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ARTICLE INFO ABSTRACT

Keywords: Given the increasing incidence of multidrug-resistant (MDR) Klebsiella pneumoniae infections, it is of great in-
ESBL terest to investigate the risk of transmission associated with the prevalence of this pathogen. Some studies have
Zoonotic described fresh raw poultry meat as a reservoir of MDR K. pneumoniae, including clinically relevant sequence
l:gfui:lresistance types (ST) and extended-spectrum f-lactamase (ESBL) strains, indicating possible consumer exposure. This study

compared 47 MDR strains of K. pneumoniae from poultry meat and human clinical isolates to assess similarities,
including analysis of antimicrobial resistance profiles and virulence factors involved in infection. In addition,
several biofilm culture methods were evaluated for reproducible assessment of biofilm formation in
K. pneumoniae strains. Globally, no association between strain origin and STs, hypermucoviscosity, biofilm
formation or serum resistance could be found between isolates of food and clinical origin, nor an associated AMR
pattern, suggesting overlapping populations. We found that LB supplemented with glucose in microaerobiosis
was the best discrimination condition for biofilm formation in the active attachment biofilm cultivation model.
The biofilm formation capacity was strongly dependent on culture conditions, with a strain-specific response, but
only a minor increase in biofilm levels was recorded in clinical K. pneumoniae populations. Our results suggest
that a similar risk of zoonosis transmission from potentially virulent foodborne strains previously observed in
E. coli is also present in this high-priority pathogen. This study further confirms that foodborne isolates of
K. pneumoniae pose a risk to consumers and therefore this pathogen should be included in the surveillance of
foodborne pathogens with high risk of MDR infections and therapeutic failure.

Hypermucoviscosity

1. Introduction

Antimicrobial resistance (AMR) has been prioritised by the World
Health Organization (WHO) as one of the top 10 global public health
threats facing humanity (WHO, 2023). Moreover, in July 2022, the EU
Commission and the Member States identified AMR as one of the top
three priorities for human health (Council of the European Union,

2023). It has been estimated that bacterial AMR was directly responsible
for 1.27 million global deaths and contributed to 4.95 million deaths
worldwide in 2019 (Murray et al., 2022), and without intervention,
multidrug-resistant (MDR) bacteria could cause 10 million deaths
annually by 2050 (O'Neill, 2016). ESKAPE pathogens (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter spp.) are listed

Abbreviations: HMV, Hypermucoviscosity; ESBL, Extended-Spectrum p-Lactamase; AST, Antimicrobial susceptibility testing; MLST, Multi-Locus Sequence Typing;
PFGE, Pulse Field Gel Electrophoresis; UPGMA, Unweighted Pair Group Method with Arithmetic mean; AA, active attachment; CV, Crystal Violet; PCA, Principal
Component Analysis; DSBs, Double-Strand Breaks; AMR, Anti-Microbial Resistance; MDR, Multi-Drug Resistant; KP, Klebsiella pneumoniae; AE, aerobiosis; PAE,

microaerobiosis.
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within the WHO priority pathogens list for which new antibiotics are
urgently needed (WHO, 2017). These pathogens are increasingly re-
ported in food, where their ability to form biofilms poses a challenge to
the food industry (Patil et al., 2021).

Among ESKAPE bacteria, K. pneumoniae (KP), a common intestinal
bacterium implicated in nosocomial and community extraintestinal in-
fections, caused up to 600,000 deaths in 2019 worldwide (Murray et al.,
2022). Furthermore, in the context of the pandemic caused by SARS-
CoV-2, KP caused at least 55 % of nosocomial respiratory co-infections
in COVID-19 patients, being the most frequent complication of hospi-
talised COVID-19 patients and increasing the risk of death by 2.5-fold
(Garcia-Menino et al., 2021). The latest report on AMR surveillance in
Europe, jointly published by the European Centre for Disease Prevention
and Control (ECDC) and the WHO Regional Office for Europe, based on
data from 2021, shows that third-generation cephalosporin resistance in
KP has become quite widespread in the WHO European Region (ECDC &
WHO, 2023). Given the occurrence of KP MDR infections, the study of
the risk of transmission involved in the prevalence of this pathogen is of
great interest. A high similarity of commensal KP strains to community-
acquired and nosocomial isolates have been reported, suggesting that
potentially pathogenic strains may live in the gut microbiota silently as
reservoirs (Gomez et al., 2021; Sequeira et al., 2020). On the other hand,
K. pneumoniae has been newly suggested as a foodborne pathogen,
together with extraintestinal pathogenic E. coli (Riley, 2020).

Increasing evidence points to zoonotic transmission as a major route
of persistence and transmission of MDR strains. The presence of poten-
tially pathogenic MDR-E. coli in poultry samples is well documented
(Abreu-Salinas et al., 2020; Garcia et al., 2023; McLellan et al., 2018)
but assessing only MDR-E. coli in meat may underestimate contamina-
tion with other MDR strains. KP MDR strains carrying blacrx-m, blaoxa,
blartgym, blaghy, blacyy and plasmid-mediated quinolone resistance genes
have been described in the environment, animals and food (Aslam et al.,
2022; Wareth and Neubauer, 2021; Wu et al., 2022; Zhang et al., 2018).
In fact, the presence of antimicrobial-resistant KP strains in food sam-
ples, including extended spectrum f-lactamase (ESBL) strains, has been
reported in many countries by the Agency for Food Safety and Nutrition
(AESAN) (Franco Abuin et al., 2023), highlighting the exposure of
consumers to these potentially pathogenic strains. Indeed, KP, although
not included in the WHO zoonoses inventory, has been reported as a
zoonotic disease in several publications (Hu et al., 2021; Santaniello
et al., 2020; Soto et al., 2012) and has been included in the European
Centre for Disease Prevention and Control inventory as “other potential
zoonotic agents” (EFSA and ECDC, 2023). Phylogenetic analyses suggest
close relationships between human- and livestock-derived KP, as STs
associated with hypervirulent lineages have been isolated from raw
retail turkey meat (Diaz-Jiménez et al., 2020). In addition, isolates from
meat were significantly more likely to be MDR than clinical isolates,
probably reflecting the selective pressures of antibiotic use in animal
food production. Furthermore, isolates from human and animal sources
showed similar virulence in a murine sepsis model (Holt et al., 2015).

Key KP virulence factors implicated in infections, such as the
hypermucoviscous phenotype (HMV), iron-binding siderophore pro-
duction, as well as lipopolysaccharide production and capsular hyper-
production (Gonzalez-Ferrer et al., 2021) are of great interest to assess
potential zoonotic transmission risk. Capsular hyperproduction is one of
the most important virulence factors of KP, highly correlated with
increased mortality, as it leads to increased resistance to human serum,
phagocytosis and antibody opsonisation (Guerra et al., 2022). Biofilm
formation is also a key virulence factor contributing to the persistence of
infections since it impairs antimicrobial action and provides an optimal
environment for horizontal transmission of antibiotic resistance genes
(Gonzalez-Ferrer et al., 2021; Guerra et al., 2022). Additionally, the
ability to form biofilm is associated with the persistence of MDR-KP
species on food industry-related surfaces (Gonzalez-Rivas et al., 2018).
Given this, one would expect biofilm-forming bacteria to display resis-
tance to multiple antimicrobials, a hypothesis supported by a study in
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which 73 % of MDR-KP clinical strains were reported as biofilm-
hyperforming bacteria (Ramos-Vivas et al., 2019). In contrast, Cusu-
mano et al. (2019) found that MDR-KP were 91 % less likely to form
strong biofilm. A possible explanation for these discrepancies is the
experimental methodology used to quantify biofilm formation, as this
phenotype is strongly determined by the culture conditions, leading to
different conclusions depending on the methodology used (Garcia et al.,
2023; Parga et al., 2023). Therefore, studying and comparing food and
clinical-origin strains regarding this phenotype is of high interest to
assess the potential zoonotic risk.

This study aims to compare KP strains of meat and human-clinical
origin to assess similarities and potential foodborne transmission risk
based on the analysis of genotypic and phenotypic traits, including AMR
profiles and hypervirulence-related phenotypes such as HMV, biofilm
formation and serum resistance, a phenotype previously linked to
capsule production (Walker and Miller, 2020). To establish a repro-
ducible methodology to assess biofilm formation in KP, we evaluated
various biofilm culture methods, as well as different culture conditions
known to affect biofilm formation and capsule production, such as ox-
ygen availability and glucose supplementation. Studying the differences
between the two populations allowed us to assess a better approxima-
tion of the zoonotic risk of transmission of MDR—K. pneumoniae strains,
indirectly reflecting the emergence of high-risk-convergent strains.

2. Materials and methods
2.1. Bacterial strains and culture conditions

A total of 47 ESBL- and/or carbapenemase-producing KP strains
constituted the studied collection (Supplementary Table S1), which
included 28 strains of meat origin and 19 of human clinical origin. The
28 meat strains were previously obtained from a random sampling of
100 fresh poultry samples (50 chicken and 50 turkey) every two weeks
in 7 different supermarket chains in the city of Lugo (Spain), between
September 2016 and September 2017. The 7 supermarket chains are
representative of the national territory and the meat sampled was all
from national producers. Of the 100 meat samples, 50 were chicken
breasts and another 50 were turkeys. The meat products were trans-
ported in an isothermal container and processed within 2 h of collection.
Briefly, 25 g of meat were aseptically cut from different parts of each
sample, homogenised in 225 mL buffered peptone water and incubated
for 6 h/37 °C. Then 1 mL of the pre-enriched sample was inoculated into
9 mL of MacConkey broth (18-24 h/37 °C). From the positive tubes, 10
pL each were plated on CHROMID® ESBL and CHROMID®CARBA
SMARTmedia (BioMérieux) (18-24 h/37 °C). These media were used for
the screening of ESBL- and carbapenemase-producing Enterobacteri-
aceae, respectively (Diaz-Jiménez et al., 2020). The 19 non-duplicated
human KP isolates were recovered from different patients with
different nosocomial infections (Supplementary Table S1) at the Hos-
pital Universitario Central de Asturias (HUCA), Oviedo, in Northern
Spain, whose health area covers a population of approximately 300,000
persons, between 2015 and 2019. The criterion used for selection was
the therapeutic challenge posed by the infections, due to the AMR nature
of the strains, which had been recovered by conventional culture in
CHROMID™ CPS® Elite (BioMérieux, Marcy L'Etoile, France). In addi-
tion, the antibiotic-susceptible strain KP ATCC 13883" was included as a
reference strain. All strains were confirmed as KP by matrix-assisted
laser desorption/ionisation time-of-flight mass spectrometry (MALDI-
TOF MS) (Bruker Daltonik, Bremen, Germany). The strain collection was
stored in cryotubes (Scharlau, REF: 064-TA8275) at —80 °C and KP
strains were routinely grown at 37 °C in lysogeny broth (LB) or LB agar
(1.5 %).
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2.2. Antimicrobial resistance susceptibility and genetic characterization of
p-lactamase and colistin resistance genes

Antimicrobial susceptibility testing (AST) was performed by disc
diffusion assay and included ampicillin, amoxicillin-clavulanic acid,
cefuroxime, ceftazidime, cefotaxime, cefoxitin, aztreonam, imipenem,
gentamicin, tobramycin, amikacin, fosfomycin, colistin, doxycycline,
chloramphenicol, nitrofurantoin, co-trimoxazole, ciprofloxacin, nali-
dixic acid and tigecycline (Supplementary Table S1). All results were
interpreted according to the Clinical and Laboratory Standards Institute
guidelines, except for tigecycline, for which the clinical standard
breakpoint established in 2022 by the European Committee on Anti-
microbial Susceptibility Testing (EUCAST 2022) was applied. Based on
the AST results, isolates were classified as MDR if they showed resistance
to at least one agent from three or more antimicrobial categories
(Magiorakos et al., 2012). The collection was also investigated by PCR
for the screening of specific p-lactamase (bla) genes (IMP, VIM, KPC,
OXA, TEM, CIT, SHV, CTX-M-1 and CTX-M-9 groups), as well as for
plasmid-mediated colistin resistance (mcr) genes (1 to 5), using the
primers and conditions described elsewhere (Diaz-Jiménez et al., 2020;
Poirel et al., 2011).

2.3. Multilocus sequence typing (MLST)

The sequence type (ST) of the K. pneumoniae strains was determined
following the Institute Pasteur MLST scheme (Diancourt et al., 2005).

2.4. Pulsed-field gel electrophoresis (PFGE)

For molecular subtyping of the collection, Xbal-PFGE profiles
(macrorestriction profiles) were obtained following the standardised
protocol PulseNet (Ribot et al., 2006), and imported into BioNumerics
(Applied Maths, STMartens-Latern Belgium) to obtain a dendrogram
using the UPGMA (unweighted pair group method with arithmetic
mean) algorithm based on Dice's similarity coefficient and applying a 1
% tolerance in the position of the bands.

2.5. Hypermucoviscous phenotype

Hypermucoviscous phenotyping (HMV) was performed on the 48
strains following the string test with modifications (Shon et al., 2013).
Bacteria were considered HMV+ when a slimy string >5 mm was
formed when a colony was picked on an agar plate with a loop. The
string tests were performed on colonies obtained on LB agar, glucose-
supplemented LB (0.4 %), Columbia agar (5 % sheep blood) and EMB-
Levine agar plates, all incubated in aerobiosis (AE) and micro-
aerobiosis (HAE) (Campy GEN 2.5 L. REF: CN0025A) at 37 °C/24 h.

2.6. Biofilm cultivation and quantification

Biofilm-forming capacity was assessed in 24 representative strains
(12 each of human and food origin), which were selected based on STs
(clinically important and prevalent), PFGE macrorestriction profiles and
origin (where possible, both origins were included). Experiments were
also performed with the antibiotic sensitive ATCC 13883 type strain.
Biofilm culture was performed using the active attachment (AA) method
as described in (Muras et al., 2020), which ensures that the biofilm is due
to active cell attachment only and not deposition, and allows easy
changing of culture media without disturbing the biofilm. Briefly, bio-
films were grown in 12-well cell culture plates (VWR, REF: 734-2778)
with wells filled with 3 mL LB or LB medium supplemented with 0.4 %
glucose (LB+G), using a custom-made aluminium lid with glass cover-
slips (18x18mm) attached and partially immersed as biofilm substrate.
Media were inoculated with cells at optical density at 600 nm (Absggo) of
0.05 and incubated 24 h/37 °C under AE or pAE. The culture media were
changed after 12 h to promote the growth of adherent cells. A total of 4
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conditions were tested: LB AE, LB pAE, LB+G AE and LB+G pAE. All
cultures were performed in triplicate. Biofilm biomass was quantified by
staining with 0.04 % Crystal Violet (CV), washed once with distilled
water, dried and CV was dissolved with 33 % acetic acid and quantified
spectrophotometrically at 590 nm. Bacterial growth in the culture su-
pernatant (Absggp) was quantified spectrophotometrically to normalise
the biofilm quantification data to total bacterial growth.

Additionally, the biofilm formation was studied aerobically for 7
strains using the real-time biofilm monitoring equipment xCELLigence®
(RTCA DP Analyzer, Model 3 x 16), in which biofilm is measured as cell
index due to changes in impedance values (Junka et al., 2012). Inoculum
were prepared as for the AA method and media used included both LB
and LB+G. Biofilm growth was monitored in 16-well E-plates (Aligent,
REF: 5469830001) 24 h/37 °C. 3 sample replicates were carried out for
each strain and condition tested. Real time data was processed with
RTCA Software, version 2.0.0.1301.

A recently described new type of biofilm formation, termed R-bio-
film (Liu et al., 2020), was also investigated in the same 24 strains
selected for the AA method. This method assesses the formation of ring-
shaped deposits in the culture tubes of KP after incubation in LB sup-
plemented with the antibiotic bleomycin. Cultures (Absggp 0.05) were
incubated vertically in LB in aerobiosis 24 h/37 °C with the antibiotic
bleomycin (40 pg/mL). A strain was considered positive for R-biofilm
when a ring-shaped structure appeared in the tube, and this structure
was able to withstand a flip of the tube without rupturing. In addition,
the effect of DNase I (Roche) at 50 pg/mL was studied on the R-biofilm
positive strains. These experiments were repeated twice. In parallel,
growth of KP strains in the presence to bleomycin or DNase was assessed
in triplicate.

2.7. Serum resistance

To assess the sensitivity of the KP isolates to human serum (Lv et al.,
2022), microaerophilic overnights of each strain in LB or LB+G adjusted
at Absggo 1 were diluted 1/3 with human serum (Merk) and incubated
aerobically for 2 h/37 °C in a 96-well U-bottom plate. As negative
control, the inoculum was mixed with PBS pH 7.4. Subsequently, 1/10
serial dilutions were made in PBS and colony forming units per millilitre
(CFU/mL) were quantified on LB agar. Three replicates were performed
for each strain and condition.

2.8. Statistical analysis

Statistical analyses were performed with GraphPad Prism 8.3.0
(GraphPad, San Diego, CA, USA). Initially, the data were tested for
normal distribution using the Shapiro-Wilk test. If a normal distribution
was found, ANOVA or t-Student tests were applied; otherwise, Kruskal-
Wallis or Mann-Whitney analyses were performed, depending on
whether >2 groups or only 2 groups were compared. Significance values
represented in the graphs of this paper as asterisks are as follows: * = p
< 0.05; ** = p < 0.005; *** = p < 0.0005; and **** = p < 0.00005.
Principal component analyses (PCA) for the AMR profile data were
performed using RStudio version 2021.09.0.

3. Results

3.1. Genetic and resistance analyses reveal no significant differences
between populations

Sequence types, macrorestriction profiles and AMR characterization
were assessed to establish differences between human and food pop-
ulations. Twenty-eight KP strains were recovered from 27 different meat
samples. Significantly, only 2 isolates were from chicken (different
samples) compared to 26 isolates from turkey (25 different samples).
The 28 meat strains recovered on CHROMID® ESBL medium were
phenotypically confirmed as ESBL-producers and showed MDR
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(Supplementary Table S1). All meat strains expressed penicillin resis-
tance; most (>80 %) showed resistance to cefotaxime, ciprofloxacin,
cotrimoxazole, nalidixic acid; >60 % exhibited resistance to doxycy-
cline, tigecycline; while none of them showed resistance against to
cefoxitin, imipenem, amikacin or nitrofurantoin. (Fig. 1A). The ESBL
typing revealed the simultaneous presence of blacrx-m-15 + blagyy in 13
of the 28 meat strains. All 28 meat strains were PCR negative for the
presence of plasmid-mediated mobile colistin resistance genes (mcr-1 to
mcr-5), including the 5 strains phenotypically resistant to colistin. MLST
revealed 11 different STs, although 6 accounted for 79 % of the 28
strains: ST307 (7), ST147 (4), ST4028 (4), ST15 (3), ST45 (2), ST111 (2).
It is of note that ST307, ST147 and ST15 had been previously related as
high-risk clones (Peirano et al., 2020).

In addition to ampicillin, most (>80 %) of the 19 KP from human
clinical samples were resistant to amoxicillin-clavulanic acid, cipro-
floxacin, nalidixic acid; and >60 % showed resistance to cefuroxime,
ceftazidime, cefotaxime, aztreonam, gentamicin, doxycycline, nitro-
furantoin, co-trimoxazole, tigecycline (Fig. 1A). All but one strain
showed MDR (KLEB-41, ST4387). The ESBL typing determined the
presence of blapxa-4g in 17 strains, 7 of which were also carriers of
blacrx-m-15 alone, and 5 strains were simultaneously carriers of blapxa.4s,
blactx.m.1s and blagyy (3 SHV-28 and 2 SHV-12) (Supplementary
Table S1, Fig. S1). PCR screening of mcr genes (1 to 5) detected mcr-1 in
a phenotypically colistin-resistant KP CTX-M-15/SHV-28 clinical strain.
The 19 human isolates belonged to 9 different STs: ST147 (6), ST326 (4),
ST15 (2), ST405 (2), ST14 (1), ST16 (1), ST45 (1), ST307 (1), ST4287
.

All KP strains used in this study (including the ATCC 138837 control
strain), showed 41 macrorestriction profiles that clustered in the Xbal-
PFGE dendrogram according to their ST, except for some strains of ST45
and ST147 that were separated by origin. Ten clusters of similarity >85
% were observed, however, none of them included strains from both
origins (Fig. 3: clusters highlighted in red). The Xbal-PFGE dendrogram
showed >80 % identity for ST147 (4 strains) and ST307 (7 strains), and
>76 % for ST15 (3 strains). PCA showed that both populations over-
lapped in terms of antibiotic profile resistance, although a greater
dispersion was found among human isolates (Fig. 1B). PCA also high-
lighted chloramphenicol, aztreonam, ceftazidime and cefotaxime as
those antibiotics most likely to discriminate human and food origin
within our collection (Fig. 1C). PCA of the AMR profile was also per-
formed for strains grouped according to their hypermucoviscous and R-
biofilm phenotypes, as well as by ST, with no differences found between
the groups analysed.

3.2. Hypermucoviscous phenotype is not correlated with the origin

The HMV phenotype, a virulence factor related to clinical infections
(Shon et al., 2013), was studied in 8 different culture conditions (LB,
LB+G, Columbia agar and EMB-Levine, all in AE and pAE) in both
populations. Of all 48 strains studied, only 7 strains, 5 from meat origin
and 2 from clinical samples, were HMV+- in at least one of the conditions
tested (Table 1). The HMV phenotype was highly dependent on culture
conditions, with only 2 meat strains (KLEB-21 and KLEB-22) maintain-
ing the HMV+ phenotype in all conditions tested, with high expression
of the phenotype on EMB-Levine and LB+G agars. The best discrimi-
nating conditions were LB+G pAE, LB+G AE and LB pAE, where the
positive phenotype was expressed by the highest number of strains
(Table 1). No correlation was observed between HMV phenotype and ST,
PFGE profile, AMR or strain origin (Fig. 3).

3.3. Active attachment biofilm-cultivation method and population
comparison

Considering the discrepancies found in the bibliography, we evalu-
ated the biofilm formation of KP strains in two different biofilm-
quantification models to subsequently compare both meat and human
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populations with the highest reproducibility method. First, biofilm for-
mation was measured under aerobic conditions using the xCELLigence®
real-time biofilm formation monitoring system with 7 KP strains in LB
without or with glucose supplementation (LB+G 0.4 %). Glucose sup-
plementation has been shown to significantly increase biofilm biomass
and antibiotic tolerance in E. coli (Herzberg et al., 2006; Padilla et al.,
2010). However, some authors have reported that glucose supplemen-
tation promotes the expression of genes related to capsule production
through cAMP-catabolite repression in KP, and this could interfere with
surface adhesins causing reduced biofilm formation (Chen et al., 2020).
This prompted us to study the effect of glucose supplementation in
biofilm cultures. A large variability between experimental replicates was
observed using the xCELLigence® system (Supplementary Fig. S2).
Faster cell attachment, indicated by a rapid increase in cell index, was
observed in LB medium compared to LB+G cultures (Fig. 2C and Sup-
plementary Fig. S2). In addition, all strains tested showed a drop in cell
index values after 5 h of incubation, which was more acute in LB,
probably indicating cell detachment, even reaching negative values
after 10-15 h of incubation (Supplementary Fig. S2).

The low reproducibility of the results obtained with the xCELLi-
gence® system prompted us to evaluate other biofilm culture systems in
KP to more accurately discriminate the biofilm-forming capacity of
strains. We therefore tested the AA biofilm culture method, previously
reported to produce reproducible results in human pathogenic species
(Mayer et al., 2020), on 24 selected KP strains representing both origins
(12 human and 12 meat isolates) and taking into account STs and PFGE-
macrorestriction profiles. Biofilm formation was also assessed in LB or
LB+G with culture medium exchange after 12 h to promote biofilm
growth. Additionally, biofilm cultures were incubated both under AE
and pAE conditions since it has been reported that a pAE environment
can promote biofilm formation by a bacterial pathogen in a lung-
infection model (de la Fuente-Ntnez et al., 2013).

The AA culture method allowed the growth of robust KP biofilms and
proved to be more reproducible than the xCELLigence® system
(Fig. 2A-B) for both, lower biofilm formers (ATCC 13883T) and higher
biofilm formers (KLEB-33). Biofilm formation by KP strains was highly
dependent on the culture conditions, with a strain-specific response
(Supplementary Fig. S3). The effect of glucose supplementation and/or
microaerobiosis differed for each strain, with some strains showing
opposite trends (Fig. 2). A higher number of statistically significant
differences between strains was observed in LB+G pAE, indicating that
this condition allows for greater discrimination between strains than the
other culture conditions tested (Fig. 3). Although differences between
the 4 culture conditions tested were not statistically significant, in
average higher biofilm formation was observed in the LB+G pAE con-
dition in both human and meat strains (Supplementary Fig. S4), and also
in the ST307 and ST45 strains (Supplementary Fig. S5). Human isolates
showed greater inter-strain variability than food-derived isolates, and
formed in average more biofilm in all conditions tested (Supplementary
Figs. S3 and S4), but no statistical significant differences were found
compared with meat strains. No correlation between biofilm formation
ability, origin and ST or PFGE molecular profiles could be observed in
any of the tested conditions. However, a slight positive correlation was
observed between biofilm formation and AMR profile for HMV+ strains
(R2 = 0.64, p = 0.03) under LB AE conditions.

As we did not observed any correlation with the origin and the
biofilm formation regarding the cultivation methods mentioned above,
we additionally studied a recently described flocculent phenotype
denominated R-biofilm (Liu et al., 2020). This biofilm is thought to be
generated as a protective response to stress generated by DNA damage
due to double-strand breaks (DSBs). Some antibiotics such as quinolones
used in clinical routine can cause DSBs by inhibiting the ligase domain of
topoisomerases. In our 24 strains studied in biofilm formation experi-
ments, all strains are resistant to the quinolones ciprofloxacin and
nalidixic acid, so we wanted to know whether this resistance could
correlate with the ability to form R biofilms, and whether this biofilm
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studied, both human and food-borne (C).
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Table 1
Hypermucoviscous phenotype (HMV) in 8 different culture conditions assessed by the string test (Shon et al., 2013). Only
HMV+ results are shown.
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Fig. 2. Biofilm formation by KP type strain (ATCC 13883") (A) and MDR clinical isolate KLEB-33 (B) in the active attachment biofilm culture method under 4
different culture conditions: LB culture medium (LB) and LB supplemented with 0.4 % glucose (LB+G) in aerobiosis (AE) or microaerobiosis (LAE). Biofilms were
stained and quantified using CV. Values represented are from 4 independent experiments with 3 replicates each. (C) Biofilm formation by the same strains measured

with the xCELLigence® real-time biofilm formation monitoring system.

type could correlate with origin, as strains of human origin are expected
to be exposed to these antibiotics more frequently than strains of meat
origin. The addition of bleomycin induced the formation of R-biofilms in
7 out of the 24 strains tested (Fig. 5) both of food (KLEB-11, KLEB-21,
KLEB-28) and human origin (KLEB-33, KLEB-35, KLEB-42 and KLEB-
45a). We did not observe any correlation between the ability to form
biofilm R with origin or with ST. However, we observed some preva-
lence of R biofilm formation among strains from ST326 (2) and ST15 (3)

(Fig. 3). R-biofilm formation was inhibited by DNase I in 4 of the 7
biofilm R-forming strains, indicating that DNA is a key component of
these flocculent ring-shaped deposits in KP strains. DNase I did not
produce R-biofilm-like structures in media without bacteria and growth
of KP strains was not affected by this enzyme (Supplementary Fig. S6).
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Fig. 3. Biofilm formation capacity of the in AA model quantified by CV staining in LB medium supplemented with 0.4 % glucose (LB+G) in microaerobiosis (RAE) for
the 12 food (blue bars) and 12 human (yellow bars) KP strains and the type strain ATCC 13883". Strains were ordered according to PFGE analysis (left side) and ST
data. HMV+, R biofilm-forming and serum-resistant (SR) strains are also indicated. Biofilm formation under LB AE, LB pAE and LB+G AE conditions is shown in
Supplementary Fig. S3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Serum resistance of meat and human-origin strains

Capsule hyperproduction, a highly important virulence factor, has
been correlated to trigger serum resistance in clinical infections (Guerra
et al., 2022). We studied this phenotype to assess the correlation with
biofilm formation and similarities between our two populations. In our
experiments, only 8 of the 24 strains tested showed resistance to human

serum (Fig. 4A) after growth under the biofilm promoting conditions
selected previously (LB+G pAE) (Fig. 3), including 4 strains of meat
origin (KLEB-3, KLEB-8, KLEB-9, KLEB-21) and 4 strains of human origin
(KLEB-32, KLEB-44, KLEB-45a, KLEB-45b). Hence, no significant dif-
ferences in sensitivity to human serum were found depending on strain
origin. Moreover, no correlation was observed between serum resistance
and biofilm formation or HMV phenotype under the conditions tested.
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Fig. 4. Resistance to human serum, quantified as CFU/mL and expressed as % inhibition compared to control without serum treatment (in PBS) for 24 strains of KP of
food (blue bars) and human (yellow bars) origin (A). Bacterial inoculum was incubated 24 h under LB+G pAE (A) or LB pAE (B) conditions. 3 experimental replicates
were performed for each strain and in control and treatment samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Since serum resistance might depend on the presence of capsule, which
has been described to be stimulated by the presence of glucose (Chen
et al., 2020), we tested the effect of glucose depletion on serum sensi-
tivity in the 4 resistant strains of human origin, which have different
behaviour in biofilm formation (AA method) with or without glucose
supplementation. We observed that in 3 of them the absence of carbo-
hydrates significantly increased the sensitivity to human serum
(Fig. 4B).

+Bleo
(40 pg/mL)

+DNAse I (50
pg/mL)

+DNAse I (50 pg/mL)
+Bleo (40 pg/mL)

KLEB-11

KLEB-21

Fig. 5. Representative images of R-biofilms showing different response to
DNase treatment in 2 KP strains. A strain was considered positive when a ring
shaped (or similar) aggregate was visible after growth in LB supplemented with
the antibiotic Bleomycin and this deposit was able to withstand a tube tipping
without rupturing. The effect of DNase I alone (red) and in combination with
bleomycin (blue) was also studied to assess whether DNA was a structural
component of R biofilms, as previously described in the literature (Liu et al.,
2020). The effect on growth was also studied (Supplementary Fig. S6). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

4. Discussion

In this study, we aimed to compare MDR strains of KP of food and
clinical origin in terms of pathogenic traits, biofilm capacity and AMR
profile to investigate possible foodborne transmission risk. Furthermore,
we aimed to establish a standardised methodology for biofilm formation
quantification and assess some of the most relevant virulence traits used
to evaluate the pathogenic potential of strains in vitro.

Diaz-Jiménez et al. (2020) had already demonstrated consumer
exposure through poultry meat to Enterobacteriaceae with the capacity to
develop severe extraintestinal infections due to bacterial virulence traits
and/or antibiotic resistance. Of the 100 meat samples analysed, we
recovered 28 strains ESBL-producing of KP, which were used in the
present study. Eight of the 11 STs identified among the 28 foodborne KPs
had been previously reported in human clinical isolates, including rec-
ognised high-risk clones such as ST15, ST307 or ST147 (Peirano et al.,
2020). Several studies have shown that these STs are among those
associated with high rates of AMR, including MDR and extensively drug
resistant strains (XDR) of KP globally (Ferreira Raro et al., 2023; Navon-
Venezia et al.,, 2017). Notably, ST15, ST307 and ST147 isolates
accounted for 50 % of our food strains. We also found in our study that
turkey meat was significantly more contaminated with ESBL-producing
strains than chicken (26 and 2 strains isolated, respectively). A signifi-
cantly higher level of contamination with MDR E. coli in turkey meat in
comparison with chicken samples was also found in previous studies
(Davis et al., 2018; Diaz-Jiménez et al., 2020). The differences found for
turkey meat may be related to a longer exposure to antibiotics due to the
much longer fattening period.

The global spread of successful clonal lineages of KP is associated
with the spread of ESBLs and carbapenemases, which poses an extreme
therapeutic challenge. Therefore, it is crucial to follow their dissemi-
nation to prevent further spread. In our study, all foodborne strains were
MDR except KLEB-41, which was notably the only clone of ST4387, an
ST not previously reported to be high risk in this species. Therefore, it
seems clear that the presence of these MDR clones in poultry meat means
that there is a real risk of foodborne transmission, as recently reported
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by Scientific Committee of the Spanish Agency for Food Safety and
Nutrition on the survey of biological hazards of food safety concern in
Spain (Franco Abuin et al., 2023).

For comparative purposes, 19 clinical MDR strains were included in
this study. The PFGE analysis showed heterogeneity within the strains
belonging to the same STs. We have compared the AMR profiles of both
populations and important virulence factors, such as HMV, biofilm, and
human-complement resistance, as these are some of the main factors
determining the progression and severity of infection (Gonzalez-Ferrer
et al., 2021). PCA analysis showed indistinguishable populations in
terms of AMR profile, although no food-resistant strains were found for
cefoxitin, imipenem, amikacin, nitrofurantoin. The most common fully
identical AMR profiles (present in 60 % of the strains) were ampicillin,
amoxicillin, cefuroxime, cefazoline, ciprofloxacin, nalidixic acid and
fosfomycin, and doxycycline, present in 13 human and 16 food-origin
strains. In terms of virulence factors, the HMV phenotype was found
in 7 of the 48 strains studied. Of these, 5 strains were of food origin and 2
were of human origin, suggesting that this virulence factor may indicate
differences in the two populations, although the limited number of
HMV+ strains obtained makes it difficult to draw conclusions and points
to the need for further studies. However, the high percentage of HMV
strains recovered from food samples in other studies (Yang et al., 2019)
may indicate that this characteristic is not a marker of hypervirulence in
all cases (Catalan-Négjera et al., 2017; Walker and Miller, 2020).

We also observed that the HMV phenotype was strongly influenced
by culture conditions and found no association with strain ST and bio-
film formation capacity, although the HMV phenotype and biofilm
hyperformation have been reported to be very common in bacteremic
strains of KP (Gonzalez-Ferrer et al., 2021). This dependence on culture
medium might have been the cause of the failure to identify the HMV
phenotype among 56 Klebsiella spp. isolates from commensal,
community-acquired and nosocomial infection strains, as reported in a
recent study (Gomez et al., 2021). In contrast, here we found a positive
correlation in HMV+ strains between biofilm formation and AMR pro-
file, suggesting that testing alternative culture conditions could allow
the detection of more HMV strains. However, this correlation was not
observed in the best discriminating condition for biofilm formation
(LB+G pAE), so further studies are needed to draw conclusions on the
correlation of HMV phenotype and biofilm formation. In agreement with
previous studies (Walker and Miller, 2020), our results showed that
HMV and serum resistance are separate traits in KP. However, the higher
serum sensitivity observed in our strains, probably related to lower
capsule production, might be caused by low glucose concentration used
in our study, as different concentrations might reach different conclu-
sions (Walker and Miller, 2020).

Biofilm formation is crucial for the persistence of KP in the envi-
ronment and during infection (Guerra et al., 2022). Furthermore, bio-
film formation is also a key factor involved in the persistence of KP MDR
species on food industry surfaces (Gonzalez-Rivas et al., 2018) and
should therefore be considered a crucial feature to characterise the
pathogenic potential of strains. Discrepancies found in the literature on
biofilm formation and antibiotic resistance profile in KP (Cusumano
et al., 2019; Ramos-Vivas et al., 2019) prompted us to optimise the
methodology applied to assess the biofilm formation capacity of selected
KP strains. Although the xCELLigence® system that measures biofilm
formation in real time with high sensitivity, measuring both matrix and
cell growth (total biofilm mass), and has been successfully applied to
assess monospecific and multispecific biofilm formation (Muras et al.,
2018), it did not produce reproducible biofilm communities in the KP
strains analysed in this study. Compared with previously reported CV
staining procedures of biofilms formed at the bottom of wells in mi-
crotiter plates and the xCELLigence® system, the KP strains used in this
study had substantially more repeatability with the active attachment
(AA) system. This method has been already reported to produce robust
and repeatable results for certain ESKAPE species (Mayer et al., 2020).
The AA biofilm cultivation method could reproducibly detect
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differences in the response to culture conditions, even in lower biofilm
formers such as KP ATCC 138837 (Fig. 2A). Strong differences in biofilm
formation ability were observed between strains, which were also
strongly affected by culture conditions, indicating the importance of
standardisation of biofilm methodologies to assess this important
virulence-associated trait.

Despite studies describing a link between AMR and biofilm forma-
tion in KP (Cusumano et al., 2019; Ramos-Vivas et al., 2019), no asso-
ciation between these traits was found in this study. Similarly, no
correlation was found between the biofilm formation capacity of the
strains and their origin, HMV phenotype, PFGE, or ST profile, in any of
the conditions tested. Furthermore, although some authors have re-
ported that glucose supplementation leads to inhibition of biofilm in KP
(Chen et al., 2020), we have not observed a common behavioural
pattern in the response of the KP strains used to the presence of glucose
in the medium (Supplementary Fig. S3). In some cases, a completely
opposite biofilm-forming response to glucose addition was observed
(Fig. 2). Strains of human origin showed a higher inter-strain variability
in biofilm levels than those of food origin and this result could be related
to the fact that they come from many different clinical sources, in
contrast to strains of food origin, which are mostly derived from turkey
meat. We found that LB supplemented with glucose in microaerobiosis
was the best culture conditions for strain discrimination based on bio-
film formation. Interestingly, ST307 strains were highly biofilm-forming
in this condition, a ST recently correlated with high-risk clones (Peirano
et al., 2020). Moreover, in this condition, strains formed on average
more biofilm in both food and human strains. It should be noted that
glucose availability and microaerobiosis conditions could be common in
food processing environments, promoting the persistence of biofilm
forming strains on food industry surfaces. The effect of this condition
could perhaps be explained if low oxygen availability could promote
biofilm formation and matrix production, which could also be enhanced
by glucose availability. Some authors have reported that low oxygen
availability favours biofilm dispersal and colonisation of new surfaces in
P. aeruginosa (An et al., 2010). In addition, it should also be noted that
KP metabolises glucose by the butanediol fermentation pathway under
conditions of low oxygen availability (i.e. microaerobiosis). Interest-
ingly, exogenous addition of this compound was also associated with
greatly increased virulence and biofilm formation in P. aeruginosa cystic
fibrosis-related infections (Venkataraman et al., 2014). Therefore, high
glucose availability under microaerobiosis could lead to higher 2,3-
butanediol concentrations, resulting in enhanced biofilm formation
and explaining our observations.

Additionally, a recently described new type of resistant biofilm form
called R-biofilm (Liu et al., 2020) was assessed in our strains. We
observed R-biofilms in 7 out of 24 strains (29.16 %) (3 food-borne and 4
clinical), again indicating a homogeneity between food-borne and
human strains in terms of the ability to form R-biofilms. It should be
noted that this ability might be concentration-dependent, as all strains
tested are MDR, and only 4 strains were completely inhibited by bleo-
mycin (KLEB-9, KLEB-26, KLEB-29 and KLEB-40, data not shown). Of
the 24 strains studied, 3 of the 4 ST15 strains were R-biofilm+, sug-
gesting that this biofilm type could play an important role in persistence
and resistance to antibiotic-mediated mechanisms, as ST15 is associated
with high-risk strains disseminated worldwide (Peirano et al., 2020), but
further studies are needed to corroborate this hypothesis. Although
proteins have been described as the main component of matrix or R-
biofilms (Liu et al., 2020), extracellular DNA was probably the main
component of the R-biofilm in 4 of these strains. The importance of
eDNA in biofilm formation has also been reported for other ESKAPE
pathogens (Mayer et al., 2020) and is particularly relevant, as it can be
considered a dissemination pathway for antibiotic-resistance genes
(Oliveira et al., 2020).
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5. Conclusion

In our study, we found no statistically significant differences in the
AMR profile between some KP strains of food and human origin, sug-
gesting that horizontal gene transfer could be playing a crucial role in
the transmission of resistance between both ecosystem niches and the
potential zoonotic transmission of pathogenic strains. In our conditions
and strains tested, no link was found between strain origin, ST, HMV, or
serum resistance with biofilm formation. However, we intend to make a
methodology proposal regarding the detection of HMV using different
culture conditions, and the analysis of biofilms in KP strains, as our
experiments showed high reproducibility. The only clinically relevant
difference we observed between food-borne and clinical KP populations
was a slightly higher biofilm formation on average for strains of human
origin, but without statistical significance. Our findings suggest that the
same high risk of zoonosis from potentially virulent foodborne strains
previously observed in E. coli is also present in other high-priority
pathogens such as KP. This study further confirms that foodborne iso-
lates of KP pose a risk to consumers and therefore this pathogen should
be included in the surveillance of foodborne pathogens with a prob-
lematic risk of MDR infections and therapeutic failure.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijfoodmicro.2024.110605.
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