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The therapeutic effect of Vaccinium polyphenols against uropathogens has been widely studied. Most attention
has focused on the antimicrobial activity against P-fimbriated Escherichia coli strains. The present study inves
tigated the anti-adhesive and anti-biofilm activity of a saline extract of blueberry (Vaccinium corymbosum) tar
geting intestinal colonization by a highly adherent Klebsiella pneumoniae strain. This strain, responsible for a large
outbreak of infection in Spain, was selected on the basis of its remarkable capacity to colonize the gastrointestinal
tract of patients.
The blueberry extract was obtained using a medium scale ambient temperature system (MSAT) in a novel
approach based on the use of an aqueous solvent and addition of mineral salts. The polyphenolic content was
determined by liquid chromatography coupled to tandem mass-spectrometry (LC–MS/MS). The findings
confirmed that the blueberry extract is a rich source of phenolic compounds, including the most polar poly
phenols (mostly non-flavonoids), intermediate polarity compounds (flavan-3-ols and most procyanidins) and low
polarity compounds (flavonols and anthocyanins). The extract significantly inhibited biofilm formation and
bacterial adhesion to HT-29 colorectal cells by a highly adherent multidrug-resistant K. pneumoniae. Although
some individual anthocyanidins (malvidin, delphinidin and cyanidin) and one hydroxycinnamic acid (caffeic
acid) proved capable of reducing bacterial adhesion, the unfractionated extract was more active than any of the
individual polyphenolic compounds. In addition, the extract displayed considerable potential as an intestinal
decolonization treatment in a murine model. The study findings demonstrate the potential value of the
V. corymbosum extract as an alternative treatment for K. pneumoniae infections.

1. Introduction
Infectious diseases remain one of the leading causes of death and an
ongoing global public health challenge. Infections caused by multi-drug
resistant pathogens are of particular concern, such as those belonging to
the ESKAPE group (Enterococcus faecium, Staphylococcus aureus, Klebsi
ella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and
Enterobacter species), which are the principal causes of nosocomial in
fections [1]. The pathogenicity, transmissibility and resistance pheno
types of these bacterial species favour their spread and hinder the fight

against them [1]. In its 2019 report, the US Centers for Disease Control
and Prevention (CDC) included carbapenem-resistant Enterobacteri
aceae (CRE) in the group of pathogens considered an urgent threat [2].
These pathogens, particularly K. pneumoniae, often show resistance to
almost all antibiotics available in clinical practice, thus severely limiting
the therapeutic options available [3,4]. K. pneumoniae is considered one
of the most important pathogens causing serious community- and
hospital-acquired infections. The emergence of clinically important
clones of this species has contributed to the spread of various resistance
genes, which have played an important role in the global emergence of
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antibiotic resistance. The high incidence of K. pneumoniae infections is
favoured by the ability of this pathogen to colonize the gastrointestinal
(GI) tract, which is associated with subsequent infection [5,6]. There
fore, GI tract colonization represents an important reservoir for strains
involved in healthcare-associated infections [7]. The ability of the bac
terium to adhere to several different cell types enables host colonization,
favouring nosocomial outbreaks and the spread of infection. Disrupting
bacterial adherence to the intestinal surface could potentially target GI
tract colonization and consequently limit the global spread of
multidrug-resistant K. pneumoniae.
Previous studies have reported the functional capacity of berry
compounds to inhibit bacterial adhesion to epithelial bladder cells and
thus help to prevent urinary tract infections (UTIs) caused by Escherichia
coli [8,9]. Vaccinium berries are rich sources of bioactive compounds,
mainly polyphenols, with proven health benefits [10,11]. Polyphenols
form part of the chemical defensive arsenal of plants [12], essentially as
a result of the inherent physicochemical properties of the phenol func
tional group [10]. Despite the immense structural variety of the phenol
functional group, Vaccinium berries have some polyphenols in common,
including anthocyanidin glycosides, flavonols (quercetins and related),
flavanols (catechins and related), phenolic acids (mainly hydroxycin
namic acids) and complex phenolic polymers, mainly proanthocyanidins
(monomeric and oligomeric forms) and ellagitannins [13,14]. The
therapeutic use of the genus Vaccinium has a long history in America,
Europe and Asia [15,16]. The antimicrobial activity of different berries
and phenolic compounds isolated from berries has been widely
described in Gram-negative and Gram-positive microorganisms [15–17]
and varies depending on the extraction method and solvent used to
obtain the extracts. The polyphenolic content of berry extracts depends
on the phenotypic and agro-environmental conditions and the extrac
tion technique and solvents used. Existing data suggest that the anti
microbial activity of a multi-component extract containing most of the
original polyphenols will be higher than that of a single-component
extract [10,14], due to the synergistic interactions between the com
pounds. The raw, unfractionated extracts will thus potentially have a
powerful broad-spectrum antibacterial action. The antimicrobial activ
ity has also been associated with inhibition of adherence to biotic and
abiotic surfaces. Cranberry A-type proanthocyanidins (PACs) have been
shown to prevent adhesion of P-fimbriated uropathogenic E. coli to
epithelial bladder cells by inhibiting Type 1 fimbriae, which play a key
role in bacterial adhesion [18,19]. Recently published findings suggest
that oligosaccharides may also play an important role in anti-adhesion
activity [20–22]. Berry A-type PACs have been reported to decrease
intestinal colonization by E. coli and, consequently, epithelial cell in
vasion by extra-intestinal pathogenic E. coli [23]. Moreover, adhesion of
Helicobacter pylori to human gastric cells is inhibited by a
high-molecular-weight constituent of cranberry [24] and, in the US, a
PAC-type drug (Crofelemer) has been approved by the US FDA for the
treatment of non-infectious diarrhoea in HIV patients [25]. There is
increasing interest in the role of berries in digestive health, and some
studies have explored the effects of berries on the composition of the
intestinal microbiota [26,27].
As several polyphenolic compounds have been shown to have antiadhesive properties [28,29], we aimed to test the potential
anti-adhesion capacity of a raw, unfractionated berry extract to prevent
host colonization and subsequent infection. To this end, we used an
extraction process, previously successfully used to obtain polyphenols
from other plant sources [30,31], to yield a blueberry extract for testing
against an outbreak-related multidrug-resistant K. pneumoniae
(Kp3380). The Kp3380 strain was involved in a large outbreak caused by
a highly adherent ST-15 OXA-48-producing K. pneumoniae clone in
Spain. This clinical strain has shown a remarkable ability to adhere to
both biotic and abiotic surfaces, as well as a high capacity to colonize the
GI tract of patients [32]. These pathogenic characteristics make this
strain a good model for testing the efficacy of the berry extract to target
GI tract colonization.

2. Material and methods
2.1. Chemicals
Washed sea sand (200− 300 μm, Scharlau, Barcelona, Spain) was
used as a dispersant. Anhydrous sodium sulphate was used as a desiccant
(Carlo Erba Reagents S.A.S., Val de Reuil, France). Hank’s Balanced Salt
Solution (HBSS) was used as the extraction solvent. Ultrapure water was
produced in the laboratory with a Milli-Q gradient system (Millipore,
Bedford, MA, USA). Methanol (LC–MS Chromasolv®, Fluka, Madrid,
Spain) and formic acid (98–100 %) (Merck, Darmstadt, Germany) were
used in the chromatographic mobile phase. Pure standards of caftaric
acid, caffeic acid, quercetin, isoquercetin (quercetin-3-glucoside), rutin
(quercetin-3-rutinoside), chlorogenic acid, catechin, epicatechin gallate
and procyanidins B1 and B2 were supplied by Fluka Chemie GmbH
(Steinheim, Germany). Protocatechuic acid, epicatechin and quercetin3-glucuronide were obtained from HWI ANALYTIK GmbH; gallic acid
was obtained from Sigma-Aldrich. The purity of all of the standards used
was higher than 95 %, except for isoquercetin (91.1 %). The names and
CAS numbers of the studied compounds are listed in Table 1. Individual
standard stock solutions (1,000–10,000 μg/mL) were prepared in
methanol (MS/MS grade). Working solutions in water containing the
target analytes (10− 1,000 ng/mL) were obtained by appropriate dilu
tion of stock solutions for quantitation purposes. Stock and working
solutions were stored in a freezer at − 20 ◦ C and were protected from
light.
2.2. Bacterial strain
The outbreak-related strain Kp3380 was selected on the basis of its
multidrug-resistant and highly adherent phenotype. Several resistance
determinants in Kp3380 were identified using whole-genome
sequencing (accession number PITM00000000). This clinical strain
has been found to harbour the carbapenemase OXA-48 and the ESBL
CTX-M-15, as well as other β-lactamases such as OXA-1, SHV-28, SHV106 and TEM-1. Genes associated with resistance to aminoglycosides
(aph(3’’)-Ib, aac(6’)Ib-cr and aph(6)-Ib), quinolones (aac(6’)Ib-cr, oqxA
and oqxB), chloramphenicol (catB3), sulfonamide (sul2) and trimetho
prim (dfrA14) were also found in this strain. Moreover, the Kp3380
resistome includes a phoQ mutation that confers resistance to colistin.
All of these resistance determinants contribute to the Kp3380 multidrugresistance profile. Thus, this strain showed resistance to carbapenems
(ertapenem), cephalosporins (ceftazidime, cefotaxime, cefepime and
cefoxitin), monobactam (aztreonam), quinolones (ciprofloxacin and
levofloxacin), aminoglycosides (amikacin and tobramycin), colistin,
tigecycline and fosfomycin.
2.3. Blueberry samples and culture conditions
The blueberries used in this study belong to the genus Vaccinium
(family Ericaceae). The species Vaccinium corymbosum (Ventura), grown
in Peru, was the raw material used to obtain the blueberry extract
(BBHE) for experimentation. Ventura is an early ripening variety, with
medium to large firm fruit, light coloured skin and white to red pulp. The
bacterial strain was grown in LB broth (10 g/L tryptone, 5 g/L yeast
extract and 10 g/L NaCl), LB broth supplemented with blueberry extract
at different concentrations, or LB agar plates (LB broth supplemented
with 20 g/L of agar). The strain was routinely grown at 37 ◦ C with
shaking and was stored at − 80 ◦ C in LB broth with 10 % glycerol.
2.4. Extraction procedure and analytical characterization of the extract
The blueberry extract was produced in a medium scale ambient
temperature system (MSAT) [31] consisting of a cylindrical glass col
umn (20 cm height x5 cm external diameter) adapted for the specific
purposes of the study. Twenty g of blueberry sample yielded a net
2
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Table 1
Quantification of polyphenols in blueberry extract, expressed in μg/g (in lyophilized extract); average data from two LC–MS/MS runs.
Plant Polyphenol Group
Benzoic acids
Non-flavonoids

Hydroxycinnamic acids
Phenolic aldehydes
Flavan-3-ols
Flavan-3-ols oligomeric derivatives

Flavonoids

Flavonols

Anthocyanidinsa
Anthocyaninsb

Compound name

CAS Number

Concentration (μg/g)

Gallic Acid
Protocatechuic Acid
Caffeic Acid
Clorogenic Acid
3,4-Dihydroxybenzaldehyde
Catechin
Epicatechin
Procyanidine A2
Procyanidine B1
Procyanidine B2
Procyanidine C1
Quercetin
Isoquercetin (Quercetin-3-glucoside)
Rutin (Quercetin-3-rutinoside)
Myricetin
Delphinidin
Cyanidin
Petunidine
Peonidin
Malvidin
Petunidin-3-O-glucoside

149-91-7
99-50-3
331-39-5
327-97-9
139-85-5
225937-10-0
490-46-0
41743-41-3
20315-25-7
29106-49-8
37064-30-5
117-39-5
482-35-9
153-18-4
529-44-2
528-53-0 (chloride)
528-58-5 (chloride)
1429-30-7 (chloride)
134-01-0 (chloride)
643-84-5 (chloride)
6988-81-4

1.4 ± 0.6
1.3 ± 0.7
0.30 ± 0.1
343 ± 41
0.38 ± 0.06
6±1
0.9 ± 0.4
1.8 ± 0.8
6±1
9±4
124 ± 9
5±2
214 ± 12
38 ± 9
59 ± 10
27 ± 1
3 ± 0.1
17 ± 0.2
1 ± 0.05
98 ± 1
188 ± 10

a

Concentrations determined by alkaline hydrolysis of the extract. The free anthocyanins were extracted from their corresponding sugar derivatives, except for
malvidin (which was also determined in the non-hydrolyzed extract: 21 ± 10 μg/g).
b
The sugar-containing counterparts of anthocyanins.

extract volume of 100 mL. The sample was initially ground in a mortar
with the selected dispersant (sand) at a ratio of 1:2, and anhydrous so
dium sulphate was used as a drying agent. The sample was then loaded
onto the column, and the elution solvent (Hank’s balanced salt solution
without glucose, mHBSS) was added. Layers of glass wool and sand were
packed into the column at both ends of the extraction mixture; the lower
layer acted as a filter and the upper layer prevented preferential chan
nels for the extraction solvent. The total polyphenolic content of the
blueberry HBSS extract (BBHE) was determined by the Folin-Ciocalteu
spectrophotometric method [33] and expressed as mg equivalents of
gallic acid (GAE) per g of dry weight (dw). The individual polyphenols
present in BBHE were then identified and quantified by liquid chro
matography coupled to tandem mass-spectrometry (LC–MS/MS)
following a previously described optimized method [31].

trypsinized and transferred to 24-well plates (Corning® Costar®
TC-Treated Multiple Well Plates) to produce a monolayer of ≈105 cells
per well. The plates were incubated for 24 h at 37 ◦ C, and confluent
monolayers were washed twice with saline solution and once with
modified Hank’s balanced salt solution (mHBSS). The cells were then
infected with 105 bacteria per well and incubated for 3 h in mHBSS,
mHBSS supplemented with BBHE and mHBSS supplemented with
different polyphenols, including chlorogenic acid (100 μg/mL), caffeic
acid (56 μg/mL), catechin (50 μg/mL), quercetin (52 μg/mL), malvidin
(8.9 μg/mL), delphinidin (6.8 μg/mL) and cyanidin (1.5 μg/mL) at 37
◦
C. The infected monolayers were washed three times with saline solu
tion and lysed in 500 μL of 0.5 % sodium deoxycholate (Sigma-Aldrich).
Dilutions of the lysates were plated onto LB agar and incubated at 37 ◦ C
for 24 h. The numbers of colony-forming units were counted 24 h later,
and the percentage of bacteria that attached to HT-29 cells was calcu
lated. The percentage of attached bacteria was compared with the total
number of infecting bacteria. Four independent biological replicates
were performed. The experimental data were analysed using a Student’s
t-test.

2.5. Quantitative biofilm assay
Biofilm formation was quantified following a previously described
procedure [34], with some modifications. The Kp3380 strain was grown
on LB broth overnight at 37 ◦ C with shaking. Overnight culture was
1:100 diluted in Mueller-Hinton (MH) medium and MH supplemented
with BBHE and independently inoculated in polystyrene 48-well flat
bottom microtitre plates (Corning® Costar® TC-Treated Multiple Well
Plates). The plates were incubated at 37 ◦ C for 24 h under static con
ditions and biofilm formation was visualized by staining with 0.1 %
crystal violet. Bacterial growth was measured at OD600 to estimate total
cell biomass. Biofilm formation was quantified (OD580) after solubili
zation with 30 % acetic acid. The amount of biofilm formed was
determined as the OD580/OD600 ratio to prevent variations due to dif
ferences in bacterial growth. Six independent biological replicates were
performed. The experimental data were analysed using a Student’s
t-test.

2.7. Scanning electron microscope analysis
Confluent monolayers of HT-29 cells were obtained and infected as
described above. Polystyrene coverslips were placed on the bottom of
the 24-well plates for scanning electron microscopy (SEM) analysis of
bacterial attachment. Coverslips were removed, washed, fixed in 4 %
formaldehyde-HBSS, dehydrated in ethanol, processed with a critical
point drier and sputter coated, as previously described [36]. Bacterial
attachment to HT-29 cells was viewed in a Jeol JSM-7200 F scanning
electron microscope.
2.8. Murine intestinal colonization model
The ability of BBHE to target Kp3380 in vivo was assessed using a
murine intestinal colonization model, as previously described [37], with
some modifications. BALB/c mice were randomly distributed in cages,
with one mouse per cage. Mice were previously treated with a single
dose of streptomycin (1 g/Kg in 100 μL water by oral gavage) for
decolonization of the GI tract. Two groups of seven mice were inoculated
with the Kp3380 strain by an oral gavage of ca. 2 × 106 CFU/mouse in

2.6. Bacterial adhesion to HT-29 human colorectal epithelial cells
The adhesive capacity of strain Kp3380 was determined following a
previously described procedure [35], with some modifications. HT-29
human colorectal epithelial cells were grown at 37 ◦ C, in a 5 % CO2
atmosphere, in McCoy’s 5A Medium (Gibco) supplemented with 10 %
FBS, 1 % P/S and 1 % Glutamax (Gibco). The cells were washed,
3
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100 μL of PBS. After 24 h, faecal samples (0.2 g) were collected from the
mice, and the bacterial burden was determined to confirm intestinal
colonization with the strain of interest. Three days after inoculation, one
group of mice (n = 7) was treated with an oral dose of BBHE (1 g/kg in
100 μL water by oral gavage) every 12 h for 3 days. Mice in the untreated
group (n = 7) were inoculated with 100 μl of PBS. The mice were then
euthanized, and intestinal segments (caecum and colon) were processed
under aseptic conditions. Intestinal segments were weighed before ho
mogenization and plated on LB supplemented with kanamycin (50
mg/mL) to determine the bacterial burden in the tissues. The experi
mental data were analysed using a Mann-Whitney test.

Animal experiments were carried out with the approval of, and in
accordance with, regulatory guidelines and standards established by the
Animal Ethics Committee of the A Coruña University Hospital Complex
(project code P82). This committee follows the recommendations of the
National Committee for the Replacement, Refinement and Reduction of
Animal Research.

additional experiment, in which water and mHBSS were used in
comparative extractions, and chlorogenic acid, glycosylated quercetins
and total anthocyanins were quantified as markers. The concentration of
chlorogenic acid was three times higher when mHBSS was used as the
extraction solvent than when water was used, and the corresponding
concentration was about two times higher in the other two groups of
compounds.
The bioactivity of berry polyphenols and berry extracts rich in
different groups of compounds has been investigated in numerous
studies. Most attention has focused on the antimicrobial and antiadhesive activity against uropathogens, particularly P-fimbriated
E. coli strains. Indeed, cranberry consumption has long been associated
with prevention of urinary tract infections (UTIs). Although several
mechanisms of action have been demonstrated [39], the therapeutic
effect has not yet been attributed to any individual polyphenolic com
pound. It is also interesting to note that, although it has been demon
strated that the antibacterial activity of these extracts is often
dose-dependent, there is not necessarily a direct relationship between
the concentration of a particular polyphenolic compound in the extract
and its efficacy.

2.10. Data availability

3.2. Anti-adhesion activity of BBHE in vitro

The authors confirm that the data supporting the findings of this
study are available within the article and/or its supplementary
materials.

Cranberry products are widely used for prophylaxis of UTIs, on the
basis of an anti-adhesive effect, which prevents attachment of bacteria to
host tissues. Many plant-based products are known to have properties
that prevent adhesion of clinical pathogens [28,29], and compounds
that are capable of preventing and/or treating bacterial adhesion to
surfaces are desirable as antibacterial agents. We investigated the effect
of BBHE on adherence of Kp3380 to both biotic and abiotic surfaces. A
crystal violet assay was used to quantify biofilm production and thus
attachment of Kp3380 to abiotic surfaces. We observed that BBHE had a
pronounced
effect
on
bacterial
adherence,
with
a
concentration-dependent reduction in the subsequent biofilm produc
tion (Fig. 1A). None of the concentrations used affected bacterial
growth. These findings are consistent with those of previous in vitro
studies that reported the effects of cranberry and blueberry polyphenols
on biofilm formation by P. aeruginosa and E. coli [40,41].
Cranberry-derived oligosaccharides, alone and in combination with
phenolic compounds, have also been shown to reduce biofilm formation
in E. coli [42]. The interaction between Kp3380 and colorectal cells in
the presence of BBHE was also examined in this study. The findings
revealed that significantly fewer bacteria attached to HT-29 colorectal
cells when BBHE was added to the culture. This effect was also
concentration-dependent, as shown in Fig. 1B. Similar results were re
ported for Salmonella typhimurium, in a study in which two different
berry extracts (blueberry and blackberry) caused a reduction in adher
ence to intestinal INT407 cells [43]. Reduction of adherence to HT-29
cells by a high molecular weight molecule present in cranberries
(NDM) was demonstrated in Helicobacter pylori, with the effect also
being concentration-dependent [24]. Existing data suggest that a
multi-component extract containing most of the original polyphenols
will be a better antimicrobial than a single-component extract [10,14].
This can be explained by the synergistic interactions between the
different plant polyphenols, as the mechanisms of antibacterial action
are diverse and the plant synthesizes various compounds to attack its
potential enemies and/or to react in stressful situations [10]. Indeed, it
has recently been reported that the anti-adhesive effect of cranberry
extract against E. coli cannot be attributed to a single compound [44]. As
suggested in the present study, the strength of the extract is probably
derived from the synergistic action of several polyphenols such as (in the
case of BBHE) flavonoid glycosides (particularly quercetin and myr
icetin glycosides), anthocyanidins, A- and B-type PACs, and benzoic and
hydroxycinnamic acid derivatives.
To explore this hypothesis, we selected different polyphenols for
study on the basis of their abundance in BBHE. Thus, we examined the

2.9. Ethics

3. Results and discussion
3.1. Polyphenol content of BBHE
The polyphenolic content of blueberry extracts varies depending on
the extraction technique and solvents used. Plant phenolics are chemical
compounds with a wide range of polarities, and combinations of water
and organic solvents are usually used to modulate the final polarity of
the extraction mixture in order to maximize extraction of polyphenols
from the initial raw material. However, the use of organic solvents was
not possible in the present study, because solvents would interfere with
the microbiological experiments and also because the final intended
application of the extract is as an easily deliverable medicament
compatible with human life. In this context, although water might seem
the best choice of extractant, Hank’s Balanced Salt Solution (HBSS), a
well-known buffer in growth media for some bacteria, enables more
effective extraction of the bioactive polyphenols while producing ex
tracts ready for bacterial testing. The total polyphenolic content of BBHE
was 7.19 mg GAE/ g dw. The individual polyphenolic profile based on
LC–MS/MS data of the extract obtained was characterized (Table 1). The
main BBHE polyphenols are chlorogenic acid (343 μg/g), isoquercetin
(214 μg/g), petunidin-3-O-glucoside (188 μg/g), procyanidine C1 (124
μg/g) and malvidin plus its sugar-derivatives (98 μg/g).
The BBHE contained representatives of some of the main families of
polyphenols. This is interesting because it indicates that the aqueous
solvent (mHBSS) is capable of extracting the most polar polyphenols
(mostly non-flavonoids), intermediate polarity compounds (flavan-3ols) and low polarity compounds (in relative terms), such as flavonols
and anthocyanins. Procyanidins are proanthocyanidins built from
flavan-3-ols (+)-catechin and (− )-epicatechin and cover a variety of
polarities due to their diversity and structural complexity. Procyanidins
are categorized into A-type and B-type depending on the stereo config
uration and linkage between monomers [38], with B-type procyanidins
(B1, B2, and C1 in BE) being the most polar, followed by the C- and
A-procyanidins.
Although the extraction mixture did not include organic solvents,
almost the entire range of polarities was covered. This is because poly
phenols are released more easily in a saline environment than in pure
water, as the ionic strength is greater. This was confirmed in an
4
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Fig. 1. Anti-adhesive activity of BBHE against
K. pneumoniae Kp3380. A) Quantification of biofilm
formation by crystal violet staining. Six independent
biological replicates were analyzed. The values shown
are means, and error bars indicate standard deviations.
B) Quantification of the adherence of K. pneumoniae
Kp3380 strain to HT-29 intestinal colorectal cells.
Bacterial adherence is reported as the percentage of
attached bacteria relative to the number of bacteria
used to infect the eukaryotic cells (assumed to be 100
%). The data represent 4 independent biological repli
cates. The experimental data were analysed using a
Student’s t-test. Statistical significance is indicated,
**** P ≤ 0.0001, *** P ≤ 0.001, ** P ≤ 0.01 and ns
when P > 0.05. The values shown are means, and error
bars indicate standard deviations.

effect on adherence to HT-29 of three anthocyanidins (malvidin, del
phinidin, and cyanidin), two hydroxycinnamic acids (chlorogenic and
caffeic), one flavan-3 ol (catechin) and one flavonol (quercetin). All
anthocyanins, along with caffeic acid, caused a reduction in the
attachment of Kp3380 to colorectal cells (Fig. 2). The most active
polyphenol was delphinidin, which reduced the number of attached
bacteria by 90 %. However, neither catechin nor quercetin displayed
anti-adhesive properties (Fig. 2). Attenuation of virulence factors and
pathogenicity by the regulation of quorum sensing and inhibition of
biofilm formation of chlorogenic acid, the most abundant compound in
BBHE, has recently been demonstrated in P. aeruginosa [45]. However,
we did not observe any effect of chlorogenic acid on bacterial attach
ment to intestinal cells (Fig. 2). The unfractionated berry extract was
more active than any of the individual polyphenols alone. Although the
concentration of the individual polyphenols is significantly lower in the

multi-component extract, the BBHE was more active due to the syner
gistic interactions between the different polyphenols. The presence of
oligosaccharides in the berry extract probably contribute positively to its
anti-adhesive properties, as they were found to be involved in reducing
the adhesion of different pathogens to eukaryotic cells [21,22]. As
attachment of Kp3380 to HT-29 colorectal cells is reduced in the pres
ence of BBHE, we wondered whether bacterial or eukaryotic cell sur
faces would be affected. SEM images of the colorectal cells infected with
Kp3380 were taken in the presence and absence of BBHE (Fig. 3). The
results confirmed our previous results and showed that fewer bacteria
attached to eukaryotic cells in the presence of BBHE (Fig. 3, micrographs
A and D). We also observed that the K. pneumoniae Kp3380 strain tends
to form aggregates on the surface of intestinal cells (Fig. 3, micrograph
B). However, we did not observe multicellular bacterial aggregates
when HT-29 cells were infected in the presence of BBHE (Fig. 3,
micrograph E). Thus, as well as preventing the attachment of bacteria to
host tissues, BBHE could also facilitate elimination as the bacteria from
the host, as aggregates of bacteria are more resistant to stressful con
ditions, such as exposure to antimicrobial treatments. In addition, while
no significant changes were observed in bacterial morphology, the
surface of the eukaryotic cells differed considerably when incubated in
the presence of BBHE (Fig. 3). Although further experimentation is
required to clarify how BBHE affects the eukaryotic cellular surface, the
SEM images indicate that the anti-adhesive effect of the extract may be
stronger in intestinal cells.
3.3. Effect of a BBHE-based decolonization treatment
Considering the in vitro anti-adhesive properties of the BBHE, we
decided to investigate the performance of the extract as a decolonization
treatment in an in vivo murine model. GI tract colonization is probably a
common and significant reservoir of K. pneumoniae for dissemination
and an important step in progression to infection [5,46]. Thus, estab
lishing efficient intervention protocols to prevent colonization and
subsequent infection would be of great value.
Mice pretreated with streptomycin were intestinally colonized with
the Kp3380 strain. This strain has been spreading rapidly and has caused
a large outbreak in Spain, showing a remarkable adherent phenotype
and colonization capacity [32]. Several decolonization interventions
were administered to the patients to eradicate the pathogen from the
intestine (e.g. probiotics and oral colistin and gentamycin therapy), but
all strategies failed. Treatment of mice colonized by Kp3380 with 6
doses (administered by oral gavage) of BBHE every 12 h, significantly
reduced Kp3380 levels in the cecum and colon relative to mice treated
with a vehicle control (Fig. 4). These results are consistent with those of
a previous study of intestinal colonization with S. typhimurium in chicks
treated with a combined extract of blackberry and blueberry, in which
cecum colonization was reduced [43]. Similarly, a model in pigs infected
with E. coli showed that the administration of food and water

Fig. 2. Anti-adhesive activity of polyphenolic compounds derived from blue
berry extract against K. pneumoniae Kp3380. Quantification of the adherence of
K. pneumoniae Kp3380 strain to HT-29 intestinal colorectal cells. Polyphenolic
compounds used: chlorogenic acid (100 μg/mL), caffeic acid (56 μg/mL),
catechin (50 μg/mL), quercetin (52 μg/mL), malvidin (8.9 μg/mL), delphinidin
(6.8 μg/mL) and cyanidin (1.5 μg/mL). Bacterial adherence is reported as the
percentage of attached bacteria relative to the number of bacteria used to infect
the eukaryotic cells (assumed to be 100 %). The data are average values from 4
independent biological replicates. The experimental data were analysed using a
Student’s t-test. Statistical significance is indicated, **** P ≤ 0.0001, and ns
when P > 0.05. The values shown are means, and error bars indicate stan
dard deviations.
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Fig. 3. SEM images of the colorectal cells infected with Klebsiella pneumoniae Kp3380. Microscopic observations of bacterial and eukaryotic cells were made in the
presence (lower panel) and absence (upper panel) of BBHE. Micrographs were taken at 1,000x (micrographs A and D), 15,000x (micrographs B and E), and 50,000x
(micrographs C and F) magnification. Bars indicate the scale.

biotic surfaces in a dose-dependent manner. In addition, the antiadhesive properties of the BBHE were also observed in vivo, demon
strating the potential usefulness of the extract as a decolonization
treatment in a murine model.
Few studies have been performed on the use of berry extracts as a
decolonization treatment or as an adjuvant to existing treatments, and
the findings of the present study may therefore lead to the design of new
therapeutic strategies.
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