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Combating biofilm-associated Klebsiella
pneumoniae infections using a bovine
microbial enzyme
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Theemergenceofmultidrug-resistantKlebsiella pneumoniaeposes significant clinical challengeswith
limited treatment options. Biofilm is an important virulence factor of K. pneumoniae, serving as a
protective barrier against antibiotics and the immune system. Here, we present the remarkable ability
of a bovine microbial enzyme to prevent biofilm formation (IC50 2.50 μM) and degrade pre-formed K.
pneumoniae biofilms (EC50 1.94 μM) by degrading the matrix polysaccharides. The treatment was
effective against four different clinical K. pneumoniae isolates tested. Moreover, the enzyme
significantly improved the biofilm sensitivity of a poorly performing broad-spectrum antibiotic,
meropenem, and immune cells, resulting in facile biofilm clearance from the mouse wound infection.
Notably, well-known powerful enzymes of the same class, cellulase, and α-amylase, were nearly
inactive against theK.pneumoniaebiofilms. Theenzymeexhibitedantibiofilmactivitywithout showing
toxicity to the mammalian and microbial cells, highlighting the potential of the enzyme for in vivo
applications.

Klebsiella pneumoniae is a gram-negative opportunistic pathogen and a
major cause of nosocomial infections such as pneumonia, urinary tract
infections (UTI), bacteremia, liver abscess, meningitis, etc. The recent
upsurge in antimicrobial resistance among K. pneumoniae isolates, and the
emergence of highly invasive hypervirulent strains limit the available
treatments for K. pneumoniae infections1,2. Most K. pneumoniae strains
produce biofilms, in which microorganisms are protected within the self-
produced extracellular polymeric substances (EPS), whichmainly comprise
polysaccharides, extracellular DNAs (eDNAs), lipids, and proteins3–5. The
dense EPS matrix limits the activity of immune cells6 and increases the
necessity of the dose of certain antibiotics up to 1000 times7.Microbes in the
biofilm exhibit various altered phenotypes, such as the presence of persister
cells, slow metabolic and growth rates, and high rates of horizontal gene
transfer, which result in the emergence ofmultidrug-resistant strains.Many
hypervirulent K. pneumoniae are hypermucoviscous and often produce a
thick mucoid polysaccharide capsule, thereby enhancing the microorgan-
ism’s ability to elude the host immune response8–11. SuchpropertiesmakeK.
pneumoniae the next global ‘superbug’ in waiting, and the World Health
Organization (WHO) has enlisted it as a critical threat pathogen3–5,12,
highlighting the need for effective strategies for preventing and treating K.
pneumoniae biofilm-associated infections.

Success against multidrug-resistant microbes invariably requires
effective dispersion of biofilms under physiological conditions. The major
component of the EPS matrix of biofilm is polysaccharides that provide
immense strength and inertness to biofilm. Furthermore, polysaccharides
act as nutrient reservoirs and facilitate the formation of a suitably structured
environment for microbes to persist13. Therefore, the degradation of poly-
saccharides could substantially weaken the biofilm, leading to easy access of
microbes to antimicrobials. Enzymatic dispersion of biofilms has great
promise in developing a novel therapy against biofilms since enzymes are
biocompatible, and biofilm-associated pathogens are unlikely to develop
resistance against enzymes as enzymes do not target the pathogen14–18.
However, sustained enzyme activity and stability are prerequisites under
physiological conditions and in vivo milieu to utilize enzymes for biofilm
dispersion in healthcare settings.

The bovine rumen microbial community produces numerous hydro-
lase enzymes that facilitate the breakdown of complex polysaccharides into
simpler sugars under physiological conditions19–21. In this regard, there is an
ingenious scope for utilizing bovine rumen enzymes for biofilm dispersion.
We hypothesized that the bovine mesophilic glycoside hydrolases (GHs),
which have naturally evolved from the biomass-degrading microbial
communities, would exhibit high saccharolytic activity under physiological
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conditions. Therefore, these enzymes would be suitable for dispersing
polysaccharides of the biofilm matrix under therapeutically relevant
conditions.

Here, we present the discovery of the remarkable ability of a bovine
rumen microbial enzyme to rapidly disperse the mature biofilms of four
different clinical isolates of K. pneumoniae from different patients. We
establish that the enzyme exhibits unusually high stability, activity, and
exceptional ability in dispersing mature K. pneumoniae biofilms at a low
micromolar concentrationunder physiological conditions.We explored the
mode of biofilm dispersion of the enzyme and established that the enzyme
rapidly degrades the matrix polysaccharides. Furthermore, we demonstrate
that the enzyme synergistically enhances the antibiotic and immune cell
efficacy against the biofilm-encased pathogen and assists in antibiotic
treatment of biofilm-associated K. pneumoniae infection in mice. By tar-
geting and eradicating biofilms, the enzyme offers a promising biocompa-
tible strategy to overcome the persistent and resistant nature of K.
pneumoniae infections, unfolding new possibilities for utilizing bovine
rumen microbial enzymes against biofilm-associated infections that are a
global crisis.

Results
Selection of the bovine microbial enzyme for biofilm dispersion
We analyzed the phylogenetic relationships of 90 GHs of the bovine rumen
microbiome (discovered in a previous study19) and found that these
enzymes primarily belong to the families GH3, GH5, GH8, GH9, GH10,
GH26, and GH48 (Fig. 1a). Since cellulosic polysaccharides are the major
components of biofilms of many pathogens, we targeted the enzymes of the
GH5 family, which are known to act on cellulosic substrates. To refine our
selection, we performed domain analysis of the predicted GH5 family of
enzymes and identified a putative GH comprising two BACON (Bacter-
oidetes-Associated Carbohydrate-binding, Often N-terminal) domains
along with the GH5 catalytic domain (Fig. 1a, b). The BACONdomains are
suggested to have the ability to bind to carbohydrates and glycosylated
proteins,whichmight aid in the enzyme’s access to the substrate and efficacy
in polysaccharide degradation22. We named our selected enzyme GH-B2,
whereB2 stands for the twoBACONdomains.We analyzed theAlphaFold-
predicted structure of the enzyme23 and found that theBACONdomains are
majorly comprised of anti-parallel β-sheets. The enzyme displays the (β/α)
8-barrel structure in line with the folding of the GH5 family of enzymes
(Supplementary Fig. 1).We further performedmultiple sequence alignment
of GH-B2 with the well-characterized GH5 enzymes and found that the
active site of the enzymeharbors two conserved catalytic glutamate residues,
Glu370 and Glu510 (Fig. 1b and Supplementary Fig. 2).

GH-B2 is a potent polysaccharide-degrading enzyme
We successfully expressed GH-B2 in E. coli and purified it to homogeneity
for the first time (Fig. 1c). The enzyme eluted as a single peak on the size
exclusion chromatography column, suggesting its monodisperse and
monomeric nature (Fig. 1d). We performed activity assays of GH-B2 with
carboxymethyl cellulose (CMC) that closely mimics the natural cellulosic
polysaccharides. GH-B2 exhibited high activity with CMC, with the turn-
over numbers reaching 2872min−1 (Fig. 1e). The enzyme was also active
against galactomannan and the model substrates p-nitrophenyl-β-D-glu-
copyranoside and p-nitrophenyl-β-D-galactopyranoside (Supplementary
Fig. 3 and SupplementaryTable 1).GH-B2 exhibited activity in awide range
of pH (~4.5–10), with maximal activity in the pH range of 5.5–7 (Fig. 1f).
The enzyme displayed high activity with CMC at 37 °C; nevertheless, with
CMC, the highest activity was observed at 60 °C (Fig. 1g), which could be
due to the enhanced solubility and reduced viscosity of CMC at the higher
temperature. Moreover, GH-B2 exhibited nearly maximal activity for ~28
days at 37 °C, suggesting a long life of the enzyme under physiological
conditions (Fig. 1h). Alongside, the thermal stability of GH-B2 was ana-
lyzed, and the T50 (the temperature at which the enzyme retains 50% of
initial activity) of GH-B2 was found to be ~50 °C (Fig. 1i), suggesting
enhanced thermal stability of the enzymedespite being ofmesophilic origin.

Additionally, GH-B2maintained ~50%activity in 20% ionic liquid, 1-ethyl-
3-methylimidazolium acetate (Fig. 1j), demonstrating remarkable stability
of the enzyme. GH-B2 also showed high halotolerance and maintained
nearly maximal activity up to at least 2M NaCl and KCl (Supplementary
Fig. 4a). We further tested whether the enzyme undergoes product inhibi-
tion and found no effect of glucose and galactose at high concentrations on
GH-B2 activity (Supplementary Fig. 4b).

GH-B2 rapidly degrades mature K. pneumoniae biofilms
Based on the high activity and stability of GH-B2, we hypothesized that the
enzyme could effectively degrade the exopolysaccharides of the biofilm
matrix under physiological conditions. Therefore, we investigated the bio-
film dispersion ability of GH-B2 against biofilms of several pathogens. In
particular, we focused on the biofilms of the members of the ESKAPE
pathogens, such as Klebsiella pneumoniae (KP 529), methicillin-resistant
Staphylococcus aureus (MRSA), Enterobacter aerogenes (EA), and Pseudo-
monas aeruginosa (PA) and found that GH-B2 effectively disperses the
biofilm of K. pneumoniae compared to the biofilms of other pathogens
(Supplementary Fig. 5). We subsequently tested the efficacy of GH-B2
against biofilmsof threemore clinicalK. pneumoniae isolates (KP20275,KP
5957, KP 6070) from different sources and patients of varying ages and
genders (Supplementary Table 2). The whole genome sequencing and
multilocus sequence typing (MLST) analyses indicated that the four K.
pneumoniae isolates were distinct in terms of serotype, clonal type, having
different capsular polysaccharides, and virulence genes (Supplementary
Table 3). Interestingly, GH-B2 readily dispersed the mature biofilms of all
theK.pneumoniae isolates (Fig. 2a, b).Among the four,KP529andKP6070
isolates were more virulent and possessed hypermucoviscous genotypes
(SupplementaryTable 3).However, the phenotypic characterization studies
highlighted that KP 6070 was a poor biofilm-producing isolate and the KP
529 was hypermucoviscous and formed a robust biofilm (Fig. 2c and Sup-
plementary Fig. 6). Therefore, the KP 529 isolate was subjected to further
studies. The dose titration study showed that GH-B2 could disrupt 3-day-
old mature KP biofilm within 2 h with the half-maximal effective con-
centration (EC50) of 1.94 μM(Fig. 2d). To validate that the dispersion of KP
biofilm is due to the degradation of the polysaccharides of the EPS matrix,
we isolated the exopolysaccharides of KP biofilm and treated it withGH-B2
and the releasedsugarwas analyzedbygas chromatography coupled tomass
spectrometry (GC–MS). We found that glucose was released as the major
sugar (retention time: 14.9 min, Fig. 2e and Supplementary Fig. 7). Further,
we quantified the amount of glucose released as a function of time using the
phenol–sulfuric acid method. We observed a time-dependent gradual
release of the sugar from the matrix upon treatment with GH-B2 (Fig. 2e),
demonstrating the saccharolytic activity ofGH-B2on exopolysaccharides of
K. pneumoniae, resulting in KP biofilm disruption.

Interestingly, we observed that GH-B2 could also prevent the forma-
tion of KP biofilm over 3 days with a half-maximal concentration (IC50) of
2.50 μM (Fig. 2f). The biomass of K. pneumoniae biofilm grown in the
presence of GH-B2 was significantly lower than the biofilm grown in the
absence of the enzyme (Fig. 2g and Supplementary Fig. 8). Moreover, we
observed the segregated cellsmajorlywith very few intercellular connections
in the GH-B2 incubated samples (Fig. 2h). We examined whether the
biofilm prevention activity of GH-B2 is due to its toxicity on the planktonic
K. pneumoniae cells or its ability to modify the bacterial surface. However,
we did not observe a significant change in the growth of the cells in the
presence of GH-B2, which wasmonitored by analyzing the growth curve of
KP and quantifying the number of viable cells at the endpoint (Fig. 2i and
Supplementary Fig. 9). Further, the intact surface morphology of the
planktonic cells, insignificant changes in their zeta potential, and similar
biofilm growth in the presence of GH-B2 suggested that the enzyme does
not affect the KP cells (Fig. 2i and Supplementary Fig. 9). These results
demonstrate the striking ability of the enzyme to degrade exopolysacchar-
ides, which plays a crucial role in biofilm development andmaturation.We
subsequently analyzed biofilm dispersion by confocal laser scanning
microscopy (CLSM) after staining the samples with texas red conjugated

https://doi.org/10.1038/s41522-024-00593-7 Article

npj Biofilms and Microbiomes |          (2024) 10:119 2

www.nature.com/npjbiofilms


b c d

a

e f g

h i j

kcat = 2872 ± 73 min-1

Km = 26 ± 4 mg/mL 

T50= 50.21± 0.54˚C

0
250
500
750

1000
1250
1500

0 5 10 15 20 25
A 2

80
nm

(m
AU

)
Elution volume (mL)

Fig. 1 | Characterization of GH-B2. a Phylogenetic tree of the 90 predicted GHs
found in the cow rumen microbiome using maximum parsimony, created using
Clustal Omega59 and analyzed with iTOL (Interactive Tree Of Life software, version
6.9.1) tool60. Each clade color indicates a particular GH family. Our selected enzyme
GH-B2 (UniProt ID: E9NSJ3) ismarkedwith an arrow. bTheAlphaFold2-predicted
structure of GH-B223. The zoomed-in view of the active site of GH-B2 displays the
conserved catalytic residues, Glu370 and Glu510. c SDS–PAGE analysis of the
purified GH-B2. d Size exclusion chromatography (SEC) elution profile of GH-B2.

e Michaelis–Menten kinetics of GH-B2 with CMC. f Relative activity of GH-B2 at
different pHs. g Relative activity of GH-B2 at different temperatures. h Relative
activity of GH-B2 as a function of time monitored till 30 days at 37 °C. i Thermal
stability measurement of GH-B2. j Relative activity of GH-B2 at different con-
centrations of the ionic liquid 1-ethyl-3-methylimidazolium acetate. The observed
maximum activity is defined as 100%. All experiments were performed in triplicate
(n = 3). Error bars correspond to mean ± standard deviation (SD).
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with Concanavalin A. We observed a gradual depletion in the fluorescence
intensity of the dye with the increasing enzyme concentration in the biofilm
(Fig. 3a). At 0.3mg/mL (5 µM)GH-B2,∼85%depletion offluorescencewas
observed, suggesting substantial degradation of the polysaccharides of the
biofilm (Fig. 3b). We subsequently analyzed the number of viable cells
remaining in the biofilm and dispersed to the supernatant after the enzyme
treatment.Weobserved a 4.4 log10 reduction in the surface-adheredbacteria
anda4.15 log10 increase in the viable cells in the supernatant as a result of the
enzyme treatment of the biofilm (Fig. 3c). We further evaluated the biofilm
dispersion efficacy of GH-B2 as a function of time and found that the
enzyme was able to degrade ∼90% polysaccharides of KP biofilm in 2 h
(Fig. 3d, e). Moreover, the colony formation unit (CFU) analysis showed a

3.41 log10 reduction and a 4.42 log10 increase in the number of viable cells on
the surface and the supernatant, respectively (Fig. 3f). These results
demonstrate the high efficacy of GH-B2 in degrading the polysaccharides of
the EPS matrix of 3-day-old mature K. pneumoniae biofilm.

Next, we investigated the effect of GH-B2 on dual-species and poly-
microbial biofilms. For this purpose, we employed methicillin-resistant S.
aureus (MRSA) and P. aeruginosa (PA) along withK. pneumoniae.We also
compared the biofilm dispersion ability of GH-B2 with commercially
available glycoside hydrolases- α-amylase and cellulase used at 5mg/mL,
which is ~16-fold greater than the concentration of GH-B2 used.We found
thatGH-B2 treatment led to~68%degradationof the polysaccharides in the
dual-species biofilm and ~86% degradation in the polymicrobial biofilm.
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Fig. 2 | GH-B2 prevents biofilm formation and degrades mature K. pneumoniae
biofilms. aQuantification of biomass of 3-day-oldmature biofilm formed by various
clinical isolates of K. pneumoniae in the absence of GH-B2 (control) and after
incubation with GH-B2 (0.3 mg/mL) for 2 h at 37 °C. b Scanning electron micro-
scopic (SEM) images of 3-day-oldmature biofilms formed by various clinical isolates
ofK. pneumoniae (control) and the corresponding images after incubationwithGH-
B2 (0.3 mg/mL) for 2 h at 37 °C, scale bar: 10 μm. c Overnight incubated K. pneu-
moniae (KP 529) on MacConkey agar plate exhibiting hypermucoviscous thick
biofilm. d GH-B2 dose-dependent disruption of the 3-day-old mature KP 529
biofilm in 2 h at 37 °C. e Sugar release from EPS ofK. pneumoniae biofilm by GH-B2
at 37 °C. Overlaid gas chromatographs of derivatized samples of EPS with (blue) and
without (orange) GH-B2. Silylated glucose O-methyl oxime peak (retention time:
14.9 min) is highlighted in a box. The inset shows the amount of glucose released
with time. fGH-B2 dose-dependent inhibition of KP 529 biofilm formation. Biofilm

biomass was quantified after 3 days post-incubation. EC50 and IC50 values were
calculated using nonlinear least-squares fitting to a dose-response model in
GraphPad Prism (version 10.1.1) software. g KP biofilm formation on a glass cov-
erslip in the absence (control, KP 529) and presence of GH-B2 over 3 days. The
biomass quantification was done using the crystal violet (CV) staining assay, and the
error bars indicate the standard deviation of n = 6 data. Statistical significance was
evaluated relative to control using one-way ANOVA with Dunnet’s post-hoc test to
analyze the data; p values ****<0.0001, ***<0.001, *<0.05. h SEM images of KP
biofilm formation on a glass coverslip in the absence (control) and presence of GH-
B2 over 3 days, scale bar: 10 μm. iThe growth curve ofK. pneumoniae in the presence
of GH-B2 (0.3 mg/mL and 0.6 mg/mL). The absorbance of the culture (OD600) was
measured every 30 min over 24 h. Error bars indicate the standard deviation of
triplicate (n = 3) data. Representative SEM images were shown.
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However, cellulase, which also targets the β-1,4 glycosidic linkage, could
only achieve a ∼50% reduction in KP biofilm and KP+MRSA+ PA
polymicrobial biofilm and ∼35% reduction in KP+MRSA dual-species
biofilm. Of note, α-amylase displayed very poor ability to degrade

polysaccharides of KP biofilm, ∼25% reduction observed in KP biofilm,
dual-species biofilm, and polymicrobial biofilm (Fig. 3g–j).

To gain insights into the morphological changes of biofilm upon
enzyme treatment, we performed scanning electron microscopy (SEM)
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Fig. 3 | CLSM analysis of GH-B2 mediated degradation of polysaccharides of the
mature K. pneumoniae biofilms. a Dispersion of K. pneumoniae biofilm as a
function of the concentration of GH-B2. (i) Untreated (ii) 0.03 mg/mL (iii) 0.06 mg/
mL, and (iv) 0.3 mg/mL GH-B2-treated 3-day-old biofilm. The enzyme treatment
was carried out for 2 h at 37 °C. Corresponding b confocal image analysis and cCFU
in the supernatant and the remaining biofilm on the glass coverslip, n = 3.
d dispersion ofK. pneumoniae biofilm as a function of time. (i) Untreated (ii) 30 min
(iii) 1 h, and (iv) 2 h GH-B2 (0.3 mg/mL)-treated 3-day-old biofilm at 37 °C. Cor-
responding e confocal image analysis f CFU in the supernatant and the remaining
biofilm on the glass coverslip g comparison of the biofilm dispersal activity of α-
amylase (5 mg/mL), cellulase (5 mg/mL), and GH-B2 (0.3 mg/mL) on K.

pneumoniae (KP), KP+ methicillin-resistant S. aureus (MRSA), KP+MRSA+ P.
aeruginosa (PA) biofilms, respectively. Corresponding confocal images analysis
h KP i KP+MRSA j KP+MRSA+ PA. Biofilm was stained with the Texas red
conjugated with Concanavalin A, and representative confocal images of maximum
intensity projection of Z-stacks are shown, scale bar: 10 μm. For confocal image
analysis, each bar indicates mean ± standard deviation. Five confocal images were
analyzed from each of three biological replicates, N = 3. Statistical significance was
evaluated relative to control using one-way ANOVA with Dunnet’s post-hoc test to
analyze the data; p values ****<0.0001, ***<0.001, **<0.01, *<0.05, ns no sig-
nificant difference.
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studies. We observed that in all cases (mono, dual, and polymicrobial bio-
films), cells were interconnected through an intertwined thick biofilm
matrix (Fig. 4a).When theKPbiofilmwas treatedwithGH-B2, thematrices
were dispersed, and more segregated cells were observed (Fig. 4a). The
corresponding number of viable cells in CFU analysis showed 3.5 log10
reduction in bacterial load compared to control (Fig. 4b). The extent of
biofilm dispersion by GH-B2 was found to be moderate for KP+MRSA
biofilm and polymicrobial biofilm (KP+MRSA+ PA), where GH-B2
could achieve 2.5 log10 reduction in numberofK. pneumoniae. However, no
significant difference was observed in the numbers of MRSA and PA in the
dual-species andpolymicrobial biofilms afterGH-B2 treatment.Ofnote, the
effects of cellulase and α-amylase were non-significant onKP, KP+MRSA,
and KP+MRSA+ PA biofilms (Fig. 4c, d).

Further, to explore the effect of GH-B2 on medical-device-associated
biofilms, we grew 3-day-oldmature biofilms on the Foley catheter, treated it
with GH-B2, and analyzed the biofilm dispersion via SEM and CFU ana-
lysis. We observed a significantly greater amount of biofilm formation on
the Foley catheter compared to the glass coverslip surface (Fig. 4e, f). Fur-
thermore, we attempted to measure the thickness of the biofilm formed on
the glass coverslip andFoley catheter by scanning electronmicroscopyusing
vertical stubs. However, an uneven layer of biofilm formed on the surface,
and the difficulty in differentiating between the biofilm and the latex
material of the Foley catheter made the measurement challenging (Sup-
plementary Fig. 10). Nevertheless, upon treatment of the biofilms with GH-
B2, α-amylase, and cellulase, we observed similar trends of biofilm dispersal
on the catheter as on the coverslip. The bacterial load was significantly
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Fig. 4 | SEM analysis of GH-B2-mediated degradation of polysaccharides of the
mature K. pneumoniae biofilms. SEM images of the biofilm dispersal activity of
cellulase (5 mg/mL), α-amylase (5 mg/mL), and GH-B2 (0.3 mg/mL) on K. pneu-
moniae (KP), KP+methicillin-resistant S. aureus (MRSA), KP+MRSA+ P. aer-
uginosa (PA) biofilms, respectively, grown a on glass coverslips, b–d corresponding
number of CFU in the supernatant and number of CFU remaining in the biofilm;

e on Foley catheter, f–h corresponding number of CFU in the supernatant and
number of CFU remaining in the biofilm. All experiments were performed in tri-
plicate (n = 3), and representative images were shown, scale bar: 5 μm. Statistical
significance was evaluated using two-way ANOVA with Tukey’s post-hoc test to
analyze the grouped data; p values ****<0.0001, ***<0.001, **<0.01, *<0.05, ns no
significant difference.
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reduced (3.21 log10 reduction) in GH-B2 treated KP biofilm (Fig. 4f).
Similarly, GH-B2 treated KP+MRSA and KP+MRSA+ PA catheter
biofilms showed 2.8 log10 and 4.1 log10 reduction in number of viable K.
pneumoniae, respectively. However, the numbers of MRSA and PA cells
were non-significant compared to the control samples (Fig. 4g, h). The
cellulase and α-amylase remained inactive in KP, KP+MRSA, and KP+
MRSA+ PA biofilms on the catheter.

GH-B2 enhances antibiotic efficacy against biofilm-associated
K. pneumoniae
To explore whether GH-B2 can potentiate antibiotics against the biofilm-
associated pathogen, we chose meropenem, a broad-spectrum antibiotic.
Before employing meropenem, we tested whether the antibiotic had any
effect on GH-B2 and found that the antibiotic did not affect the enzyme
activity (Supplementary Fig. 11). We then studied the resistance of the
planktonicKP tomeropenembymeasuring the antibiotic’sMIC (minimum
inhibitory concentration) and found it to be ~4 µg/mL (Supplementary Fig.
12). Interestingly, theMBEC (minimumbiofilm eradication concentration)
ofmeropenemwas found to be ~500 μg/mL, suggesting poor penetration of
meropenem in KP biofilm or its inactivation in the matrix. Meropenem
treatment in the presence of GH-B2 (0.3 mg/mL) decreased the viability of
the biofilm-encased KP significantly, and the MBEC of meropenem was
reduced to ∼32 μg/mL. Further, to our surprise, when the KP biofilm was
grown in the presence of GH-B2, theMBEC ofmeropenemwas∼2 μg/mL,
suggesting that the enzyme prevented biofilm formation, renderingKP cells
accessible to the antibiotic (Supplementary Fig. 12).

We subsequently performed live/dead cell staining andCLSM imaging
to validate antibiotic potentiation. We performed the experiment on a 3-
day-old K. pneumoniae biofilm. We note that during this time, a sub-
population of bacteria within the biofilm may not be viable due to natural
cell death. ThePBS-treatedmatureKPbiofilm exhibited a preponderance of
green fluorescence corresponding to the aggregated live KP cells, corre-
sponding to∼78%of live cells (green, stainedwith Syto 9) and∼21%of cells
with damaged membranes or the eDNA in the biofilm (red, stained with
propidium iodide (PI)) (Fig. 5a.i, b).GH-B2 treatmentdispersed thebiofilm,
and in the remnants of the biofilm that adhered to the sample∼87% of cells
were live, and ∼12% of cells were with damaged membranes (Fig. 5a.ii, b).
Treatmentof thebiofilmwithmeropenem(250 µg/mL)didnot significantly
affect the number of live cells in the biofilm compared to PBS control.
Nevertheless, ∼70% of live cells and ∼29% of cells with damaged mem-
branes were observed, suggesting poor efficacy of meropenem on the
biofilm-encased cells (Fig. 5a.iii, b). Interestingly, when the biofilm was
treatedwithmeropenem followingGH-B2, very fewcellswere present in the
sample,with∼45%of live cells and∼54%of cells with damagedmembranes
(Fig. 5a.iv, b). Subsequently, we performed CFU analysis to validate the
enzymaticpotentiationofmeropenemagainst biofilm-encasedKP.Both the
control (PBS-treated) and GH-B2-treated biofilms showed a substantial
number of viable bacteria (9.58 and 9.52 log10 CFU/mL, respectively)
(Fig. 5c), suggesting thatGH-B2 disintegrates the biofilm and disperses cells
without exerting toxicity to KP. Biofilm treatedwith varying concentrations
of meropenem also showed comparable viable cells, suggesting that mer-
openem had limited access to the biofilm-encased KP even at 512 μg/mL, a
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Fig. 5 | GH-B2 enhances the antibiotic efficacy against biofilm-associated K.
pneumoniae. a The biofilm was grown for 3 days and subjected to the combined
treatment with GH-B2 and meropenem. CLSM images of (i) phosphate-buffered
saline (PBS)-treated, (ii) GH-B2 (0.3 mg/mL)-treated, (iii) meropenem (250 µg/
mL)-treated, and (iv) GH-B2 (0.3 mg/mL)+meropenem (250 µg/mL)-treated KP
biofilm. The biofilm was subjected to 2 h GH-B2 treatment followed by 24 h mer-
openem treatment at 37 °C. Green (Syto 9-labeled) cells denote the live cells and red
(propidium iodide-labeled) cells with damaged membranes. b Corresponding
confocal images analysis. c CFU analysis of post 2 h GH-B2 treatment followed by
24 h meropenem treatment at 37 °C. M meropenem, and the number following M
represents the antibiotic concentration in µg/mL. Statistical significance was

evaluated relative to control (blue), meropenem (red), and GH-B2+meropenem
(green) using two-way ANOVA with Tukey’s post-hoc to analyze the grouped data;
p values ****<0.0001, ***<0.001, **<0.01, ns no significant difference. Cytotoxicity
analysis of GH-B2 on dHeLa cells and emacrophage (RAW264.6) upon treatment
with GH-B2 (0.3 and 0.6 mg/mL) for 12 h at 37 °C. All experiments were performed
in triplicate (n = 3), and representative confocal images were shown, scale bar:
10 μm. For confocal image analysis, each bar indicates mean ± standard deviation.
Five confocal images were analyzed from each of the two biological replicates,N = 2.
Statistical significance was evaluated relative to PBS control using one-way ANOVA
with Dunnet’s post-hoc test to analyze the data; p values ****<0.0001, ***<0.001,
**<0.01, *<0.05, ns no significant difference.
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concentration 128-fold higher than the antibiotic’s MIC of planktonic cells.
The population of viable cells was significantly reduced (4.2 log10 reduction)
when thebiofilmwas treatedwith a combinationofGH-B2andmeropenem
(512 μg/mL) (Fig. 5c). Additionally, we analyzed the gain of antibiotic
resistance of KP in the presence ofmeropenem alone and combinationwith
GH-B2. We observed enhanced antibiotic resistance in the group treated
with meropenem alone from the second generation (G2) onwards. In
contrast, the group treatedwith the combinationofGH-B2 andmeropenem
did not exhibit such enhancement till the third generation (G3) (Supple-
mentary Fig. 13). Taken together, our investigation demonstrates that GH-
B2 readilypotentiatesmeropenemagainstKPencased in thematurebiofilm.

Biocompatibility of GH-B2
To explore the feasibility of employing GH-B2 clinically, we examined the
biocompatibility of the enzyme toward the human cell line—HeLa and the
murine macrophage—RAW264.7 cells. The MTT (3-(4, 5-dimethylthia-
zolyl-2)-2, 5-diphenyltetrazolium bromide) assay suggested no significant
effect ofGH-B2on theHeLa cells (Fig. 5d) and theRAW264.7 cells (Fig. 5e).
Further, we explored the stability of GH-B2 in the cell culture media Dul-
becco’s modified Eagle medium (DMEM)+ fetal bovine serum (FBS) and
brain heart infusion (BHI) broth and found that the enzyme remains active
for 24 h at 37 °C (Supplementary Fig. 14). Amajor challenge for the enzyme
in vivo could be its degradation by the ubiquitous proteases (trypsin-like
serine proteases) released by human cells. Therefore, we tested the stability
of GH-B2 against trypsin and found that the enzyme retained more than
80% activity up to 3 h and~50% activity up to 24 h.We also investigated the
stability of GH-B2 in mouse serum and human serum and found that the
enzyme retained nearlymaximal activity in both serums up to 24 h at 37 °C
(Supplementary Fig. 14).

GH-B2 enhances immune cell efficacy against biofilm-
associated K. pneumoniae
Next, we investigated whether the enzyme could potentiate the immune
system, such as macrophages and monocytes against the biofilm-encased
pathogen. We employed the murine macrophage RAW264.7 cells and
human monocyte THP-1 cells against the mature KP biofilm. CLSM and
SEM imaging were used to analyze the effect of immune cells (RAW264.7
and THP-1 cells) toward KP biofilm dispersed with GH-B2 (Fig. 6a, b and
Supplementary Fig. 15a, b). Both the microscopic data suggested the
immune evasion of biofilm-encased KP cells when treated alone with the
RAW264.7 cells and THP-1 cells (Fig. 6a.ii, b.ii and Supplementary Fig
15a.iii, b.iii). However, immune cells were able to access the biofilm-encased
KP cells after GH-B2 treatment (Fig. 6a.iv, b.iv and Supplementary Fig.
15a.iv, b.iv).

We observed that the macrophage and monocyte could access more
KP cells upon treatment of the KP biofilm with GH-B2, which was further
confirmed by the reduction in the number of viable cells (Fig. 6c and
Supplementary Fig. 15c). Although the effect of 2 and 20 h incubation of
RAW264.7 cells alone on KP biofilm was insignificant, on the GH-B2 dis-
persed samples, 1.20 log10 (2 h incubation with RAW264.7 cells) and 1.69
log10 (20 h incubationwithRAW264.7 cells) reduction in the number of KP
cells were observed (Fig. 6c and Supplementary Fig. 15f). We also observed
similar results for the THP-1 cell treatments. The THP-1 cells alone could
not access the biofilm-encasedKP cells. However, the number of viable cells
was reduced (1.50 log10 reduction) upon treatment of the biofilm with GH-
B2, followed by THP-1 cells (Supplementary Fig. 15c). These results
demonstrated that GH-B2 could substantially improve the accessibility of
the macrophage and monocyte, the vital components of the host immune
system, toward the biofilm-encased KP cells.
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Fig. 6 | GH-B2 enhances the sensitivity of biofilm-encased KP cells to macro-
phages. The biofilm was grown for 3 days and subjected to the treatment with GH-
B2 along with macrophage. CLSM images showing a (i) PBS-treated, (ii) macro-
phage (RAW264.7 cells)-treated, (iii) GH-B2-treated, and (iv) GH-
B2+macrophage-treated KP biofilm, scale bar: 10 μm, AF488 Alexa flour-488, PI
propidium iodide. bCorresponding SEM images, scale bar: 10 µm. Both the enzyme

and macrophage treatments were carried out for 2 h at 37 °C. cCFU analysis of post
2 h GH-B2 treatment followed by 2 h macrophage treatment at 37 °C. Experiments
were performed in triplicate (n = 3), and representative images were shown. Sta-
tistical significance was evaluated relative to PBS control using one-way ANOVA
with Dunnet’s post-hoc test to analyze the data; p values ****<0.0001, ns no sig-
nificant difference.
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GH-B2 potentiates antibiotic treatment of biofilm-associated K.
pneumoniae infection in mice
We subsequently employed a chronic wound infection model in mice to
explore the efficacy of the enzyme in vivo. After creating the wound and
3 days of post-infection with KP, we observed the development of a slimy,
thick, mature KP biofilm (Fig. 7a). Thereafter, we treated the infection with
GH-B2, meropenem, and a combination of the enzyme and the antibiotic,
and monitored the infection and the overall health of mice for the next
4 days. In thePBS-treated group andmeropenem-treated group, the biofilm
increased over time, demonstrating the inability of meropenem to access
biofilm-encased KP cells. Upon treatment with GH-B2, the biofilm was
significantly depleted, demonstrating the high efficacy of GH-B2 in dis-
persing the mature biofilm in vivo. However, wound healing was not
observed, suggesting that the enzyme did not affect the KP cells, and the
infection persisted. Interestingly, the combination of GH-B2 with

meropenem significantly reduced biofilm over 4 days of continuous treat-
ment and almost completely cleared on day 7 (Fig. 7a). A daily supervision
of the health of mice indicated a 4–7% decrease in the body weight in all
infected mice during the initial 3 days compared to the uninfected control
group. Afterward, the GH-B2+meropenem-treated cohort started reco-
vering weight. However, in other groups, the pace of recovery was relatively
slow (Fig. 7b), indicating the persistence of infection and pain.

We observed higher KP levels in the wound tissue treated with PBS
(7.57 log10 CFU/g.mL) compared to the GH-B2+meropenem-treated
group (5.5 log10 CFU/mL), indicating ~2.1 log10 bacterial load reduction in
the GH-B2+meropenem-treated group of mice. However, only mer-
openem and GH-B2-treated groups exhibited similar bacterial loads com-
pared to the PBS control (Fig. 7c). We subsequently performed
histopathology analysis on wound tissues to qualitatively assess the effect of
treatments on day 7. In the KP biofilm-formed group, we observed a

c
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* **** **
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Fig. 7 | GH-B2-mediated treatment of biofilm-associated K. pneumoniae infec-
tion in mice. a Representative images of different treatment groups—K. pneumo-
niae infected wound with PBS (control), meropenem (512 μg/mL), GH-B2 (0.6 mg/
mL), and GH-B2 (0.6 mg/mL)+meropenem (512 μg/mL). b Body weight data
represent mean ± SD, n = 5mice/group. c CFU of K. pneumoniae on day 7 after
different treatments, n = 5. dHistopathological analysis of wound tissue using H&E
staining at day 7, uninfected (control) wound, PBS-treated, GH-B2 (0.6 mg/mL)-

treated, meropenem (512 μg)-treated, and GH-B2 (0.6 mg/mL)+meropenem
(512 μg)-treated infected wounds. Scale bar: 50 μm, E epidermis, D dermis, CF
collagen fibers, IF inflammatory infiltrates, N necrosis, A angiogenesis, HF hair
follicles. Statistical significance was evaluated relative to PBS control using one-way
ANOVAwithDunnet’s post-hoc to analyze the data; p values ****<0.0001, **<0.01,
*<0.05, ns no significant difference.
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sloughed-off epidermis with poor re-epithelialization and the persistence of
abundant inflammatory infiltrate (Fig. 7d). Similarly, we found poor re-
epithelialization with abundant inflammatory infiltrate in the wounds
treated with GH-B2 or meropenem (Fig. 7d). However, in the wound
treated with GH-B2+meropenem (Fig. 7d), we observed the process of
wound healing with a reconstitution of the regular epidermal lining and
evident keratinization with variable degrees of re-epithelialization, angio-
genesis, and appearance of hair follicles. Together, these results validate the
ability of the enzyme to potentiate meropenem against biofilm-associated
KP wound infection in vivo.

Discussion
In the current era of antimicrobial drug-resistance, biofilm-associated
infections have emerged as a severe threat to human health. Enzymatic
dispersion of biofilms via degrading exopolysaccharides of the matrix is a
promising strategy to combat biofilm-associated infections18. Since cow
rumen harbors powerful mesophilic microbial enzymes capable of
degrading recalcitrant polysaccharides under physiological conditions, we
explored the feasibility of utilizing such an enzyme for dispersing mature
biofilms. We identified GH-B2 as a potential polysaccharide-degrading
enzyme comprising a catalytic GH domain and two BACON domains,
which could assist in effectively binding to polysaccharides22. The high
catalytic activity and prolonged stability of the enzyme under physiological
conditions are attributes essential for a biofilm-dispersing enzyme. Based on
the substrate screening, GH-B2 displayed specificity toward β-1,4 linked
glucose/galactose/mannose-containing substrates. The enzyme showed
high turnovers (kcat 2872min−1) with CMC, a long-chain polysaccharide
with the β-1,4 glycosidic linkage and a close mimic of the cellulosic poly-
saccharides found in the biofilm matrix of many pathogens24,25. Moreover,
the enzyme exhibited remarkable stability and desired properties such as
high halotolerance and no product inhibition, which is known to rapidly
diminish the activity of GH enzymes26,27, making it a suitable candidate to
study biofilm dispersion.

We used four clinical isolates of K. pneumoniae, which were isolated
fromdifferent patients, to check the activity ofGH-B2on their biofilms. The
enzyme rapidly dispersed the mature biofilms of all K. pneumoniae isolates
regardless of their genetic heterogeneity, suggesting good applicability of the
enzyme against biofilm-associated KP infections. The string test and the
sedimentation assay indicated the hypermucoviscous phenotype of KP 529
isolate among the four isolates tested.Often, hypermucoviscous strains ofK.
pneumoniae are more pathogenic than other strains. These strains produce
a thick, slimy capsule that impedes the immune system’s ability to recognize
and eliminate the bacteria, thereby exhibiting heightened virulence9,28–30.
Therefore, we focused on GH-B2-mediated dispersion of mature biofilm of
hypermucoviscous K. pneumoniae (KP 529). First, we monitored the effect
of GH-B2 on the EPS polysaccharides of biofilm using confocal imaging by
employing Texas red conjugated with concanavalin A, a carbohydrate-
binding protein that specifically binds to the polysaccharides of the EPS
matrix31,32. The concentration and time dependence studies showed that
5 μM of GH-B2 was effective in disintegrating the EPS polysaccharides of
KPbiofilm in 2 h at 37 °C.Additionally, we compared the efficacy ofGH-B2
indispersingbiofilmswith cellulase andα-amylase.These twocommercially
available enzymes have been reported for the biofilm dispersion studies of S.
aureus and P. aeruginosa, albeit used at a very high concentration (5mg/
mL)17,33. Interestingly, the comparison of the biofilm dispersion activity of
GH-B2 with cellulase and α-amylase revealed that these enzymes were
nearly inactive against the KP biofilm even at a concentration ~16-fold
higher than GH-B2.

In nature, polymicrobial biofilms are more prevalent, comprised of
multispecies and different strains of bacteria that co-exist, and the syner-
gistic interactions promote the development of antibiotic resistance and
more robust biofilm34. Considering the complexity and relevance of poly-
microbial biofilms, we analyzed the effect of GH-B2 on KP+MRSA and
KP+MRSA+ PA. Our results indicated that GH-B2 could effectively lead
to the dispersion of the KP cells from the mature polymicrobial biofilms of

KP+MRSA+ PA. These three bacteria are the most prevalent ones
involved with biofilm formation in chronic wounds and medical-device-
related infections and are associated with higher patient fatality rates in
intensive care units (ICU)35. The superior biofilm dispersion ability of GH-
B2 could be attributed to the advantage of GH-B2 harboring BACON
domains coupled with the high innate activity and stability of the enzyme
originating from the cow rumen. However, GH-B2 failed to disrupt the
biofilms formed by MRSA and PA, which could be due to the specificity of
GH-B2 toward the β-1,4 linked glucose, mannose, and galactose residues,
which is less or absent in the MRSA and PA biofilms. Apparently, the EPS
matrix of PA biofilm contains alginate polysaccharides composed of 1–4
linked β-D-mannuronic acid and α-L-glucuronic acid18. However, based on
the model substrate screening (Supplementary Table 1), GH-B2 was not
active on p-nitrophenol-β-glucuronide and alginate. Despite the vast lit-
erature on the characterization of capsular and lipopolysaccharides, little is
known about the polysaccharides in the EPS matrix of KP biofilms. As per
the reports, glucose, mannose, galactose, and their amines and acetylated
derivatives are present in the polysaccharides of the EPS matrix of KP
biofilms36–38. The model substrate screening against GH-B2, the GC–MS
analysis of GH-B2-treated exopolysaccharide (isolated from KP biofilm),
and the dispersed polysaccharides of the GH-B2 treated KP biofilm suggest
that GH-B2 possibly targets the β-1,4 linked glucose, mannose, and galac-
tose residues in the KP biofilm matrix.

To explore the activity of GH-B2 toward biofilms in a more clinically
relevant setting, we investigated the effect of the enzyme on biofilms pro-
duced on the Foley catheter, which is one of the most commonly used
indwelling catheters39 and more susceptible to biofilm formation than sili-
cone catheter40,41. In fact,K. pneumoniae is one of the pathogens that lead to
frequent catheter-associated urinary tract infections42. Developing an
alternative to antimicrobial coating for medical devices is crucial in the
current era of antimicrobial resistance. In this line, previous research
demonstrated that bacteriophage can be employed for preventing the
colonization of Klebsiella and thereby, biofilm formation on urinary
catheters43. However, the phage encoding depolymerase was unable to
eradicate pre-formed mature biofilm, indicating the complexity of the EPS
matrix, which results in limited penetration and activity43. Based on our
study, GH-B2 was more efficient in dispersing the catheter biofilms than
cellulase and α-amylase, highlighting its potential applicability against
catheter-associated KP infections.

Notably, GH-B2 did not affect the K. pneumoniae growth; instead, it
inhibited the biofilm formation, plausibly by degrading the in situ generated
exopolysaccharides that assist in the initial adhesion and aggregation of
bacteria to develop the biofilm. We also note that a phage depolymerase
enzyme, Dep42, has been reported to have antibacterial and antibiofilm
activityby targeting the specific capsular polysaccharide ofK. pneumoniae44.
Also, an endolysin, LysECD7, has been shown to have antibacterial and
antibiofilm effects on K. pneumoniae biofilm by degrading the pepti-
doglycan layer of the cell wall45,46. However, gram-negative bacteria, such as
K. pneumoniae, which possess an outer membrane surrounding the cell
wall, require a high concentration of endolysin for antibacterial activity.
Thus far, to the best of our knowledge, GH-B2 would be the most specific
enzyme for K. pneumoniae biofilm disassembly and inhibition without
being toxic to the planktonic cells.

Another major goal of our investigation was to render existing anti-
biotics facile access to the biofilm-associated pathogens, thereby facilitating
the eradication of the pathogens. The dwindling nature of new antibiotic
development has spurred renewed interest in using the existing antibiotics
in the best possible ways against bacterial infections47,48. We have used
meropenem, which belongs to the carbapenem class of antibiotics that
inhibits cell wall synthesis in bacteria by strongly binding to penicillin-
binding proteins. This clinically relevant broad-spectrum antibiotic often
fails to reach the biofilm-encased KP cells due to poor diffusion through the
heterogenous EPS matrix and the degradation by the beta-lactamases
(especially the extended-spectrum β-lactamases producingK. pneumoniae)
in theK. pneumoniae biofilm49,50. This limited penetration can contribute to
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the development of antibiotic resistance within biofilm. Besides, mer-
openem is more effective against the metabolically active cells compared to
the dormant bacteria in the biofilm51–53, making it an ideal candidate to
evaluatehowenzymatic biofilmdispersion improves antibiotic efficacy.Our
study demonstrates that GH-B2 effectively disperses biofilms, releasing
more KP cells into the planktonic state. In contrast, themeropenem-treated
group showed minimal biofilm disruption, with cells remaining encased in
the matrix despite shaking. This highlights a key advantage of GH-B2:
dispersing the biofilm and exposing a greater number of susceptible
planktonic cells to a uniform concentration of the antibiotic, potentially
reducing the selective pressure that promotes resistance development.
However, long-time evolution studies and further analysis of the evolved
strains, focusing on mutations associated with antibiotic resistance need to
be analyzed54,55. The CLSM images clearly indicated the inaccessibility of
meropenem toward the biofilm-encased KP cells. Moreover, GH-B2 dis-
persed the majority of cells into the supernatant; therefore, meropenem
treatment of the GH-B2 incubated samples displayed only the effect of
meropenemon the biomass remaining (a few discrete cells) over the sample
surface. However, the CFU analysis validated GH-B2-mediated improved
efficacy of meropenem on the biofilm-encased KP cells. Another major
challenge associated with biofilm is the immune evasion of biofilm-encased
bacterial cells, which often results in chronic infections, tissue damage, and
dissemination of infection. We used two different dyes to differentiate
macrophage/monocytes (immune cells) and KP cells. What we observed is
the effect of macrophages/monocytes toward the remaining biofilm (very
few cells) adhered to the surface after biofilm dispersion by GH-B2, as most
cells were dispersed into the supernatant. Quantifying the numbers of viable
cells indicated no significant reduction in CFU in murine macrophages
(RAW264.7 cells) and human monocytes (THP-1 cells) alone on KP bio-
film. In contrast, we observed a significant reduction in CFU of KP cells
when theGH-B2dispersedbiofilmwas treatedwith theRAW264.7 cells and
THP-1 cells. The results were in accordance with the recent report by
Guilhen et al., where the engulfment rate of macrophage (RAW264.7 cells)
was higher with the cells that got dispersed from KP biofilm (mechanical
disruption of KP biofilm), compared to planktonic and sessile cells56.

In the in vivo model study, the GH-B2 alone-treated group did not
exhibit a significant increase in biofilm over time. This suggests that with
continuous daily topical application for 4 days, GH-B2 effectively disperses
newly formed biofilms (developing within 24 h) and potentially prevents
further biofilm formation as long as the enzyme remains in the wound area.
We did not observe any bacterial dissemination to blood or any other
organs, such as mesenteric lymph nodes, spleen, liver, and lungs, in all
cohorts of infectedmice. This suggests the dispersed cells remained localized
to the skin, trapped under the dressing—an ideal environment for biofilm
formation rather than a planktonic, metabolically active state. Conse-
quently, not all cells would have been susceptible tomeropenem, potentially
explaining the lower reduction of viable cells observed in the GH-
B2+meropenem group compared to the PBS control. However, we
observed that the adjuvant activity of GH-B2 with meropenem resulted in
rapid clearance of KP biofilm from the mouse wound infection. Moreover,
we observed a significant weight loss in mice, especially in the infected
groups treated with PBS, meropenem, and GH-B2, which did not recover
well over time.Thewound infectioncancausepain and stress, reducing food
intake and subsequent weight loss in mice. In contrast, even though weight
loss happened in the group of mice treated with GH-B2+meropenem in
the initial days, it slowly recovered with the treatment, suggesting wound
healing, which is further supported by the histopathology data. Taken
together, the in vivo studies established that the enzyme improved the
antibiotic efficacy against the biofilm-associatedK. pneumoniae infection in
mice, leading to facile clearance of biofilm and initiation of wound healing.

Although the wound model used in this study has previously been
successfully applied for screening and development of the antimicrobials on
K. pneumoniae wound infections57,58, a limitation of this model in the cur-
rent study is that the enzymatically dispersed bacterial cells remain localized
to the skin, trapped under the dressing—a suitable environment for biofilm

formation. Consequently, not all cells would be susceptible to meropenem,
potentially explaining the lower reductionof viable cells observed in theGH-
B2+meropenem group compared to in vitro results. Moreover, due to the
topical application method in this in vivo model, the prevention of biofilm
re-establishment cannot be definitively guaranteed. The duration of enzyme
contact with the biofilm is, to some extent, unpredictable as themice regain
mobility shortly after anesthesia. Nevertheless, we envision that a for-
mulation of the enzyme with hydrogel, or its encapsulation into a suitable
nanocarrier,wouldpave theway for its targeteddelivery in vivo.Overall, our
findings unveil the untappedpotential of a cow rumenmicrobial enzyme for
dispersing mature KP biofilms under physiological conditions.

Methods
Bioinformatics analysis
Multiple sequence alignment and phylogenetic tree analyses were carried
out using the sequences of 90 putative glycoside hydrolases reported in the
discovery of cow rumen microbial glycoside hydrolase enzymes19. The
protein sequences were obtained from the NCBI database. The multiple
sequence alignment was performed using default settings, and a phyloge-
netic tree was built using the Neighbor-Joining method (the default tree-
building method in Clustal Omega)59. The results were uploaded to the
online tool ITOL60 (Interactive Tree of Life, version 6.9.1) for visualization
and further annotations. The structure of the selected candidate enzyme,
GH-B2, was predicted by AlphaFold223. The conserved domains of the
proteinwere located employing Pfam34.061, and thefinal imagewas created
using Chimera version 1.16. Subsequently, we used the SWISS-MODEL (a
web-based automated protein modeling server)62 to identify putative
homologs of the GH-B2.

Recombinant expression and purification of GH-B2
The gene encoding GH-B2 (UniProt ID: E9NSJ3) was synthesized in its
codon-optimized form by GenScript, USA, for over-expression in E. coli.
The gene was cloned into the pE-SUMO vector using Bsal and Xhol
restriction enzymes. E. coli BL21(DE3) cells were transformed with the
plasmid harboring the gene encoding GH-B2. The cells were grown over-
night on an LB-agar plate containing 50 µg/mL kanamycin. A single colony
was picked from the agar plate and grown overnight in a 5mL LB culture
with the same antibiotic. The resulting overnight culture was transferred to
500mL LBmedium supplemented with 50 μg/mL kanamycin, and the cells
were grown at 37 °C. AtO.D. 0.6 at 600 nm, protein expressionwas induced
with 0.5mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and the cells
were further grown for an additional 20 h at 25 °C with 220 rpm shaking.
The cellswereharvestedbycentrifugationat 4000 × g for 30minat 4 °C.The
expression of the protein was confirmed by SDS–PAGE analysis. For pro-
tein purification, all the steps were carried out strictly at 4 °C. The harvested
cells were resuspended in the lysis buffer (100mM HEPES, pH 7.5, and
300mM KCl) supplemented with 0.5 mg/mL lysozyme egg white, 0.2mM
PMSF, 5mM DTT, and 5 μg/mL DNase. The resuspended cells were
tumbled for 30min at 4 °C, followed by sonication (45% amplitude, 1 s
on–2 s off, 3 × 45 s) using a sonicator (Q500,QsonicaUSA).The suspension
waskept on ice for 5min inbetween the sonication cycles.The cell lysatewas
centrifuged at 12,400 × g for 45min at 4 °C. The supernatant was incubated
with Ni-NTA resin, which was pre-equilibrated with buffer A comprising
50mM HEPES, pH 7.5, 300mM KCl, and 5% glycerol. The mixture was
tumbled overnight at 4 °C and transferred to an empty column. The flow-
throughwas discarded, and the resin was washed with a 15-column volume
(CV) of wash buffer 1 (50mMHEPES, pH 7.5, 300mM KCl, 5% glycerol,
and 20mM imidazole), 15-CV of wash buffer 2 (50mM HEPES, pH 7.5,
300mM KCl, and 5% glycerol, and 40mM imidazole) and 5-CV of wash
buffer 3 (50mM HEPES, pH 7.5, 300mM KCl, 5% glycerol, and 60mM
imidazole). GH-B2 was eluted with 5-CV of elution buffer (50mMHEPES,
pH 7.5, 300mM KCl, 5% glycerol, and 300mM imidazole). The elution
fractionswere combined and dialyzedusing buffer B (50mMHEPES, pH7,
300mM KCl, 10% glycerol). Further, the dialyzed protein was purified by
size exclusion chromatography (SEC) using ENrich™ SEC 650 10 × 300
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column. After flash freezing in liquid nitrogen, the purified protein was
stored in a −80 °C freezer.

The SUMO-tag of the protein was cleaved using SUMO protease,
which was expressed and purified in-house using a previously reported
protocol63. Briefly, the SUMO-tagged protein was incubated with 0.2
equivalent of SUMO protease at 4 °C overnight with slow tumbling at
80 rpm. The solution was incubated with Ni-NTA resin for 2 h, and the
flow-through containing the untagged protein was collected. The purity of
the protein was analyzed by SDS–PAGE. The concentration of the purified
protein was measured from the absorbance of the protein at 280 nm, based
on themolar extinction coefficient (Ɛ280 = 100,770M−1 cm−1) of the protein
at 280 nm (calculated using the ProtParam-Expasy).

Biochemical characterization of GH-B2
The enzymatic activity of GH-B2 was measured using two different assays:
3,5-dinitrosalicylic acid (DNS) assay and p-nitrophenol (PNP) assay64,65.
PBSbuffer (8mMNa2HPO4, 2mMKH2PO4, pH7, 137mMNaCl, 2.7mM
KCl)was used for all assays unless stated otherwise. Both assayswere carried
out at 37 °C.

DNS assay. The hydrolytic activity of GH-B2 on carboxymethyl cellu-
lose (CMC), amylose, and chitin was measured using the DNS reagent
(44 mM 3,4-dinitrosalicylic acid, 21 mM phenol, 4 mM sodium sulfite,
and 250 mM sodium hydroxide). The reaction mixture contained 4%
(W/V) CMC and 500 nM enzyme in the assay buffer. Additionally, two
control assays devoid of the enzyme and the substrate were carried out.
Assays were incubated at 37 °C for 10 min, followed by heating at 100 °C
for 5 min to quench the reaction. Subsequently, the DNS reagent was
added to the reactionmixture, and themixturewas heated again at 100 °C
for 10 min. The mixture was cooled to room temperature (25 °C), and
absorbance was recorded at 540 nm using the microplate reader (BioTek
Synergy H1). The amount of glucose released in the assay was calculated
using the standard calibration curve generated using various known
glucose concentrations. Multiple parameters were optimized to deter-
mine the optimal activity of GH-B2 with CMC, including pH, tem-
perature, time, and the effect of various additives were monitored using
the DNS assay. All measurements were performed at least in tripli-
cates (n = 3).

PAHBAH assay. GH-B2 activity on galactomannan was analyzed using
p-hydroxybenzoic acid hydrazide (PAHBAH) assay66. Briefly, galacto-
mannan was incubated with 0.06 mg/mL of GH-B2 at 37 °C for 30 min,
followed by heating at 100 °C for 5 min to quench the reaction. Subse-
quently, PAHBAH reagent (50 mM PAHBAH, 10mM bismuth nitrate,
10 mM sodium, potassium tartrate in 0.5 M NaOH) was added to the
reaction mixture, and the mixture was heated again at 100 °C for 10 min.
The mixture was cooled to room temperature (25 °C), and absorbance
was recorded at 405 nm using the microplate reader (BioTek Synergy
H1). The amount of mannose released in the assay was calculated using
the standard calibration curve generated using various known con-
centrations of mannose.

PNP assay. These assays contained 2 mM PNP substates (p-nitrophe-
nyl-β-D-glucopyranoside, p-nitrophenyl-β-D-galactopyranoside, p-
nitrophenyl-α-D-glucopyranoside, of p-nitrophenyl-N-acetyl-β-D-glu-
cosaminide, p-nitrophenyl-α-D-maltohexoside, p-nitrophenyl-β-D-
xylopyranoside, and p-nitrophenyl-β-D-glucuronide) and 0.06 mg/mL
GH-B2 in the assay buffer. Assays were incubated at 37 °C for 3 h.
Additionally, two control assays devoid of the enzyme and the substrate
were carried out. The reactions were quenched by adding an equal
volume of glycine–NaOH buffer, pH 10.4, followed by the measurement
of absorbance at 400 nm using the microplate reader. The amount of p-
nitrophenol released in the assay was calculated using the standard
calibration curve generated using various known concentrations of p-
nitrophenol. To determine the optimal activity of the enzyme with PNP

substrates, various parameters have been optimized, including pH,
temperature, salt, and glycerol.

Enzyme kinetics of GH-B2. Kinetics studies of GH-B2 were carried out
using carboxymethyl cellulose (CMC), galactomannan, and the model
substrates—p-nitrophenyl-β-D-glucopyranoside and p-nitrophenyl-β-D-
galactopyranoside. For CMC, the 0.03 mg/mL (0.5 μM) enzyme was
incubated with various concentrations of CMC (0–70 mg/mL) in PBS
buffer, pH 7 at 37 °C. For galactomannan, the 0.06 mg/mL (1 μM)
enzyme was incubated with various concentrations of galactomannan
(0–70 mg/mL) in PBS buffer, pH 7 at 37 °C. For the PNP substrates,
0.06 mg/mL enzyme was incubated with various concentrations of p-
nitrophenyl-β-D-glucopyranoside and p-nitrophenyl-β-D-galactopyr-
anoside (0–10mM) in PBS buffer, pH 7 at 37 °C. Assays were carried out
in triplicate (n = 3). The steady-state kinetics parameters (kcat and Km)
were measured by fitting the data to the Michaelis–Menten equation
using GraphPad Prism (version 10.1.1) software.

Bacterial strains, cell lines, and growth conditions
The K. pneumoniae strains used in this study are KP 529 (hypermucov-
iscous K. pneumoniae), KP 20275, KP 5957, and KP 6070 isolated from
clinical samples (SupplementaryTable 2) submitted in theUrology and ICU
departments of Sir Sunderlal Hospital, Institute of Medical Sciences,
Banaras Hindu University, Varanasi, India.

For biofilm formation in vitro, bacteria were grown overnight onBrain
Heart Infusion (BHI) agar and then grown in BHI broth for 18 h, and a 1/
100 dilution of an overnight culture was used for inoculation. The culture
was grown statically for 3 days at 37 °C. To study K. pneumoniae growth
curves, strains were grown overnight in a BHI medium at 37 °C with
shaking. The next day, the cultures were diluted in BHI to absorbance at
600 nm to 0.1, and 1mLwas added to the wells of 24-well plates and grown
at 37 °Cwith shaking in aBioTekSynergyH1microplate reader.Cell growth
wasmeasured as an increase inOD600,with values recorded every 30minup
to 24 h.

The human cell line HeLa cells and murine macrophage (RAW264.7)
cells were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum.THP-1monocyte cellswere cultured inRPMI-
1640 glutamax (Sigma) with 10% FBS (Gibco) supplementation and 1%
Pen–Strep (Sigma).

Whole genome sequencing and bioinformatic analysis of Kleb-
siella pneumoniae isolates
The overnight grown cultures were pelleted down by centrifugation for
5min at 12,000 × g and subjected to genomic DNA extraction using the
QIAamp® DNA Stool Mini Kit (Qiagen) according to the manufacturer’s
instructions. DNA quality was evaluated using a nanodrop spectro-
photometer (Thermo Scientific).

The genome sequencing and the data analysis were carried out by
miBiome Therapeutics, India. The libraries were constructed in alignment
withwhole genome sequencing recommendations of theQIAseq®FXDNA
library kit from Qiagen. Briefly, 150 ng of DNA was subjected to frag-
mentation, end repair, and adapter ligation. Followed by excess adapters
were removed using AMPure XP purification beads and the PCR enrich-
ment of adapter-ligatedDNAwasperformed.The resulting library products
were cleaned up andwere quantitatedusing aQubit®fluorometer.Next, the
samples were loaded on an HS D1000 screen tape to determine the size
range of the fragments and the average library size and subsequently, the
librarieswere taken ahead for sequencing using IlluminaNextSeq 2000. The
quality of the raw reads was evaluated using FastQC67 and the fastp68 was
used to trim and filter the raw reads. The adapters were removed, and the
reads were excluded if the average quality of the bases was below 30 over a
minimum read length of 50. Reads were re-checked for improvement in
quality before moving further ahead. De-novo assembly of cleaned reads
was performed using Shovill69, which has Spades70 at its core, along with
some pre- and post-assembly steps to improve the overall assembly. The
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de-novo assembly was performed to generate the genome without biasing
the assembly to any characterized genome. The quality of the resulting
assembly was then checked with QUAST71. To assess the genome com-
pleteness and contamination, the CheckM72 tool was used, which has a
predefined and expected set of single-copy marker genes as a proxy for
genome-wide completeness. The assembled genome was used for annota-
tion using Bakta v1.9.373 with its latest full database version, 5.1. MLST
analysis was carried out by MLST tool74 using PubMLST typing schemes.
The complete genotyping, serotyping, and clonal typing were done by
Kleborate and Kaptive tool75.

Inhibition of biofilm formation and biofilm dispersion studies
using crystal violet assay
For the biofilm inhibition studies, GH-B2 was added into the growthmedia
while inoculating the bacteria for biofilm formation. At particular time
points, the supernatant was decanted and washed once with PBS buffer
(pipetting off the supernatant without disturbing the samples), followed by
staining with 0.1% crystal violet (CV) for 30min at room temperature
(25 °C). The excess stainwaswashedwithwater, and the plateswere kept for
drying. The residual CV stain was dissolved in an ethanol:acetone (80:20)
mixture and absorbance was recorded at 590 nm. For biofilm dispersion
studies, the CV stainingwas performed after treatment of GH-B2 on 3-day-
old, pre-formed biofilm. EC50 and IC50 values were calculated using non-
linear least-squares fitting to a dose-response model in Prism 10 software.

Hypermucoviscosity analysis
Hypermucoviscosity was analyzed via string test using a reported protocol1.
Briefly, all fourK. pneumoniae isolates were streaked on aMacConkey agar
plate and incubated at 37 °C overnight. A colony was lifted using a sterile
inoculation loop, and the lengthof the string from the colony to the loopwas
measured. A positive string test was defined as viscous strings greater than
5mm in length. Additionally, sedimentation assays were performed using
the reported protocol1 to validate the hypermucoviscosity quantitatively. All
fourKP isolateswere cultured inBHImedia at 37 °C, 180 rpm, for 18 h. The
overnight grown culture’s optical density at 600 nm(OD600)was adjusted to
1, and 1.5 mL of culture was centrifuged at 2000 × g for 5min. The super-
natantwas transferred to the 96-well plate without disturbing the pellet, and
OD600 was measured.

Biofilm matrix isolation
The exopolysaccharides (EPS) from KP biofilm were isolated using a pre-
viously reported protocol76. Briefly, a 3-day-old mature biofilm of hyper-
mucoviscous Klebsiella pneumoniae (KP 529) grown in BHI broth was
agitated to isolate thematrix. A 60 µL of formaldehyde (36.5% solution)was
added to 10mL of the dislodged biofilm sludge to fix the cells. The mixture
of formaldehyde and biofilm was incubated for 1 h at 25 °C with gentle
shaking (100 rpm). Themixturewas subsequently incubated for another 3 h
after adding 4mL of 1MNaOH to each 10mL of the extract. The resulting
suspension was centrifuged at 12,000 × g for 1 h at 4 °C. The supernatant
containing EPS was dialyzed against distilled water using a 12 KDa mole-
cular weight cut-off membrane for 24 h at 4 °C. Further, the proteins and
eDNA were removed by trichloroacetic acid (20% w/v) precipitation,
leaving the exopolysaccharides in the extract. Then, 1.5 volumes of cold
ethanol were added to the supernatant and kept at −20 °C overnight to
separate EPS from lipids. After incubation, the suspension was centrifuged
at 12,000 × g for 1 h at 4 °C, and the EPS pellet was resuspended in Milli-Q
water and dialyzed against Milli-Q water using a 12 KDa molecular weight
cut-off membrane for 24 h at 4 °C. The dialyzed EPS was lyophilized
overnight and used for further analysis.

Quantitative analysis of hydrolase activity of GH-B2 on K. pneu-
moniae biofilm matrix
The isolated EPS was incubated with GH-B2 overnight with gentle shaking
(80 rpm) at 37 °C, followed by quenching by heating at 100 °C for 5min.
Further, the samples were lyophilized and converted to trimethylsilyl

derivatives for GC–MS analysis. Briefly, 40 μL of methoxyamine hydro-
chloride (20mg in 1ml pyridine) was added to 2mg of lyophilized sample
and incubated at 65 °C for 1 h. To the incubated solution, 80 μL of BSTFA
[N,O-bis(trimethylsilyl)trifluoro acetamide]+TMCS [trimethyl-
chlorosilane] (99:1 ratio) was added and kept for 1 h incubation at 65 °C.
Samples were then diluted with ethyl acetate and injected into GC–MS
(Agilent, 8890GC coupledwith the 5977B inert plusMSD) equippedwith a
HP-5MS UI column (Restek, 30m x 0.25mm× 0.25 µm, catalog no.
19091S433UI). The flow rate of the helium carrier gas was maintained at
1.2mL/min, and the inlet temperature was maintained at 250 °C. A 0.5 µL
sample was injected into the system using the autosampler (Agilent, ALS-
G4513A) in the splitmodewith a split ratio of 1:1 and a total flowof 5.4 mL/
min. The interface temperature was maintained at 250 °C. The oven tem-
perature was held at 80 °C for 2min, increased to 170 °C at 15 °C/min, and
held for 5min, then increased to 300 °C at 30 °C/min, at which it was held
for 2min. Themass range for acquiring the data was set at 30–600m/z. The
signal of the silylated glucose O-methyl oxime was identified and analyzed
using the in-built analysis software (OpenLab CDS, Agilent, version 2.6).

After confirming the release of glucose upon incubation of EPS with
GH-B2, further quantification was performed using a spectroscopic
method, phenol–sulfuric acid method77,78. Briefly, 0.6 mg/mL (10 μM) of
GH-B2 was incubated with the extracted exopolysaccharides in PBS buffer,
pH 7 at 37 °C. Aliquots were collected at different time intervals, and the
samples were heated at 100 °C for 5min to quench the reaction. A 20 µL
sample was mixed with 20 µl 5% phenol. Subsequently, 100 µL sulfuric acid
(98%) was added to the mixture and incubated at 25 °C for 10min. The
absorbance of the solution was recorded at 492 nm using the microplate
reader. The amount of sugar released was calculated using the calibration
curve generated using various known glucose concentrations.

Analysis of the effect of GH-B2 on K. pneumoniae cells
To study K. pneumoniae growth curves, strains were grown overnight in
Brain Heart infusion Broth (BHI) media at 37 °C with shaking. The next
day, the cultures were diluted in fresh BHI to absorbance at 600 nm to 0.1,
and 1mLof the culturewas added to thewell of a 24-well plate and grown at
37 °C with shaking in a BioTek Synergy H1 microplate reader. Cell growth
was measured following the increase in OD600, with values recorded every
30min up to 24 h. The number of viable cells in control and enzyme-treated
samples was quantified by CFU analysis. Further, to check any surface
alteration induced by GH-B2, the overnight grown KP culture was sub-
cultured in freshBHImedia (1:100dilution) alongwithGH-B2 (0.3mg/mL,
5 μM and 0.6mg/mL, 10 μM), and incubated at 37 °C, with 180 rpm
shaking. After 6 h, the OD600 was adjusted to the same for all cultures, the
cells were pelleted down, and the enzymewas removed by repeated 3-cycles
of PBS wash (resuspending gently in 1X PBS and pelleting down the cells)
and subjected to analysis. The morphological change of the cells was ana-
lyzed by scanning electron microscopy. The samples were further analyzed
by zeta potential measurement to check any change in the enzyme-treated
cells’ surface charge. Briefly, various dilutions (OD600: 0.1, 0.2, and 0.3) of
GH-B2-treated cells were prepared in 1X PBS, and the zeta potential was
measured using dynamic light scattering spectrometer (Malvern Instru-
ments Limited, UK, Model number: ZEN3600) using zetasizer software
with default settings. Further, the cells were subjected to biofilm formation,
and the amount of biomass was monitored over a period of 3 days.

Confocal laser scanning microscopy (CLSM) studies
For confocal analysis of enzymatic biofilm dispersion, K. pneumoniae bio-
film was grown in chambered slides as described before, followed by
treatment of the biofilm with GH-B2 (0.3mg/mL) for 2 h at 37 °C. The
residual broth was aspirated, followed by washing thrice with PBS buffer to
remove the planktonic cells (pipetting off the supernatant without dis-
turbing the samples). The biofilm was fixed with 3.5% (w/v) paraf-
ormaldehyde for 30min at room temperature.A50 μL solutionofTexas red
conjugated with Concanavalin A (1mg/mL) was applied directly to the top
of the biofilm, and the sample was kept in the dark for 30min. The
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representative images were taken using the Zeiss LSM 880 multi-photon
inverted confocal laser-scanning microscope (Carl Zeiss, Jena, Germany).
Imageswere obtained via a plan-apochromat 63X/1.4 oilDICM27objective
with a z-step of 0.45 μm. Images were processed using the ZenBlack
software.

For the mean fluorescence intensity (MFI) calculation, 10 images per
samplewere acquired usingZeiss LSM710 (Carl Zeiss, Jena,Germany) via a
plan-apochromat 63X/1.4 oil DICM27 objective with a z-step of 1 μm. The
MFI was normalized to the intensity of the bright field of the same image.
Concanavalin-tagged Texas red (548–690 nm), Alexa fluor 488
(487–572 nm), propidium iodide (581–719 nm), and Syto 9 (495–520 nm)
were the laser channels employed for the study.

Scanning electron microscopy (SEM) studies
Round microscopic cover glass (12mm, Blue Star) and the latex Foley
catheter (4mmdiameter, latex Foley balloon catheter, Teleflex) 1 cmpieces,
TeleflexMedical PrivateLtd., Indiawere sterilizedby autoclaving andplaced
in a 24-well plate, whichwas followed by inoculation ofK. pneumoniae. The
biofilm was grown in the microtiter plate as described above. Afterward,
under static conditions, GH-B2 (0.3 mg/mL) treatment was carried out for
2 h at 37 °C. The treated biofilm samples were chemically fixed using 2.5%
glutaraldehyde and incubated overnight at 4 °C. Subsequently, the cover-
slipswerewashedwithMilli-Qwater to remove the tracesof glutaraldehyde,
followed by dehydration of samples using a gradient of ethanol (30, 50, 75,
85, 95, and 100% v/v) for 3min each (pipetting off the supernatant without
disturbing the samples). Before imaging, the samples were coated with gold
using BAL-TEC SCD 500 sputter coater (Thermo Fisher Scientific). The
images were acquired using JSM-IT300 InTouchScope™ Scanning Electron
Microscope with a high probe current of 30 nA, acceleration voltage of
15 KV, and working distance of ∼12mm.

The thickness of the biofilmwas analyzed by placing the samples (glass
coverslip/ catheter) on a vertical stub (double 90 SEM pin stub of diameter
12.7mm) for imaging. Subsequently, the thickness of the biofilm was
measured from the acquired images using JEOL software.

Viable cell (CFU) analysis to quantify enzymatic dispersion of
biofilm
Three-day-old biofilms were grown on a glass coverslip and Foley catheter.
The media was removed and washed thrice with 1X PBS to remove the
unattached cells, which was followed by treatment with 1mL of PBS along
with GH-B2 (5 μM, 0.3mg/mL) and incubation at 37 °C. After 2 h, the
supernatant was collected to quantify the enzymatically dispersed cells.
Followed by the glass coverslip and Foley catheter were washed once with
PBS to remove unattached cells (pipetting off the supernatant without
disturbing the samples). Again, 1 mL of PBS was added to the coverslip and
was scraped to remove the remaining biofilm adhered to the coverslip. The
catheter piece was transferred to 1mL PBS in a tube and vortexed to extract
the remaining biofilm on the catheter. The samples were serially diluted and
plated on differential cystine–lactose–electrolyte-deficient (C.L.E.D) agar.
The plates were incubated at 37 °C and the colonies were counted after 24 h
and reported as log10 CFU.mL−1 for glass coverslip samples and log10
CFU gm−1 mL−1 for catheter samples.

Evaluating antibiotic sensitivity to K. pneumoniae
The minimum inhibitory concentration (MIC, the lowest concentration of
antibiotic at which no obvious growth of microorganism was observed) of
meropenem was calculated using the broth microdilution method. The
planktonic MIC was established using guidelines of European Committee
on Antimicrobial Susceptibility Testing (EUCAST) criteria79,80. Briefly, the
96-well microtiter plates having serially diluted antibiotic (from 2 to
0.0002mgmL−1) in sterile Mueller-Hinton broth were inoculated with K.
pneumoniae culture at the final inoculumdensity of 105 CFUmL−1 perwell.
The 96-well microtiter plates were incubated at 37 °C for 24 hwith 180 rpm
shaking. The MICs were noted as the minimal amounts of antibiotic at
which no visible growth was observed in the microtiter plate wells. The

sterile broth served as a control. The MIC of the antibiotic was determined
using the absorbance at 600 nm. All the experiments were performed in
triplicate (n = 3).

MBEC (minimum biofilm eradication concentration) was determined
by adding the serially diluted antibiotic to 3-day-old biofilms and incubating
at 37 °C for 18 h with 180 rpm shaking81. Non-adherent cells were gently
washed out of the mature biofilms with MHI broth before adding the
antibiotics. To investigate whether GH-B2 can improve the susceptibility of
biofilm-encased K. pneumoniae cells to antibiotics, we tested theMBECs of
meropenem against GH-B2-dispersed bacteria from 3-day-old biofilms.
Briefly, serially diluted antibiotics and GH-B2 were added to 3-day-old
biofilms and incubated at 37 °C for 18 hwith 180 rpm shaking. Cell viability
was calculatedusing the following formula: cell viability (%) = ((mean signal
of corresponding well−mean signal of negative control well)/(mean signal
of positive control well−mean signal of negative control well)) × 100. All
experiments were performed in triplicate (n = 3) and repeated three times.

Experimental evolution of Klebsiella pneumoniae against
meropenem
The overnight grown K. pneumoniae culture (G0) was subjected to biofilm
formation (1/100 dilution in BHI media) in a 24-well plate. After 3 days of
biofilm formation, the supernatant was removed, and fresh BHImedia was
added along with meropenem (16 μg/mL) in one group and meropenem
(16 μg/mL) with GH-B2 (5 μM, 0.3mg/mL) in another group and incu-
bated at 37 °C, 180 rpmshaking for 18 h.The evolvedpopulations (G1)were
stored as glycerol stock at −80 °C and parallelly subjected to biofilm for-
mation (10 μL in 1mL BHI media). After 3 days of biofilm formation, the
procedure was repeated for 3 more cycles (Supplementary Fig. 13a). At the
endpoint of the experiment, all the glycerol stocks were revived and sub-
jected to MIC (minimum inhibitory concentration) testing (detailed pro-
cedure of MIC analysis mentioned above).

Determination of the synergistic effect of GH-B2 with antibiotic
The minimum inhibitory concentration (MIC, the lowest concentration of
antibiotic required for preventing the growth of a planktonic bacterial
population) and minimum biofilm eradication concentration (MBEC,
lowest antibiotic concentration that inhibits re-growth of bacteria from the
treated biofilms) of meropenem were calculated using the broth micro-
dilution method, as reported previously79–81. The potentiation of mer-
openembyGH-B2 against biofilm-encasedK. pneumoniaewas determined
using CFU analysis and CLSM studies. Biofilm was treated with GH-B2
(0.3mg/mL) for 2 h at 37 °C followed by meropenem (250 µg/mL) for 24 h
at 37 °C, and theviability of cellswasmonitored employing theLIVE/DEAD
cell imaging kit according to the manufacturer’s instructions followed by
CLSM imaging as described previously. The LIVE/DEAD assay involves
Syto 9 (with excitation and emission maxima at 480 nm and 500 nm,
respectively), which stains (green) the nucleic acids of both the live and dead
cells and propidium iodide (PI) (with excitation and emission maxima at
490 and 635 nm, respectively), which only stains (red) theDNAof cells with
damaged membrane. Although Syto 9 stains dead cells, PI has a higher
affinity for DNA, displacing Syto 9 from the dead cell’s nucleic acids82.

Phagocytosis assay
K. pneumoniae biofilmwas grown on sterile glass coverslips in BHI broth at
37 °C for 3 days. The biofilm was treated with GH-B2 (0.3mg/mL) at 37 °C
for 2 h. The supernatant was removed and washed with 1X PBS before
incubating with RAW264.7 macrophage cells (5 × 105) in Dulbecco’s
modified Eagle medium (DMEM) media (supplemented with 10% fetal
bovine serum) at 37 °C, in the presence of 5%CO2 for 2 h. The supernatant
was removed, and samples were washed with PBS buffer and processed for
SEM imaging and CLSM studies. Also, the remaining biofilm was scraped
off the glass coverslips, resuspended in 1mL of PBS buffer, and analyzed by
CFU determination. THP-1 cells were cultured in RPMI-1640 glutamax
with 10% FBS supplementation and 1% Pen–Strep. The cells were washed
with 1X PBS prior to seeding onto the biofilm-containing 24-well plates.
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5 × 105 cells were seeded on the biofilm-containing plate in RPMI-1640
glutamax with 10% FBS and supplemented with PMA (phorbol 12-
myristate-13-acetate at a final concentration of 25 ng/mL) for activation of
the monocytes. The plate was incubated at 37 °C in a humidified incubator
with 5% CO2 for 20 h. The supernatant was removed, and samples were
washedwith PBS buffer and processed for SEM imaging andCLSM studies.
For CFU analysis, the cells adhered to the surface were collected by scraping
the biofilm from the coverslip using 1mL of 1X PBS. Further, the biofilm
suspension was plated on C.L.E.D agar to determine the CFU. Experiments
were performed in three replicates (n = 3).

For confocal imaging, the samples were fixed with 3.5% paraf-
ormaldehyde (w/v) for30minat roomtemperature (25 °C), followedbyone
wash with 1X PBS and treatment with K. pneumoniae polyclonal antibody.
The antibodywas used at a dilution of 1:200 in the blocking buffer (2%BSA
and 0.01% saponin). The samples were incubated at 4 °C overnight in a wet
chamber, washed with 1X PBS, and stained with the secondary antibody
(anti-Rabbit Alexa fluor 488, 1:200 dilution in the same blocking buffer).
The samples were incubated at room temperature for 1 h, washed with 1X
PBS, and stainedwith propidium iodide.After 30minof incubation at room
temperature, sampleswere againwashed oncewith 1XPBS andmounted to
the glass slide, and images were acquired.

Cytotoxicity analysis
HeLa cells were used for cytotoxicity analysis of GH-B2. Cells were cultured
inDMEMmedia supplementedwith 10%FBSat 37 °C in thepresence of 5%
CO2. The cells were seeded (10,000 cells/well) in 96-well tissue culture plates
and incubated overnight. The media was replaced with enzyme (0.3 and
0.6mg/mL of GH-B2) in fresh culture media, and cytotoxicity was mon-
itored at 2 and 12 h intervals. After the incubation with the enzyme, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 0.5mg/
mL)was added to the suspension and incubated for 3 h at 37 °C. The culture
medium was subsequently removed, and the formazan crystals were solu-
bilized using 100 µL DMSO. The absorbance of the solution was measured
after 15min at 570 nmusing the BioTek SynergyH1microplate reader. Cell
viability was expressed as a percentage relative to untreated cells. Experi-
ments were performed in triplicate (n = 3).

Chronic wound infection model study in mice
Twelve-to-fourteen-week-old BALB/Cmicewere used to create themurine
chronic wound infection model83. Mice were anesthetized with an intra-
peritoneal injection of xylazine (4.5mg/kg body weight of mice) and keta-
mine (90mg/kg body weight ofmice). The 8mmdiameter circular wounds
were created on the back of anesthetized mice using a sterile biopsy punch,
followed by fixing 0.5 mm thick ring-shaped silicone splints with 8mm
inner diameter to the surrounding wound edge using an instant bonding
cyano-acrylate adhesive (glue). Thus, silicon rings tightly adhere to the skin
around the wound, preventing local skin contraction. Further, the wounds
were covered with a semipermeable polyurethane dressing under which K.
pneumoniae cells (1010)were injected into thewoundbed,whichwas further
covered with an elastic bandage. Biofilm formation was allowed to proceed
for 3days. Four groupsofmicewere created; onegroupwas treatedwithPBS
buffer control, the second group was treated with meropenem, the third
groupwas treatedwithGH-B2 (0.6mg/mL in 100 µL solution/wound), and
the fourth group was treated with both GH-B2 (0.6mg/mL in 100 µL
solution/wound) and meropenem (512 µg in 100 µL solutions/wound) for
4 days. The treatments were done once a day via direct topical injection
using a syringe, and thewoundswerephotographed to check thehealing. To
study the colonization in organs, tissues from the right and left lungs,
mesenteric lymph nodes, and spleen were isolated aseptically (in biosafety
level 2 cabinet) 7 days post-infection (4 days post-treatment). To study
systemic dissemination, blood was isolated by cardiac puncture prior to the
isolation of tissue from organs, and an anticoagulant (3.25% tri-sodium
citrate) was used to prevent coagulation. The tissues were homogenized
using glass lysis beads (1mm, BioSpec) using a bead-beater (BioSpec). The
lysate and blood were used for CFU analysis on differential and selective

C.L.E.Dagar by serial dilution.Thewoundbedswereharvested forCFUand
histopathology analysis. The wound tissue was collected and fixed in 10%
neutral buffered formalin for histopathology. The fixed tissues were
embedded in paraffin, cut into a 4 µm section by microtome, and mounted
on glass slides. The wound tissue sections were stained with hematoxylin
and eosin (H&E) for histopathological analysis and photography.

Statistical analysis
All the graphs reported in this study were plotted using GraphPad Prism
software (version 10.1.1). The statistical analysis was performed using one-
way ANOVA with Dunnet’s post-hoc test or two-way ANOVA with
Tukey’s post-hoc test. The data represents the mean ± standard deviation.
The number of replicates and the significantly different results are desig-
nated with a graphic feature ‘*’, and the non-significant results are desig-
nated with ‘ns’ within the corresponding figures.

Data availability
The phylogenetic tree is available in Interactive Tree of Life (iTOL, https://
itol.embl.de/tree/1413912812152121686570171). The genome sequencing
data of four clinical Klebsiella pneumoniae isolates used in this study have
been deposited in the NCBI database under the Bioproject ID
PRJNA1171173. The source data corresponding to Figs. 1–7 are provided as
a source data file. Any additional data are available from the corresponding
authors upon reasonable request.
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