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ABSTRACT The Klebsiella pneumoniae species complex (KpSC) is a leading cause of
multidrug-resistant human infections. To better understand the potential contribution
of food as a vehicle of KpSC, we conducted a multicentric study to define an optimal
culture method for its recovery from food matrices and to characterize food isolates
phenotypically and genotypically. Chicken meat (n = 160) and salad (n = 145) samples
were collected in five European countries and screened for the presence of KpSC using
culture-based and zur-khe intergenic region (ZKIR) quantitative PCR (qPCR) methods.
Enrichment using buffered peptone water followed by streaking on Simmons citrate
agar with inositol (44°C for 48 h) was defined as the most suitable selective culture
method for KpSC recovery. A high prevalence of KpSC was found in chicken meat (60%
and 52% by ZKIR qPCR and the culture approach, respectively) and salad (30% and
21%, respectively) samples. Genomic analyses revealed high genetic diversity with the
dominance of phylogroups Kp1 (91%) and Kp3 (6%). A total of 82% of isolates pre-
sented a natural antimicrobial susceptibility phenotype and genotype, with only four
CTX-M-15-producing isolates detected. Notably, identical genotypes were found across
samples—same food type and same country (15 cases), different food types and same
country (1), and same food type and two countries (1)—suggesting high rates of trans-
mission of KpSC within the food sector. Our study provides a novel isolation strategy
for KpSC from food matrices and reinforces the view of food as a potential source of
KpSC colonization in humans.

IMPORTANCE Bacteria of the Klebsiella pneumoniae species complex (KpSC) are ubiq-
uitous, and K. pneumoniae is a leading cause of antibiotic-resistant infections in
humans. Despite the urgent public health threat represented by K. pneumoniae,
there is a lack of knowledge of the contribution of food sources to colonization and
subsequent infection in humans. This is partly due to the absence of standardized
methods for characterizing the presence of KpSC in food matrices. Our multicentric
study provides and implements a novel isolation strategy for KpSC from food matri-
ces and shows that KpSC members are highly prevalent in salads and chicken meat,
reinforcing the view of food as a potential source of KpSC colonization in humans.
Despite the large genetic diversity and the low levels of resistance detected, the
occurrence of identical genotypes across samples suggests high rates of transmission
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of KpSC within the food sector, which need to be further explored to define possible
control strategies.

KEYWORDS Klebsiella pneumoniae, food sector, transmission, chicken meat, salads,
antibiotic resistance, One Health, genomics, surveillance, culture methods

K lebsiella pneumoniae, a common gut bacterium, is regarded as a critical-priority
pathogen (1, 2), given the depletion of therapeutic options to treat multidrug-re-

sistant (MDR) K. pneumoniae infections. Furthermore, hypervirulent community-
acquired invasive infections represent a growing problem, especially in Asian countries
(3). Concerning reports of the convergence of MDR and hypervirulent phenotypes are
increasing (4). The clinical epidemiology of K. pneumoniae is dominated by the clonal
spread of important MDR and hypervirulent sublineages, such as clonal group 258
(CG258), CG15, CG147, and CG23 (3).

The ecology and transmission of K. pneumoniae outside the clinical setting is still under-
explored; in particular, the reservoir and possible contribution of nonclinical sources in the
transmission of prominent clonal groups to humans remain largely undefined. Given the
broad ecological distribution of K. pneumoniae in animals and the environment (5, 6) and its
capacity to contaminate food (7–9), the contribution of food sources to colonization of
humans, and to subsequent infection, is an important question to address. Currently, the
detection, isolation, and identification of K. pneumoniae are not well integrated in food
microbiological surveillance programs. There is also a lack of standardized tools and proce-
dures for the detection of K. pneumoniae in food. To define the natural ecology and trans-
mission of K. pneumoniae, studies of the presence of K. pneumoniae in food should be
designed irrespective of antimicrobial resistance phenotypes.

In order to achieve precise detection and identification of K. pneumoniae, it is im-
portant to define the target species. Recent taxonomic updates pointed out the exis-
tence of seven phylogroups (phylogroup 1 [Kp1] to Kp7), now defined as distinct taxa,
within Klebsiella pneumoniae sensu lato. The resulting K. pneumoniae species complex
(KpSC) consists of five species, K. pneumoniae sensu stricto (Kp1), K. quasipneumoniae
(subsp. quasipneumoniae [Kp2] and subsp. similipneumoniae [Kp4]), K. variicola (subsp.
variicola [Kp3] and subsp. tropica [Kp5]), “K. quasivariicola” (Kp6, which remains to be
formally defined), and K. africana (Kp7) (10–12). Recently, Barbier et al. developed zur-
khe intergenic region (ZKIR) quantitative PCR (qPCR) (13) for the detection of KpSC in
soil and environmental samples, but its application to food matrices was not evaluated.
Regarding the isolation of Klebsiella spp., different selective culture methods (7, 14, 15)
have been described, but comparisons of their efficiency for Klebsiella isolation from
food are lacking.

The aims of this study were (i) to compare the selectivity, productivity, and specific-
ity of three agar media for the detection and isolation of Klebsiella spp., leading to the
proposal of a standardized culture protocol for the recovery of Klebsiella spp. in food
matrices and comparison of its performance with the ZKIR qPCR and (ii) to evaluate
the presence and phenotypic and genomic features of KpSC in two common globally
consumed foodstuffs, chicken meat and ready-to-eat salads, through a multicentric
study in five European countries.

RESULTS
Comparison of culture media. Productivity (PR), selectivity (SF), and specificity were

calculated separately for each of the media considered. The three media were compli-
ant with ISO 11133:2014 requirements for productivity, as PR was above 0.5 for almost
all target strains (see Fig. S1 in the supplemental material). However, two strains had PR
of ,0.50—K. pneumoniae SB132 in chromatic detection agar and K. quasipneumoniae
subsp. quasipneumoniae SB1124, for which colony growth was only observed on
Simmons citrate agar with inositol (SCAI) medium.

We observed that the media did not comply with the selectivity criteria (SF, .2) for
most of the nontarget strains considered (Table S1); the SF values ranged from 20.3 to
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0.5 for Klebsiella ChromoSelect agar and from 20.5 to 0.9 for SCAI medium (chromatic
detection agar from Liofilchem was not tested, as it is not selective). We noted that
Klebsiella ChromoSelect agar was selective for Cronobacter spp. and Citrobacter freundii,
showing SF values of 7.6 and 4, respectively. Hence, the media cannot be considered
selective for Klebsiella according to the ISO 11133:2014 requirements.

Regarding specificity, the selective media tested showed variable results regarding the
morphological features of observed colonies, based on the nontarget strains considered.
The selective media, indeed, allowed the growth of some non-Klebsiella species strains, and
in few cases, colonies were morphologically similar to the target strains. Overall, because K.
pneumoniae colonies were easily distinguishable on SCAI medium and because it was as
performant as the others regarding the other criteria, the SCAI medium was selected and
used here.

Definition of an optimized protocol for recovery of KpSC from food samples.
Our initial comparisons of the four different culture protocols (Fig. S2) showed that the
most effective method for recovery of KpSC from chicken meat was protocol 1B, which
consists of a one-step enrichment in buffered peptone water (BPW). KpSC was recov-
ered from 7 out of 36 (19.4%) samples using this protocol, while only 3 (8.3%) samples
were positive using protocol 2 (enrichment in LB broth supplemented with ampicillin)
and only 2 (5.6%) using protocol 1C (double enrichment—enrichment in BPW followed
by enrichment in LB broth supplemented with ampicillin). No KpSC was isolated using
direct plating (protocol 1A).

Further, using BPW enrichment of chicken meat (protocol 1B), a higher recovery of KpSC
was observed when streaking a 10-mL loop onto SCAI plates versus spreading 10 mL or
100 mL of bacterial enrichment. Of the 28 chicken meat samples examined using both
methods, KpSC was recovered from 24 (85.7%) samples using the 10-mL loop versus 19
(79.2%) samples after spreading 10 mL and 7 (29.2%) samples after spreading 100 mL onto
SCAI medium. Thus, protocol 1B combined with streaking was used.

Evaluation of the SCAI plate incubation temperature.We compared two tempera-
tures (37°C and 44°C) for the incubation of SCAI plates (Fig. S3). Collectively, 111 chicken
samples were tested, and 67.7% (64/111) of them were positive for KpSC. KpSC was recov-
ered from 59/111 (53%) samples when SCAI medium was incubated at 37°C, as well as
when incubated at 44°C, indicating no difference between incubation temperatures (Table
S2). However, when data from each individual institution were analyzed, a slightly higher
percentage of positive samples was recorded following incubation of SCAI plates at 44°C at
two institutions (Agency for Health and Food Safety [AGES] and National University of
Ireland Galway [NUIG]), whereas contrasting results were observed at the third institution
(Statens Serum Institute [SSI]) (Table S2). As a result, a decision was made to implement
incubation of SCAI plates at 44°C 6 1°C, which was incorporated into our protocol (Fig. 1)
(dx.doi.org/10.17504/protocols.io.baxtifnn). All further food samples were tested according
to this protocol. Of note, no statistical differences were found in the prevalence of KpSC in
free-range and not free-range chicken meat samples (Table S2).

Comparison of culture and ZKIR qPCR methods for KpSC detection. Chicken
meat and salad leaf samples were tested for the presence of KpSC using both the ZKIR
qPCR assay (13) and the optimized culture protocol (Fig. 1). Regarding the chicken
meat samples (n = 160), the ZKIR qPCR method detected KpSC in 96 (60.0%) of the
samples (Table 1). In comparison, when the culture protocol was used, 83 (51.9%,
P = 0.177) of the samples were positive for KpSC (82 K. pneumoniae and 1 K. variicola
according to matrix-assisted laser desorption ionization–time of flight mass spectrome-
try [MALDI-TOF MS] results). Regarding salad leaf samples (n = 145), 29.7% (43/145) of
the samples tested positive for KpSC using the ZKIR qPCR assay, versus 20.7% (30/145;
P = 0.104; 18 K. pneumoniae and 12 K. variicola according to MALDI-TOF MS results)
using the culture method (Table 1). Considering the ZKIR qPCR assay as a reference,
the optimized culture protocol showed a sensitivity (true-positive rate) of 84.2%, a
specificity (false-positive rate) of 100%, a positive predictive value of 100%, and a nega-
tive predictive value of 86.6%.

K. pneumoniae from Chicken Meat and Salads
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Comparison of KpSC prevalence in chicken meat and salad samples. The overall
prevalence of KpSC in chicken meat was twice as high as that in salad samples (60.0%
versus 29.7%; P , 0.00001; Table 1). However, prevalence differed among countries
(Fig. 2). The prevalence of KpSC in chicken meat samples ranged between 43.3% and
46.6% for three of the countries (Austria, Italy, and Ireland), whereas in France and
Denmark the prevalence was above 70% (72.5% and 90.0%, respectively). Regarding
salad samples, the prevalence of KpSC ranged from 3.3% in Ireland to 92% in France,
with Austria, Italy, and France being the countries where the highest numbers of sam-
ples positive for KpSC were detected.

In total, 131 KpSC isolates (92 from chicken meat and 39 from salads) were collected
from 113 positive samples using the optimized culture method; in some positive sam-
ples, up to 5 different morphotypes were collected (Fig. 2, Table S3).

Antimicrobial susceptibility. Antimicrobial susceptibility phenotypes were defined
for the 131 KpSC isolates using 17 antimicrobial agents representing 11 antimicrobial
classes (Table S4); 82% of the isolates presented a wild-type phenotype, being suscep-
tible to all the antibiotics tested except ampicillin, for which constitutive resistance is a
characteristic of all KpSC isolates. The highest rates of resistance (detected in .5% of
the isolates) were observed for trimethoprim (12% in chicken meat and 13% in salads),
trimethoprim-sulfamethoxazole (8% for both), tetracycline (9% in chicken meat and
5% in salads), and piperacillin-tazobactam (7% in chicken meat; Fig. S4, Table S4). Four

TABLE 1 Comparison of the recovery rates of K. pneumoniae species complex using the ZKIR
qPCR assay versus the optimized culture method

Source No. of samples qPCR positive samples (%) Culture positive samples (%)
Chicken meat 160 96 (60.0%) 83 (51.9%)
Salads 145 43 (29.7%) 30 (20.7%)
Total 305 139 (45.6%) 113 (37.1%)

FIG 1 Optimized protocol for the recovery and isolation of Klebsiella spp. from food matrices.
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isolates (2 from each source) were found to be resistant to extended-spectrum cepha-
losporins, and the presence of extended-spectrum b-lactamase (ESBL) genes in the
genomic sequence was confirmed (Table S4). No isolate was found to be resistant to
cefoxitin, ertapenem, or netilmicin. Similar levels of resistance were detected among
isolates from salads and from chicken meat.

Differences in antimicrobial resistance occurrence rates were observed among countries
(Table S4), but the low number of isolates implies precaution in the analysis. For chicken
meat, higher resistance rates were detected in Italy (8 to 50%), Austria (7 to 23%), and
Ireland (7 to 14%), whereas for salads it was in Italy (33 to 100%), Austria (20%), and France
(4 to 12%) (Fig. S4, Table S4).

Nine (6.9%) multidrug-resistant isolates were identified (Table S5), including the
four ESBL producers. MDR isolates were recovered in 7 chicken meat and 2 salad sam-
ples in Italy (n = 3), Austria (n = 2), France (n = 2), and Ireland (n = 2) (Table S5).

Phylogenetic and genomic diversity. Based on genomic data, we observed among
the KpSC isolates the predominance of Kp1 (90.8%, 119/131) followed by Kp3 (6.1%, 8/131),
Kp2 (2.3%, 3/131), and Kp4 (0.8%, 1/131). The predominance of Kp1 was found in both sam-
ple types (98% in chicken meat; 74% in salads); however, there was an association of Kp3
with salad samples (18% in salads versus 1% in chicken meat; P = 0.001). Kp2 was only
found in salads, whereas Kp4 was only detected in chicken meat (Table S6).

Population structure analysis based on multilocus sequence type (MLST) and core
genome MLST (cgMLST) genotyping unveiled high genetic diversity among the KpSC
isolates, with 86 sequence types (STs) (19 of them defined in this study; Simpson’s
index of diversity [SID], 0.989) and 107 cgSTs (SID, 0.995; Fig. 3). High-risk clonal groups
(CGs) common in the clinical setting represented 19.8% (26/131) of the isolates (Table
S6). Among them, CG45 (n = 9), CG37 (n = 5), CG17 (n = 4), CG661 (n = 4), CG147
(n = 2), CG14 (n = 1), and CG15 (n = 1) were found in chicken meat (n = 18; 11.3%) and/
or salad (n = 6, 3.8%) samples. A high diversity of capsular types was also found, with

FIG 2 Prevalence of K. pneumoniae species complex by type of sample and by country.
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FIG 3 Maximum likelihood phylogeny based on 4,125 concatenated core genes generated using IQ-Tree with the
GTR1F1ASC1R5 model. The scale bar indicates the number of nucleotide substitutions per site. Black dots on the main
nodes indicate bootstrap values of $95%. Tree tips are colored by sample type (see key). The gray boxes delineate high-risk
clonal groups (CG), as specified. European countries where the samples were collected are colored as indicated in the legend.
The presence of antimicrobial resistance and virulence genes and plasmid replicons is indicated.
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71 wzi-alleles and 58 capsular locus (KL)-types. In contrast, O antigen (O)-type diversity
was low, with O1 (25.1%; 33/131) and O2 (20.6%; 27/131) representing almost 50% of
the recovered KpSC, followed by O3 (28.2%; 37/131) (Fig. 3).

Defining single strains (designed as genotypes) as isolates differing by no more than 5
cgMLST alleles (out of 629 loci) (16), we observed 15 strains that were isolated at least twice
across a total of 35 samples. These were collected from the same food type (chicken meat
or salads) at different times in the same country (Table S6, Fig. S5). To improve the confi-
dence inferring the close relationship between these cgMLST-based overlapped genotypes,
the single-nucleotide polymorphism (SNP) matrix based on 4,125 core genes obtained from
Roary (representing ;75% of a typical K. pneumoniae genome length against 10% repre-
sented by the 629 cgMLST genes) (16) was used and confirmed the close genetic related-
ness. For example, in France, the same genotype (ST45/genotype 7; 1 to 4 SNPs) was
detected in 3 salad samples from different brands (separated in time by 9 days), whereas in
Ireland the same genotype (ST4384/genotype 13; 1 to 8 SNPs) was detected in 6 different
chicken meat samples (separated in time by 2 months) from different suppliers (Table S6,
Fig. S5). There was one case of the same strain being detected in different countries, as two
Kp1 ST290 isolates (genotype 10; 15 SNPs) were detected in chicken meat samples from
Denmark (April 2019) and Austria (September 2019) (Fig. S5). We also detected a single
strain between chicken meat and salads (ST1537/genotype 9; 23 SNPs) between May and
September 2019, respectively, in France (Table S6).

In most isolates (82%; 108/131) only intrinsic blaSHV/OKP/LEN genes were detected, consist-
ent with a natural susceptibility genotype (Table S6). Few antibiotic resistance genes were
observed across the 131 isolates, with genes of nonprominent clinical significance sul and
dfr (9.2%; 12/131 both), tet (8.4%; 11/131), and aadA and strAB (6.1%; 8/131 both) being the
most frequent ones. However, four CTX-M-15-producing isolates were detected in two salad
samples from France and two chicken meat samples from Italy and Ireland. The genotype
of MDR isolates was compatible with their phenotype (Table S5). No carbapenemase or coli-
stin resistance genes or mutations were detected. In 45.8% (60/131) of the isolates, neither
plasmid replicons nor plasmid-encoded heavy metal tolerance genes were detected. In
strains where plasmid replicons were detected, the plasmids known to occur naturally in K.
pneumoniae, such as IncFIB and IncFIIK, were the most prevalent (25.2% and 16.8%, respec-
tively). Regarding virulence genes, the majority of KpSC isolates from foodstuffs displayed a
virulence score of 0 (Table S6). We found that only 15% (20/131) of strains showed a viru-
lence score different from 0, with the majority of them (14.5%; 19/131) having a virulence
score of 1, corresponding to the presence of a yersiniabactin gene cluster. Only one isolate
displaying a virulence score of 3, as defined by the presence of aerobactin (iuc3), was
detected (MVK-04F029-ST4867/KL51) in one salad sample from France.

DISCUSSION

Despite the renewed interest in Klebsiella pneumoniae species complex (KpSC) epi-
demiology, boosted by the increasing involvement of K. pneumoniae sensu stricto (Kp1)
in human infections associated with high levels of antibiotic resistance and/or viru-
lence (1, 3), the contribution of nonclinical sources, such as food products, to the cur-
rent emergence of KpSC is poorly understood. This is partly due to the lack of standar-
dized protocols for the detection and isolation of K. pneumoniae strains in
environmental, food, or animal samples. Different selective culture media have been
previously developed for Klebsiella spp. Among the most recognized are MacConkey-
inositol-carbenicillin agar (MCIC) (17) and its variation containing adonitol (MCICA)
(18), SCAI (14, 19), and brilliant green containing inositol-nitrate-deoxycholate agar
(BIND) (20). All of them rely on the ability of Klebsiella spp. to use inositol as a carbon
source, combined with the use of secondary selective compounds (e.g., citrate as a car-
bon source in the case of SCAI; nitrate as a nitrogen source in BIND; carbenicillin and
adonitol in MCIC/MCICA, although only Kp1 and Kp2/Kp4 metabolize adonitol) (11). In
our study, we decided to evaluate the performance of three culture media for the
detection and isolation of Klebsiella spp. in accordance with ISO 11133:2014 and the
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latest amendments. We included the noncommercial SCAI medium and two commer-
cial culture media, the Klebsiella ChromoSelect selective agar produced by Sigma-
Aldrich, which similar to MCIC uses carbenicillin as a selective compound; and chro-
matic detection agar developed by Liofilchem, which is a chromogenic nonselective
medium allowing the identification of Klebsiella spp., Enterobacter spp., and Serratia
spp. based on the green-blue color of colonies (http://www.liofilchem.net/login/pd/
ifu/11611_IFU.pdf). The productivity tests of the three media did not show any critical
issues, whereas none of the media tested fulfilled the selectivity and specificity criteria
defined by ISO 11133:2014. Nevertheless, the distinction of Klebsiella spp. colonies
from other species was achieved in general. This is a critical point, as the routinely
used media (e.g., MacConkey or cystine-lactose-electrolyte-deficient [CLED] agar) do
not provide easy differentiation of Klebsiella spp. colonies from other species, such as
Citrobacter spp., Pantoea spp., or Serratia spp. Here, the performance of the tested cul-
ture media showed similar results, and SCAI was selected, due to its low cost and easy
in-house preparation. The use of this medium in recent Klebsiella spp. epidemiological
studies may also represent an advantage for global and cross-sector comparisons (13,
21–23).

Once SCAI medium was selected, different protocols to isolate Klebsiella spp. from
food matrices were evaluated. Multiple conditions, involving preenrichment, enrich-
ment, incubation temperature, and plating, were assessed from chicken meat samples.
The optimized culture protocol was then compared with the reference ZKIR qPCR assay
in a multicentric design study involving chicken meat and salad samples (13). Overall,
KpSC was detected at a higher rate in both chicken meat and salad samples using the
ZKIR qPCR method, but even so, the optimized culture protocol demonstrated good
sensitivity (84%) and specificity (100%) rates.

Approximately 50% of the food samples tested were KpSC positive, with signifi-
cantly higher occurrence in chicken meat compared to salads, although disparities in
prevalence were observed according to the country analyzed. It is difficult to contextu-
alize our findings in a global scenario since few studies have addressed KpSC preva-
lence in these type of products without previous antibiotic selection; most of the stud-
ies addressing the prevalence and characterization of KpSC from foodstuffs have
focused on colistin-resistant or ESBL- or carbapenemase-producing K. pneumoniae (8,
24–26). As a consequence, knowledge of the ecology and natural diversity of K. pneu-
moniae populations has been very limited. Furthermore, identification of the bacterial
species was imprecise in most previous studies, in light of recent taxonomic changes.
Our broader approach also captured susceptible strains and led to several important
observations. First, the KpSC prevalence in chicken meat was higher than previously
described—47% in the United States (Arizona) in 2012 (7), 30% in Turkey in 2007 to
2008 (27), and 14% in China (Shijiazhuang) in 2013 to 2014 (28). Second, despite the
high prevalence of KpSC in chicken meat samples, ESBL-producing K. pneumoniae was
only detected in 1.3% (2 CTX-M-15) of the samples. These numbers are similar to those
reported in other studies that targeted ESBL strains directly by selective approaches (0
to 5%) (8, 26, 28–30). Notably, the presence of ESBL in chicken meat was scarce in K.
pneumoniae compared with Escherichia coli (55 to 92%) in recent European reports (26,
30–32).

Third, the highest resistance rates detected in natural food K. pneumoniae popula-
tions were to tetracyclines, trimethoprim, and trimethoprim-sulfamethoxazole, reflect-
ing the recent reports of sales of these antimicrobial classes for use in food-producing
animals in different European countries (33). Fourth, despite the predominance of Kp1
and the high genetic diversity found among chicken meat isolates, some genotypes
overlapped across samples. The relation of these common genotypes (#5 allele mis-
matches) with the core-genome alignment obtained from Roary was also explored,
and in most of the cases, less than 21 SNPs were identified, a threshold recently pro-
posed for K. pneumoniae ST258 to discriminate hospital clusters (34). Here, we found a
maximum of 42 SNPs detected within the same genotype. Some of these multisample
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genotypes (ST290/genotype 10 recovered in Austria and Denmark and ST45/genotype
15 recovered in Denmark) were previously found circulating among healthy poultry in
France in 2015 (C. Rodrigues and M. Haenni, personal communication). The repeated
isolation of single strains in unrelated samples across time suggests transmission from
the same source/reservoir or transmission within chicken flocks during production.
Importantly, MDR ST45/genotype 11 found in Italy has also been found in urinary tract
infections in Italian patients in 2018 (22), although with fewer antibiotic resistance
genes detected (sul1, dfrA1, and aadA1 not present in clinical isolates), suggesting a
contribution of food KpSC to human infections (7, 24).

Salads are typically eaten raw, with a high risk of ingestion of live K. pneumoniae bacteria
if present. The prevalence of KpSC in ready-to-eat salads was approximately 30%, higher
than what was reported in the few comparable studies (6 to 15%) (35–38). ESBL producers
were found in 1.4% of the samples (2 CTX-M-15), a lower prevalence than what is described
in the literature (15 to 25%) targeting ESBL strains (38–41). As observed for chicken meat
samples, the same genotype was observed within the same country in salads from the
same or different chain supplier/supermarket, suggesting a common source of the vegeta-
bles (e.g., different brands supplied by a common farm) or cross-contamination during their
growth and processing (e.g., use of untreated irrigation water, wild-life animals, contamina-
tion of fields with manure, human contamination during packaging). Furthermore, one case
of genotype overlap was found between salads and chicken meat isolates from samples
from France, suggesting local transmission.

A previous study of risk factors of K. pneumoniae carriage in community settings
has linked the consumption of raw vegetables and contact with chicken to MDR KpSC
carriage in humans (21). These findings together with our results, which are based on a
small sampling survey, highlight the possible role of food as a source of K. pneumoniae
and call for much broader studies to address the ecology and transmission of this gen-
eralist pathogen in the food sector.

In our sampling, sublineages defined as high-risk clonal groups (3) represented 20%
of the isolates recovered. One of these, ST45 (in both type of samples) was highly prev-
alent, as well as ST290 (in chicken meat), and the potential risk they pose should be
addressed in future studies. Both STs have already been linked to human infections
(22, 42, 43) and human carriage (21, 22) and also to broiler and pig production (23, 44),
raising the question of the zoonotic potential of these STs.

Conclusions. In conclusion, our study addressed important knowledge gaps relat-
ing to K. pneumoniae in food sources. First, we addressed the lack of harmonized cul-
ture protocols for the detection and isolation of Klebsiella spp. from food matrices,
with the development of an optimized SCAI-based culture protocol, which in the
future may be more widely adopted to enable global comparison regarding KpSC
prevalence in these types of sources. Second, the high prevalence of KpSC in chicken
meat and ready-to-eat salads highlights the possible role of food as a source of human
colonization and infection by KpSC. Even though KpSC strains detected in food prod-
ucts remain largely susceptible to antimicrobials, understanding the degree to which
food contamination by K. pneumoniae contributes to human infections is an important
topic for future research in the One Health perspective.

MATERIALS ANDMETHODS
Comparison of productivity, selectivity, and specificity of agar media. Three different selective

solid media for Klebsiella spp. growth were tested in accordance with ISO 11133:2014 (“Microbiology of
Food, Animal Feed and Water—Preparation, Production, Storage and Performance Testing of Culture
Media” https://www.iso.org/standard/53610.html). Nutrient agar (Microbiol, Cagliari, Italy) was used as;
the nonselective reference medium. For productivity, selectivity, and specificity assays, a set of 58 strains
(50 from Institut Pasteur and 8 from Istituto Zooprofilattico Sperimentale dell’Abruzzo e del Molise
Giuseppe Caporale [IZSAM]) were used—51 reference strains of Klebsiella spp. and closely related species
(Raoultella spp.), which included representatives of the six main KpSC phylogroups, and 7 nontarget strains
(Table S7). For productivity (PR), the three following media were tested: Simmons citrate agar with inositol
(SCAI) (14), Klebsiella ChromoSelect selective agar produced by Sigma-Aldrich (Missouri, USA), and chro-
matic detection agar developed by Liofilchem (Roseto degli Abruzzi, Italy). The SCAI medium is not avail-
able commercially and was prepared in-house following previous protocols (14, 19) (https://www.protocols
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.io/view/isolation-of-klebsiella-strains-from-human-or-anim-662hhge/materials). PR was calculated using
50 reference strains belonging to Klebsiella spp. and closely related species (Raoultella spp.) (Table S7).
After incubation at 37°C for 24 h, broth cultures in brain heart infusion (BHI) (Biolife, Milan, Italy) of each
strain were diluted up to about 100 CFU/mL and spread on media, with the dilutions being confirmed by
plate count on nutrient agar. For all the strains and the three media considered, the PR was evaluated at
the same time and from the same inoculum dilution of each target strain considered. After incubation at
37°C for 48 h, colonies compatible with the Klebsiella phenotype were enumerated. PR is calculated as the
ratio between the number of colonies grown on the selective agar medium and the number of colonies
grown on the nonselective medium, and according to ISO 11133:2014, PR values should be $0.50 to con-
sider the medium productivity acceptable.

For selectivity (SF), 7 nontarget strains (Cronobacter spp., Citrobacter koseri, Citrobacter freundii,
Serratia marcescens, Serratia liquefaciens, Serratia rubidaea, and Pantoea agglomerans) were tested on
the SCAI and Klebsiella ChromoSelect selective agar (Table S7). After incubation at 37°C for 24 h in BHI,
broth cultures were 10-fold diluted serially, and each dilution was spread onto plates. After incubation
at 37°C for 48 h, colony growth was observed. SF is defined as the difference between the highest dilu-
tion showing growth on the nonselective reference medium (log10) and the highest dilution showing
comparable growth on the selective test medium (log10). In accordance with ISO 11133:2014, SF values
of nontarget strains should be at least equal to 2 log10 growth differences, which reflects the ability of
the medium to partially or totally inhibit their growth.

For specificity, the 7 nontarget strains and two control strains (1 K. pneumoniae and 1 Raoultella orni-
thinolytica) were tested on the three media (Table S7). Broth cultures were prepared in buffered peptone
water (BPW) (Biolife, Milan, Italy), incubated at 37°C for 24 h, and spread onto each medium considered.
After incubation at 37°C for 48 h of each medium, plates were checked by two observers for the pres-
ence of typical and suspected colonies, recording if the characteristics of the nontarget colonies could
be similar to the target ones.

Initial evaluation of protocols for recovery of Klebsiella pneumoniae from food. An initial assess-
ment of four protocols for recovery of KpSC from chicken meat was carried out. In total, 36 chicken meat
samples (12 free-range [7 skin-on and 5 skin-off] and 24 non-free range [12 skin-on and 12 skin-off] sam-
ples) were collected together with the following metadata: manufacturer, country of origin, and batch
number. Each chicken meat sample was cut into small slivers to a final weight of 50 g. This 50-g sample
was divided into two portions of 25 g and processed as follows and as illustrated in Fig. S2.

Initial suspension 1. The first 25-g portion was diluted in 225 mL (1:10 dilution) of BPW, and the
sample was homogenized using a stomacher/blender. Prior to incubation of initial suspension 1, 100 mL
of the suspension was cultured directly on SCAI medium using a sterile spreader or sterile loop and incu-
bated at 37°C 6 1°C for 48 h 6 1 h (Fig. S2 [1A, detection without enrichment]). The remainder of initial
suspension 1 was incubated at 37°C 6 1°C for 24 h 6 1 h. Following 24 h of incubation of initial suspen-
sion 1, 100 mL of the suspension was streaked on SCAI medium and incubated at 37°C 6 1°C for 48
h 6 1 h (Fig. S2 [1B, detection with BPW enrichment only]). Of the remaining incubated suspension 1,
1 mL was inoculated into 9 mL of lysogeny broth (LB) with ampicillin (final concentration, 0.01 mg/mL)
and incubated at 37°C 6 1°C for 24 h 6 1 h. Following 24 h of incubation, 100 mL of the suspension was
streaked on SCAI medium and incubated at 37°C6 1°C for 48 h6 1 h (Fig. S2 [1C, detection with double
enrichment]).

Initial suspension 2. The second 25-g portion was diluted in 225 mL (1:10 dilution) of LB broth sup-
plemented with ampicillin (final concentration 0.01 mg/mL), and the sample was homogenized using a
stomacher/blender and incubated at 37°C 6 1°C for 24 h 6 1 h. Following 24 h of incubation, 100 mL of
the suspension was cultured on SCAI medium and incubated at 37°C 6 1°C for 48 h 6 1 h (Fig. S2 [2,
detection with LB1 ampicillin enrichment only]).

Typically, Klebsiella spp. appear yellow on SCAI medium (14). At least five suspected Klebsiella colo-
nies were collected from each SCAI plate and subcultured onto SCAI medium or a nonselective agar for
identification using MALDI-TOF MS (Bruker Daltonics, Bremen, Germany). Currently, databases only allow
for the identification of K. pneumoniae or K. variicola. Based on the literature and in our test strain set,
Kp1, Kp2, and Kp4 strains are identified as K. pneumoniae, whereas Kp3, Kp5, and Kp6 are currently iden-
tified as K. variicola (45, 46).

For 28/36 chicken meat samples, the impact on KpSC recovery of culturing using a 10-mL loop versus
the spreading of 10mL and 100mL of enrichments onto SCAI medium was also compared.

Evaluation of the optimized protocol and definition of an optimal temperature of incubation.
Following this initial assessment process, the optimized protocol as outlined below and as illustrated in Fig.
S3 was evaluated for recovery of KpSC from chicken meat samples using a total of 111 samples of chicken
meat (51 free-range [25 skin-on and 26 skin-off] and 60 non-free range [30 skin-on and 30 skin-off]).

Each sample was cut into small slivers to a final weight of 25 g. This was added to 225 mL of BPW
broth (1:10 dilution), and the sample was mixed using a stomacher or blender. The suspension was then
incubated at 37°C 6 1°C for 24 h 6 1 h. Following incubation, the suspension was cultured for single
colonies on SCAI using a 10-mL loop and incubated at two different temperatures, 37°C 6 1°C and 44°
C 6 1°C, for 48 h 6 1 h (Fig. S3) in order to establish an optimal temperature of incubation of SCAI me-
dium for recovery of K. pneumoniae from food matrices.

Comparison of the optimized SCAI culture protocol and ZKIR qPCR. A comparison of the opti-
mized SCAI culture protocol and the ZKIR qPCR for the detection and isolation of KpSC in food matrices
was carried out in 5 European institutions, the Austrian Agency for Health and Food Safety (AGES),
French Agency for Food, Environmental and Occupational Health & Safety (ANSES), National University
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of Ireland Galway (NUIG), Istituto Zooprofilattico Sperimentale dell’Abruzzo e del Molise Giuseppe
Caporale (IZSAM), and the Statens Serum Institute (SSI, Denmark).

Each institution was asked to collect and test, where possible, an additional 30 samples of chicken
meat, as well as 30 prepackaged, prewashed salad leaf samples (Table S2). In total, 160 chicken meat
samples and 145 salad samples, collected between December 2018 and September 2019 in different
supermarkets and representing a variety of suppliers (average of 9 suppliers per country) were tested
using the updated optimized protocol (dx.doi.org/10.17504/protocols.io.baxtifnn) for recovery of KpSC
from food matrices (Fig. 1). In order to avoid external contamination during the laboratory processing, all sam-
ples were analyzed in accordance with laboratory practice as reported in ISO 7218:2007, “Microbiology of
Food and Animal Feeding Stuffs—General Requirements and Guidance for Microbiological Examination.”

The ZKIR qPCR was used to detect the presence of KpSC in food samples (13). After enrichment, DNA was
prepared for ZKIR qPCR. For 500 mL of the enrichment broth was centrifuged (5 min at 5,800 � g), washed
with sterile water, and resuspended in 500mL of sterile water before boiling for 10 min. qPCR conditions were
as previously described (13) (dx.doi.org/10.17504/protocols.io.7n6hmhe).

Antimicrobial susceptibility testing. Antimicrobial susceptibility testing was performed on 131
KpSC isolates using either disk diffusion or broth microdilution (GN2F panels [Sensititre; Thermo Fischer
Scientific]) methods. Clinical breakpoints were used for interpretation according to EUCAST guidelines
(https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_9.0_Breakpoint_
Tables.pdf), except for kanamycin and streptomycin (47). Escherichia coli ATCC 25922 was used as the
control strain. The panel of antimicrobials tested included amoxicillin-clavulanic acid (20/10 mg), piper-
acillin-tazobactam (both using disks of 30/6 mg or GN2F plates), cefpodoxime (10 mg, GN2F) or cefo-
taxime (5 mg), cefoxitin (30 mg, GN2F), aztreonam (30 mg), ertapenem (10 mg), amikacin (30 mg, GN2F),
gentamicin (10 mg, GN2F), netilmicin (10 mg), tobramycin (10 mg, GN2F), kanamycin (10 mg), strepto-
mycin (30 mg), ciprofloxacin (5 mg, GN2F) or ofloxacin (5 mg), nalidixic acid (30 mg), trimethoprim
(5 mg), trimethoprim-sulfamethoxazole (23.75 1 1.25 mg, GN2F), and tetracycline (30 mg). The pres-
ence of multidrug-resistant isolates, which are defined as those resistant to at least one agent in three
different classes of antimicrobials (48), was analyzed.

Whole-genome sequencing and comparative genomic analyses.Whole-genome sequencing was
performed on the 131 K. pneumoniae isolates. Genomic DNA libraries were prepared using the Nextera
XT library prep kit (Illumina, San Diego, USA) following the manufacturer’s protocol. Illumina sequencing
was performed at the five partners—AGES and SSI using MiSeq (2 � 250-bp paired-end sequencing;
n = 18 and n = 31 isolates, respectively), ANSES and NUIG using NovaSeq 6000 (2 � 150-bp paired-end
sequencing; n = 52 and n = 15, respectively), and IZSAM using NextSeq 500/550 (2 � 150-bp paired-end
sequencing; n = 15). Genomic assemblies were obtained using SPAdes v3.9 (49) or Velvet v1.2.10 (50)
and were annotated using Prokka v1.12 (51).

Multilocus sequence typing (MLST) (52), core-genome MLST (cgMLST), and cgLIN codes (16) were deter-
mined using the BIGSdb-Kp database (https://bigsdb.pasteur.fr/klebsiella/). This web tool and Kleborate (53)
(https://github.com/katholt/Kleborate) were used to look for antimicrobial resistance, virulence, and heavy
metal tolerance genes and to characterize the capsular synthesis gene cluster. Plasmid replicons were searched
using PlasmidFinder (54) (https://cge.cbs.dtu.dk/services/PlasmidFinder/).

For phylogenetic analyses, a core-genome alignment based on the concatenation of 4,125 core
genes was obtained with Roary v3.12 (55) using a blastP identity cutoff of 80% and core genes defined
as those being present in more than 90% of the isolates. Recombination events were removed using
Gubbins v2.2.0 (56), generating a recombination-free alignment comprising 486,290 single-nucleotide
variants (SNVs). This recombination-free alignment was used to construct a maximum likelihood phylo-
genetic tree using IQ-TREE v1.6.11 (model GTR1F1ASC1R5).

Chi square or Fisher exact tests were used to compare the prevalence of KpSC in the different sour-
ces and to check the association of the different categorical variables (P values of,0.05 were considered
statistically significant).

Data availability. The detailed optimized SCAI culture protocol for the detection and isolation of KpSC in
food matrices was made publicly accessible to the scientific community in January 2020 through the protocol-
s.io platform (dx.doi.org/10.17504/protocols.io.baxtifnn). The genomic sequences generated in this study were
submitted to the European Nucleotide Archive and are accessible under the BioProject number PRJEB34643
and are also publicly available in BIGSdb through project ID 37 “MedVetKlebs_multicentric study.”

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 2, PDF file, 1.8 MB.
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