transparent circles indicated biofilm-
positive strains and large, red, mucoid, smooth, rounded colonies
indicated biofilm-negative strains.) b Analysis of the biofilm

previously described [22]. Averages were calculated from
at least three independent trials.

OD <OD cut-off (ODc)=not a biofilm former.
ODc < OD <£20Dc = weak biofilm former.
20Dc < OD £40Dc = moderate biofilm former.
40Dc < OD = sstrong biofilm former.

The ODc value was defined as three standard
deviations > the mean OD of the negative control.

hvKp Biofilm Model Establishment

Based on the results of the crystal violet staining assay,
the strain with the strongest biofilm formation ability, that
is, hvKpl, was selected for the construction of the in vitro
hvKp biofilm model, as previously described [17]. The
hvKpl strain was restored to an active state, and a bacterial
suspension (ODg¢y,=0.1) was prepared. Each well of a
24-well plate (Corning Inc., Corning, NY, USA) was filled
with 1 ml bacterial suspension and fitted with a PVC sheet
serving as the biofilm growth carrier. The 24-well plate was
then incubated at 37 °C, the MH broth was replaced every
24 h, and the biofilm was continuously cultured for 1-7 d
before its growth was terminated and evaluated. The carrier
was removed, semiquantitatively stained with crystal violet,
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P <0.05 compared with hvKpl
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and examined under a scanning electron microscope (SEM)
(VEGA3 LMU; TESCAN, Brno, Czech Republic).

Plotting of Biofilm Growth Curve

The carrier was removed, gently rinsed with sterilized
phosphate-buffered saline (PBS), fixed with 2.5% (v/v)
glutaraldehyde for 2 h, and dried. Subsequently, it was
stained with 0.1% (w/v) crystal violet at 20-25 °C for
15 min, washed with sterilized PBS to remove any unbound
crystal violet solution. The carrier was then decolorized
with 95% (v/v) ethanol, and its absorbance was measured at
570 nm using a microtiter plate reader. Three parallel holes
were made each day.

Scanning Electron Microscopy Analysis

The carrier was removed, gently washed with sterilized
PBS, fixed in 2.5% (v/v) glutaraldehyde solution, soaked
in sterilized PBS, fixed in osmium tetroxide (OsO,), and
dehydrated in an ethanol gradient series (70, 80, 90, and
100% [v/v]). Subsequently, the carrier was dried under a
vacuum (HCP-2 Critical Point Dryer, DAP-6D; ULVAC
KIKO, Inc., Tokyo, Japan), sputter-coated with gold, and
observed under a SEM (VEGA3 LMU; TESCAN) [17].

Determination of Minimum Inhibitory
Concentration

The minimum inhibitory concentrations (MICs) of BA, EM,
and LEV were determined using the broth microdilution
dilution method according to the guidelines of the Clinical
and Laboratory Standards Institute (2019) [23]. ATCC43168
was used as the quality control strain. Briefly, serial twofold
dilutions of BA, EM, and LEV were prepared in MH
broth, and 100 pl of each dilution solution was added to
each well of 96-well plates. Subsequently, 100 pl diluted
bacterial suspension (~x 103 CFU/ml) was added to each
well containing the drug dilution. The control contained only
inoculated MH broth. The 24-well plates were incubated at
37 °C for 24 h. The lowest concentration of the drug dilution
resulting in no visible growth in the well was considered
to be the MIC endpoint of the specific drug. In addition,
the visual turbidity of each well was noted, both before and
after incubation to confirm the obtained MIC value. The
experiment was performed in triplicate.

In Vitro Antibiofilm Effect Assay
Bacterial cultures at ODgy,=0.1 were prepared and
transferred to each well of a 24-well plate (Corning Inc.). A

PVC sheet was placed in each well and used as the biofilm
growth carrier. The plate was incubated at 37 °C and 5%
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CO, atmosphere. The MH broth was replaced every other
day until incubation was discontinued on days 3 and 5.
Planktonic bacteria on the carrier surface were removed
with sterilized PBS. MH broth and EM were used as the
negative and positive controls, respectively. The following
drug treatment groups were prepared: MH broth (MH);
dimethyl sulfoxide (DMSO); BA at a final concentration
of 1/4 MIC (BA); EM at a final concentration of 1/4 MIC
(EM); LEV at a final concentration of MIC (LEV); LEV at a
final concentration of twofold MIC (2LEV); BA plus LEV at
a final concentration of MIC (BA +LEV); and EM plus LEV
at a final concentration of MIC (EM + LEV). All treatments
were applied for 24 h.

Colony Count Assay

Bacteria in the biofilm were enumerated by the plate
counting method [24]. After 24 h treatment, the carriers
were removed, washed with sterilized PBS to remove
planktonic bacteria, placed in tubes containing 1 ml of sterile
physiological saline, and vortexed to release and disperse the
bacteria. The original bacterial suspensions were serially
diluted to various concentrations in sterile physiological
saline. Ten microliters of each dilution were spread with
a sterile coating bar onto MH agar plates and incubated at
37 °C for 24 h. Bacterial colony counts were expressed in
log,, CFU/ml. The experiment was performed in triplicate.

Semiquantitative Analysis of Biofilm Formation

Crystal violet staining [25] was used to quantify the
generated biofilm mass. After 24 h treatment, the carrier was
removed, washed with sterilized PBS to remove planktonic
bacteria, dried at 20-25 °C, stained with 0.1% (w/v) crystal
violet for 15 min, washed thrice with sterilized PBS, dried
again at 20-25 °C, and placed in 95% (v/v) ethanol. The
biomass was quantified by measuring its ODs;, using a
microplate reader (Multiskan; Thermo Fisher Scientific).
The experiment was performed in triplicate and in parallel.

Table 1 Primers used for real-time quantitative PCR

Primer Base sequence

23srRNA 23srRNA-F ATCGTACCCCAAACCGACAC
23srRNA-R TTCTCCCGAAGTTACGGCAC

wbbM wbbM-F ATGCGGGTGAGAACAAACCA
wbbM-R AGCCGCTAACGACATCTGAC

AcrA AcrA-F CTCTGGCGGTCGTTCTGATGC
AcrA-R CATGTGCTGGGCTCCCTGTTG

mrkA mrkA-F ACGTCTCTAACTGCCAGGC
mrkA-R TAGCCCTGTTGTTTGCTGGT
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Table 2 Distribution of
hypervirulent Klebsiella

pneumoniae strains among

clinical departments

Department Value (N=280) Department Value (N=280)
Intensive care unit (ICU) 18 (22.50) Cardiothoracic surgery 3(3.75)
Respiratory medicine 18 (22.5) Hepatobiliary surgery 8 (10.00)
Gastroenterology 3(3.75) Neurosurgery 6 (7.50)
Neurology 3(3.75) Gastroenterology surgery 2 (2.50)
Hematology 2 (2.50) Urology 4 (5.00)
Medical oncology 3(3.75) Burns and plastic surgery 2 (2.50)
Endocrinology 2 (2.50) Traditional Chinese medicine 1(1.25)
Nephrology 1(1.25) Rehabilitation medicine 1(1.25)
Cardiology 1(1.25) Dermatology 2 (2.50)

Values are presented as No. (%) of isolates

Relative Expression of the wbbM, mrkA, and AcrA
Genes

RNA Extraction and cDNA Synthesis

After 24 h of drug treatment, the carrier was removed,
washed with sterilized PBS to remove planktonic bacteria,
placed in a tube containing 1 ml sterile physiological saline,
ultrasonicated for 10 min, and vortexed for 5 min for the
release and dispersion of bacteria. Drug-free medium served
as the control. Total bacterial RNA was extracted using the
RNAiso Plus kit (Takara Bio Inc., Shiga, Japan) according to
the manufacturer’s instructions. Single-stranded cDNA was
synthesized using the PrimeScript™ RT Master Mix (Takara
Bio Inc.) according to the manufacturer’s instructions.

RT-qPCR

RT-qPCR was performed in a LightCycler480 System with
TB Green® Premix Ex Taq™ II (Takara Bio Inc.) according
to the manufacturer’s instructions. The expression of the
wbbM, mrkA, and AcrA genes was assessed by RT-qPCR
using the 23S rRNA as an internal control. The primer
sequences used in this experiment were reported in the
literature and synthesized by Sangon Biotech [16], and
are shown in Table 1. Cycling parameters were as follows:
pre-denaturation stage at 95 °C for 30 s; polymerase chain
reaction stage at 95 °C for 5 s, 40 cycles at 60 °C for 20 s,
and one melting curve stage at 95 °C for O s, followed by
65 °C for 15 s and 95 °C for O s. The levels of expression
of wbbM, mrkA, and AcrA were calculated using the 2-AACt
method [26].

Statistical Analysis

Data were analyzed using GraphPad Prism v. 8.0
(GraphPad Software, La Jolla, CA, USA) and presented
as the mean + standard deviation. Multiple intergroup
comparisons were performed using one-way analysis of

variance (ANOVA). Differences between groups were
evaluated by ANOVA followed by post-hoc test using the
SPSS 22.0 software (IBM Corp., Armonk, NY, USA), A
P <0.05 indicated statistically significant differences.

Results
hvKp Screening

Between October 2019 and October 2020, we collected a
total of 289 clinical isolates of K. pneumoniae from the
First Affiliated Hospital of Guangxi Medical University. Of
the 289 K. pneumoniae strains, 80 were hvKp (27.68%),
whereas 209 were cKp (72.32%).

Source and Departmental Distribution of hvKp
Specimens

Table 2 shows that the 80 hvKp strains originated mainly
from the ICU (22.50%), respiratory medicine (22.50%),
hepatobiliary surgery (10.00%), and neurosurgery (7.50%)
departments. Table 3 shows that the 80 hvKp strains were

Table 3 Source and distribution of hypervirulent Klebsiella pneumo-
niae

Specimen Value (N=280)
Sputum 33 (41.25)
Alveolar lavage fluid 16 (20.00)
Pharyngeal swab 1(1.25)
Pleural fluid 2(2.50)

Urine 4 (5.00)
Drainage fluid 2(2.50)

Other secretions 10 (12.5)

Bile 4 (5.00)
Blood 8 (10.00)

Values are presented as No. (%) of isolates
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primarily derived from sputum (41.25%), alveolar lavage
fluid (20.00%), and other secretions (12.5%).

Analysis of Biofilm Formation Ability

We identified that out of the 80 hvKp strains, 60 (75.00%)
were biofilm-positive, whereas 20 (25.00%) were biofilm-
negative. We also used crystal violet staining to analyze
the biofilm formation ability of biofilm-positive strains.
Figure 1b shows that based on ODc=0.38, 18 (30.00%),
31(51.67%), and 11 (18.33%) of the biofilm-positive hvKp
strains were strong, moderate, and weak biofilm formers,
respectively.

Plotting of Biofilm Growth Curve

We determined that the carrier-attached biofilm mass was
gradually increased from day O, reaching its maximum
on day 5 of incubation (P <0.05) as indicated in Fig. 1c.
On day 6 of incubation, we observed a slight decrease in
the carrier-attached biofilm mass (P “ 0.05). On day 7, we
did not detect any further decrease in the biofilm mass
(P>0.05). We further longitudinally analyzed the carrier-
attached biofilm mass of the three clinical strains and K.
pneumoniae ATCC43816. We found that hvKpl generated
the most biofilm mass on the carrier surface on days 3 and
5 (P <0.05) as shown in Fig. 1d. Hence, we concluded that
hvKpl exhibited the highest biofilm formation capacity and
used it in subsequent experiments.

Biofilm Morphology Under Scanning Electron
Microscopy

Biofilm morphologies of the three hvKp clinical strains
and K. pneumoniae ATCC43816 are shown in Fig. 2. We
specifically observed that after 1 d of in vitro culture,
bacteria uniformly adhered to the carrier surface, exhibiting
faintly visible hairs and bluntly rounded and rod-shaped
morphology, with few of them being stacked. After 3 d of
in vitro culture, we noticed that the bacteria were clustered
into interconnected and stacked microcolonies, forming
loose mesh-like 3D structures. In addition, we detected
trace amounts of extracellular matrix and the emergence
of an early biofilm pattern. After 5 d of in vitro culture,
we found that the carrier surface was covered by a mature
biofilm primarily consisting of rod-shaped bacteria arranged
in a 3D-stacked layer and pore structure with abundant
extracellular matrix. Finally, after 7 d of in vitro culture, we
still observed the presence of a typical biofilm with mature
morphology on the carrier surface.
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Determination of Minimum Inhibitory
Concentration

The MICs of BA, EM, and LEV against the clinical
isolate strain hvKpl and standard strain K. pneumoniae
ATCC43816 are shown in Table 4. We determined that both
MICs of BA against the clinical isolate strain hvKpl and
standard strain K. pneumoniae ATCC43816 were >2048 ug/
ml. Likewise, we found that both MICs of EM against the
either strains were > 32 ug/ml. In addition, we detected
that the MICs of LEV against hvKpl and K. pneumoniae
ATCC43816 were > 0.25 and > 0.125 pg/ml, respectively.

In Vitro Antibiofilm Effect

We treated our biofilm models on days 3 (d3) and 5 (d5)
with BA alone or in combination with LEV for 24 h, using
EM as a positive control. We evaluated the biofilm-forming
inhibitory activity (antibiofilm effect) of these drugs using
the plate count method and crystal violet staining (Fig. 3A).
We detected that neither the biofilm mass on the carrier
nor the bacterial counts inside the biofilm had significantly
decreased in either biofilm models treated with BA, EM,
LEV, and 2LEV (P> 0.05). Whereas, compared with
the MH, BA, LEV, and 2LEV treatments, we found that
BA+LEV and EM +LEV treatments significantly reduced
the biofilm mass and bacterial counts inside the biofilm in
the d3 biofilm model (P <0.05). However, in the d5 biofilm
model, neither the BA+ LEV nor EM + LEV treatment had
any significant effect on the biofilm mass or bacterial counts
(P>0.05). We also did not detect any significant differences
between the BA+LEV and EM + LEV treatments in terms
of biofilm mass or bacterial count (P> 0.05) in either of the
biofilm models.

Effects of Drug Treatment on hvKp Biofilm
Morphology

We determined that early biofilm formation occurred after
3 d of in vitro culture, as shown in Fig. 4. We observed the
morphologies of the generated biofilms under SEM after
24 h of drug treatment. In the MH and DMSO groups, we
observed stereological structures typical of an early biofilm
form, with small amounts of extracellular matrices being
formed between the bacterial cells. Hence, we assumed that
DMSO had no effect on biofilm formation. Interestingly,
we found that after BA or EM treatment, hvKp bacterial
titers were decreased, bacterial gaps were widened, and the
amount of extracellular bacterial matrices was decreased.
Whereas, we noticed that after the LEV and 2LEV
treatments, the shape of bacteria was elongated, but the
stereological structures of early biofilms were still visible.
Finally, we found that in both the BA+LEV and EM +LEV
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Fig.2 Dynamic observation of hypervirulent Klebsiella pneumoniae (hvKp) biofilm morphology under scanning electron microscope at x 5000

Table 4 Baicalin, erythromycin, and levofloxacin minimum inhibi-
tory concentrations (MICs) vs. hypervirulent Klebsiella pneumoniae
(hvKp) 1 and ATCC43816

Antimicrobial MIC (pg/ml)

hvKpl ATCC43816
Baicalin 2048 2048
Levofloxacin 0.25 0.125
Erythromycin 32 32

treatments, the number of hvKp bacteria was significantly
reduced, and the stereological structures had collapsed.

As mentioned, we observed the formation of a mature
biofilm after 5 d of in vitro culture. We observed the
morphologies of generated biofilms under SEM after 24 h
drug treatment (Fig. 4). In cultures treated with MH, BA,
EM, LEV, or 2LEV, we observed the typical morphology
of mature biofilm, which was characterized by dense
and viscous extracellular matrix and cellulosic material
surrounding the bacteria. However, we noticed that the
amount of extracellular matrices was slightly reduced,
but the biofilm structures remained intact and three-
dimensional in cultures treated with BA, EM, EM +LEV,
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A
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Day-3 biofilm Day-5 biofilm

Fig.3 A Effect of baicalin (BA) plus levofloxacin (LEV) on biofilm
mass and bacterial load of hypervirulent Klebsiella pneumoniae.
# indicates P<0.05 compared with MH, BA, EM, LEV, or 2LEV
treatment. B Effect of Baicalin combined Levofloxacin on the

or BA+LEV. These findings were consistent with the
results of the semiquantitative biofilm experiments based
on crystal violet staining and enumeration of live serially
diluted bacteria.

Effects of Drug Treatments on Biofilm-Associated
Gene Expression

We performed RT-qPCR to detect the relative levels of
expression of the biofilm-associated genes AcrA, mrkA,
and wbbM in hvKp treated with BA and LEV alone and
in combination. We found that the combination of BA
and LEV significantly inhibited the expression of these
genes to a greater extent than either drug alone (P > 0.05)
as shown in Fig. 3B. Interestingly, we detected that at the
early biofilm stage, treatment with BA, LEV, or 2LEV did
not affect the expression of AcrA (P> 0.05). Whereas, its
expression was significantly downregulated in the BA+LEV
group (P> 0.05). We also determined that the expression
of wbbM was inhibited in the LEV and 2LEV groups (P *
0.05), Although BA alone did not affect the expression of
wbbM (P > 0.05), the combination of BA with LEV led to a
significantly stronger inhibition in the expression of wbbM
than that observed in the MH, BA, LEV, and 2LEV groups
(P <0.05).

Notably, we observed that at the mature biofilm stage,
treatment with BA and 2LEV groups did not affect the
expression of AcrA (P> 0.05). However, we detected that
the expression of AcrA was upregulated after treatment with
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expression levels of hypervirulent Klebsiella pneumoniae biofilm-
related regulatory genes. Note: *indicates P<0.05 compared to
MH group; #indicates P<0.05 compared to BA group;+indicates
P <0.05 compared to LEV group and 2LEV group

LEV (P> 0.05), whereas significantly downregulated after
combined treatment with BA and LEV (P> 0.05). We found
that, compared with MH, BA, LEV, and 2LEV had no effect
on the expression of wbbM (P > 0.05). Whereas, combined
treatment with BA and LEV significantly downregulated the
expression of wbbM (P> 0.05) (Fig. 5).

Discussion

The incidence of hvKp infections has steadily increased
worldwide, widely varying in the Asia—Pacific region. In
recent years, hvKp has emerged as a clinical variant of K.
pneumoniae [8]. Although it is relatively more sensitive to
antibiotics than cKp, hvKp is highly virulent, exhibiting
a high capacity for biofilm formation [8]. To date, the
identification of hvKp strains has been mainly based
on the use of the “string test”. Although hvKp exhibit a
highly mucous phenotype strongly associated with high
virulence and invasive infection, not all strains display the
hypermucoviscous phenotype. Hence, proper definition
of hvKp strains requires the use of the “string test” in
conjunction with evaluation of clinical manifestations and
detection of certain virulence genes. As no international
standards for defining hvKp currently exist, most studies
continue to use the “string test” to screen for hvKp strains
[27]. In this study, we also used the “string test” to screen
for hvKp among clinical strains of K. pneumoniae.
Accordingly, the isolation rate of clinical hvKp at the
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Fig.4 Effects of baicalin (BA) plus levofloxacin (LEV) on biofilm morphology. MH: Mueller-Hinton; DMSO: dimethyl sulfoxide; EM:

erythromycin

First Affiliated Hospital of Guangxi Medical University
between October 2019 and October 2020 was 27.68%. This
incidence was slightly lower than those previously reported
in the literature, possibly because our sources were more
homogeneous, and our sample size was relatively smaller
than those of earlier studies [28]. As such, the prevalence of
hvKp might be underestimated due to the lack of objective
diagnostic methods [29]. Moreover, hvKp was isolated
mainly from the alveolar lavage fluid and sputum of patients
in the respiratory medicine department and ICU, probably
because these individuals might be immunocompromised
and undergo frequent antibiotic administration and invasive
surgery. Furthermore, hvKp appears to primarily cause
respiratory infections. Sputum is prone to contamination
from colonizing bacteria. Hence, health care professionals
should improve the collection and management of sputum
specimens by handling sample preparation, preservation,
and delivery aseptically.

There have been relatively more studies on biofilm
formation by Staphylococcus aureus, Pseudomonas
aeruginosa, and Candida albicans than on biofilm formation
by hvKp. Here, we assessed the biofilm formation ability of
80 hvKp strains and found that among 60 biofilm-positive
strains, 18 (30.00%), 31 (51.67%), and 11 (18.33%) were
strong, moderate, and weak biofilm formers, respectively.
Thus, hvKp has a strong overall ability for biofilm
formation. Bacteria can attach to biological materials, latex,
stainless steel, silicon, glass, polycarbonate, PVC, and other
nonbiological materials and form biofilm on them [30]. The
generation of artificial biofilm helps clarify the mechanisms
of its formation and biological activity and can be used for
the establishment of later-stage in vivo infection [31]. We
found that hvKp strains underwent attachment, aggregation,
maturation, and dispersal until the next round of attachment.
Notably, hvKp formed early and mature biofilms in vitro
after 3 and 5 days of continuous culture, respectively. The
modelling method used herein was characterized by simple

@ Springer
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operation, ready availability of materials, short culture
period, and high stability. Therefore, we successfully
established an in vitro quiescent model for hvKp and
provided a theoretical basis for investigating hvKp biofilm-
associated infections.

Bacterial biofilms contribute to virulence and chronic
infection. A biofilm provides a favorable inert environment
that confers antibiotic resistance to the planktonic bacteria
that are embedded deeper in the structure [30]. In recent
years, combinations of multiple antibiotics have been
administered to treat biofilm-associated bacterial infections.
However, these drug combinations are not viable long-
term treatment options, and new therapeutic strategies are
urgently needed.

Erythromycin inhibits biofilm formation and the
production of virulence factors, such as protein hydrolase,
elastase, and rhamnolipids in Pseudomonas aeruginosa.
Combined with ceftazidime, imipenem, or LEV, EM has
been reported to exert coordinated antibacterial efficacy

@ Springer

against P. aeruginosa biofilms [32, 33]. We thus established
in vitro models of early and mature hvKp biofilms based on
this foregoing approach. We used EM as a positive control
to investigate the toxic effects of BA alone or in combination
with LEV on hvKp biofilms. The mass of early and mature
biofilm on the carrier surface and number of bacteria within
the biofilm did not decrease after LEV or 2LEV treatment. In
contrast, the combination of LEV plus BA or EM effectively
cleared the early biofilm, killed the resident bacteria, and
loosened the biofilm structure. However, the same drug
combinations had comparatively lower efficacy against the
mature biofilm. Moreover, treatment with either BA+LEV
or EM+LEV did not significantly differ in their efficacy
against early or mature biofilm. Therefore, we assumed that
BA and EM might have comparable antibiofilm efficacy.
Importantly, hvKp has various virulence factors,
including bacterial hairs, lipopolysaccharides (LPS), efflux
pumps, and iron carriers, which protect the pathogen against
host immune responses and antibiotics and strengthen its
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adhesion to epithelial tissues and medical device surfaces
[8]. Several virulence genes implicated in biofilm formation,
such as AcrA, mrkA, and wbbM, were detected in K.
pneumoniae [22]. The multidrug efflux pump of gram-
negative bacilli is a bacterial defense mechanism. Thus,
efflux pump upregulation often causes multidrug resistance
in bacteria and is a key factor in emerging global antibiotic
resistance [34]. The efflux pump system has been associated
with both antibiotic resistance and biofilm formation [35].
The AcrAB-TolC system and its homologs are the main
multidrug efflux transporters in gram-negative bacilli [36].
Type I and III hairs on K. pneumoniae have been associated
with biofilm formation and chronic urinary tract infections.
mrkA and mrkD are adhesion genes encoding type III hairs
[37, 38]. In addition, the MrkA protein in the type III hair
complex has been associated with biofilm formation [39].
Thus, hvKp strains expressing mrkA, mrkD, and rmpA might
have moderate to strong biofilm formation capabilities [40].

Lipopolysaccharides, which consist of polysaccharides
and lipids, are the main components of the outer cell wall
in gram-negative bacilli, and act as endotoxins, causing
fever in humans [41]. Of note, LPS have been closely
associated with biofilm formation [42]. The D-galactose
I biosynthetic gene cluster in K. pneumoniae encodes the
predicted galactosyltransferases WbbM, WbbN, and WbbO
[43]. However, there is only conclusive empirical evidence
for WbbO and WbbM. The latter is a newly identified O2a
antigen polymerase closely associated with LPS biosynthesis
[44]. We used RT-PCR to investigate the effects of BA
plus LEV on the expression of hvKp biofilm-associated
genes. The combination of BA and LEV significantly
downregulated the expression of AcrA and wbbM in both
early and mature biofilms. When LEV alone was applied to
the mature biofilm at MIC concentrations, the expression
of AcrA was significantly upregulated compared with that
in the MH group. In contrast, when LEV was applied
in combination with BA to the mature biofilm at MIC
concentrations, the expression of AcrA was significantly
downregulated compared with that in the MH group.
These observations were consistent with those of previous
studies [45]. Low antibiotic doses have been shown to not
be able to downregulate the expression of genes encoding
the efflux pump system; however, they do upregulate the
expression of its regulatory genes. Previous studies proposed
that BA inhibits the efflux pump system and, by extension,
biofilm formation [46, 47]. Similar results in the present
study indicated that BA might, therefore, inhibit the efflux
pump system in hvKp biofilms. Therefore, the employment
of such drug combination treatments might be an effective
therapeutic strategy for improving the management of hvKp
biofilm-associated infections.

Conclusions

The present study showed that the isolation rate of clinical
hvKp strains at the First Affiliated Hospital of Guangxi
Medical University was 27.86%. Most hvKp strains
were isolated from the sputum and alveolar lavage fluid
of patients in the respiratory medicine department and
ICU. We successfully established a static hvKp biofilm
model in vitro and detected the formation of early and
mature biofilms after only 3 and 5 d of continuous culture,
respectively. Importantly, hvKp strains exhibited a strong
biofilm formation ability. However, administration of
BA significantly disrupted the formed hvKp biofilm and
cooperated with LEV to enter the biofilm structure and exert
its bactericidal function. Moreover, the combination of BA
with LEV had higher efficacy against early than mature
biofilm, which was comparable to that of EM. Thus, BA
plus LEV might be effective against the formation of hvKp
biofilms by affecting the transcription of genes regulating
the efflux pump system. This drug combination treatment
might represent a novel strategy for enhancing the efficacy
of treatments by reducing biofilm-associated drug resistance.
As a new drug against bacterial diseases, which has been
shown to reduce the virulence of bacterial strains, BA and its
mechanisms of action require further investigation in future
research.
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