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Occurrence of antibiotic-resistant enterobacteria
in agricultural foodstuffs

Sybille Boehme*, Guido Werner, Ingo Klare, Rolf Reissbrodt and Wolfgang Witte

Robert Koch Institute, Wernigerode Branch, Wernigerode, Germany

Antibiotic-resistant bacteria or their corresponding resistance determinants are known to spread from
animals to humans via the food chain. We screened 20 vegetable foods for antibiotic-resistant coli-
form bacteria and enterococci. Isolates were directly selected on antibiotic-containing selective agar
(color detection). Thirteen “common vegetables” (tomato, mushrooms, salad) possessed 10%—10’
cfu/g vegetable of coliform bacteria including only few antibiotic-resistant variants (0—10° cfu/g). All
seven sprout samples showed a some orders of magnitude higher contamination with coliform bacte-
ria (10"-10° cfu/g) including a remarkable amount of resistant isolates (up to 107 cfu/g). Multiple
resistances (up to 9) in single isolates were more common in sprout isolates. Resistant bacteria did
not originate from sprout seeds. The most common genera among 92 isolates were: 25 Enterobacter
spp. (19 E. cloacae), 22 Citrobacter spp. (8 C. freundii), and 21 Klebsiella spp. (9 K. pneumoniae).
Most common resistance phenotypes were: tetracycline (43%), streptomycin (37%), kanamycin
(26%), chloramphenicol (29%), co-trimoxazol (9%), and gentamicin (4%). The four gentamicin-resis-
tant isolates were investigated in molecular details. Only three (chloramphenicol) resistant, typical
plant-associated enterococci were isolated from overnight enrichment cultures. In conclusion, a con-
tribution of sprouts contaminated with multiresistant, Gram-negative enterobacteria to a common
gene pool among human commensal and pathogenic bacteria cannot be excluded.
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1 Introduction [12]. Probably, different routes of dissemination of resistant

bacteria or their resistance genes between these two ecosys-

Resistance to antimicrobial agents can arise either from
mutations in the bacterial genome or from acquisition of
genes encoding for resistances. Resistance spreads verti-
cally via clonal dissemination or horizontally between
different isolates, species, genera, and up to different king-
doms [1—4]. Distribution of resistance genes is facilitated
by the presence of resistance genes on transferable elements
and a use of antibiotics in a way that allows direct selection
or co-selection of multiresistance [5—8]. Hospitals and
commercial animal husbandry are prime areas of antibiotic
resistance development [9—11]. Antibiotic-resistant bac-
teria and their resistance genes can spread beyond the range
of selective pressure. In this respect, a report on fecal car-
riage of antibiotic resistant coliforms by children who had
no previous contact with antibiotics is of particular interest
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tems exist, the main route is from animals to humans via
meat products (e. g., spread of tetracycline and streptothri-
cine resistance in Escherichia coli, fluorquinolone-resistant
Campylobacter spp. or vancomycin-resistant Enterococcus
faecium) [7, 10, 13]. Also in plant agriculture large amounts
of antibiotics are used which could lead to a selection of
resistant bacteria [14, 15]. Applying manure from animal
farming to agricultural fields could also spread antibiotic-
resistant bacteria to plants. Plant foodstuffs have often been
debated as a vector transferring pathogenic and/or resistant
bacteria. Transfer of pathogens could easily been followed
in retrospective by isolating the spreading source for bacter-
ial outbreaks (E. coli 0157, Salmonella) [16—19]. How-
ever, a transfer of (resistant) bacteria themselves is one
aspect of resistance transfer only: Bacteria serving as a
reservoir for resistance determinants with regard to acquisi-
tion, maintaining, and dissemination of resistance determi-
nants may have a much greater influence on resistance gene
transfer in nature and natural habitats, e. g., the human colon
[7, 10, 12]. To investigate this, we screened potentially raw-
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eaten vegetables (lettuce, tomato, sprouts, efc.) and some
fruits (strawberry; Table 1) for a contamination with bac-
teria having reservoir function, such as coliform bacteria
(Klebsiella spp., Enterobacter spp., Citrobacter spp.,
Escherichia spp., Hafnia spp., Serratia spp.) and entero-
cocci.

2 Materials and methods

2.1 Origin of samples, sample preparation,
selective media, and supplements

Altogether 20 vegetables of different kinds, but preferably
eaten uncooked, were bought in regular supermarkets and at
marketplaces in and around Wernigerode/Saxony-Anhalt.
If possible, we tried to get samples packed in plastic foils to
avoid hand contamination. The 20 samples included: car-
rots (n = 1), cauliflower (1), mushrooms (2), lamb’s lettuce
(2), strawberry (1), chicory (1), iceberg lettuce (1), rocket
salad (1), lettuce mix (1) and tomato (2), mung bean sprouts
(3), beluga lens sprouts (1), lens sprouts (1), fenugreek
sprouts (1), and black lens sprouts (1). All samples were
treated as follows: the samples were divided into three
parts: (i) 25 g added to 225 mL NaCl-peptone bouillon
(0.85% NacCl, 0.1% casein peptone; pH 7.0), (ii) 25 g added
to 225 mL laurylsulfate bouillon (Oxoid, Hampshire, UK),
and (iii) 25 g added to 225 mL Enterococcosel bouillon
(Becton Dickinson, Sparks, MD, USA). All three prepared
samples were homogenized using a MIX 1 apparatus from
AES Laboratoire (Combourg, France). Dilutions from sam-
ple 1 were directly streaked onto Urine 3 agar II plates
(U3G) supplemented with ampicillin (10 mg/L), kanamycin
(50 mg/L), streptomycin (50 mg/L), gentamicin (10 mg/L),
tetracycline (5 mg/L), or chloramphenicol (10 mg/L; anti-
biotic-free plates as control) for a semiquantitative analysis
of cell counts. U3G was self-prepared according to the
instructions of the manufacturer (Heipha, Eppelheim, Ger-
many) and controlled with reference strains. U3G contains
peptones, phosphate buffer, and sodium deoxycholate,
adjusted to pH 6.8—7.0. A mixture of chromogenic/fluoro-
genic substrates was added aseptically, subsequently poured
in Petri dishes. Cell numbers are given in colony-forming
units (cfu) per g vegetable. Samples 2 and 3 were incubated
overnight at 37°C, appropriate dilutions were streaked onto
U3G plates (see above) and Enterococcosel agar plates,
respectively, the latter supplemented with vancomycin
(50 mg/L), chloramphenicol (10 mg/L), streptomycin (200
mg/L), and gentamicin (100 mg/L; antibiotic-free plates as
control). Isolates on U3G agar were preselected due to their
color and colony morphology. Color detection depended on
the presence or absence of two enzymes, B-galactosidase
(substrate Salmon™ Gal; Biosynth AG, Staad, Switzerland)
and B-glucosidase (substrate X-Glu; Biosynth AG) [20]. E.
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coli was further identified by fluorescing colonies after
excitation with UV light on U3G agar supplemented with
MUG (4-methylumbelliferyl-B-D-glucuronide; Biosynth
AG) utilizing B-D-glucuronidase. Only colored colonies
were further tested for coliform bacteria (white or transpar-
ent colonies were partly tested and identified as P aerugi-
nosa, coagulase-negative staphylococci or fungi which con-
firmed the preselection scheme by color detection). Prese-
lected species were confirmed by Gram stain, selective tests
(oxidase/katalase/L-proline aminopeptidase; [21]) and col-
ony morphology/color on bile-chrysoidin-glycerol agar
(GCG, SIFIN, Berlin, Germany) and blood agar (e.g.,
hemolysis). A number of enzyme and sugar fermentation
tests including acids from glucose, lactose, and malonate
utilization, tryptophan deaminase, lysine-ornithine decar-
boxylase, and motility tests in semisolid agar were used for
further characterizations [21a]. If results were ambiguous, a
set of 47 reactions according to Farmer et al. [21a], was
done. In the case of still contrary results, species-specific
PCRs or sequencing of 16S rDNS specific DNA fragments
were performed. Mung bean sample 1 was washed similar
as to procedures in private households; it was placed into a
sterilized plastic bag, sterilized and distilled tap water was
added and all was shaked manually for 20—30 s. Five sam-
ples of wholefood vegetable (fennel, lamb’s lettuce, red leaf
salad, green leaf salad, carrots), bought at a wholefood mar-
ket in Brunswick/Lower Saxony, were chosen for compari-
son. Samples were treated as described above for “common
vegetables” and sprouts. Seeds of sprouts were raised in
sterile water 48 h at room temperature and treated as
described (see above).

2.2 Antibiotic susceptibility testing and
antibacterial testing

All strains were tested for antibiotic susceptibilities by
microbroth dilution according to the standards of DIN (Ger-
man Institute for Standards). Test schemes for E. coli/Sal-
monella spp. were taken for gram-negative bacteria. MIC
breakpoints are given in pg/mL and are as follows (s, sus-
ceptible, r, resistant): ampicillin, cefotaxim (s <2, r = 16);
mezlocillin, mezlocillin/sulbactam, ceftazidim, kanamycin,
amikacin, co-trimoxazol (s <4, » = 32); cefotiam, gentami-
cin (s < 1, r = 8); cefoxitin (s =< 1, r = 2), streptomycin (s <
8, ¥ = 32), nalidixic acid (s =< 16, » = 32), chloramphenicol
(s <8,r=16), tetracycline (s <1, » =8), and ciprofloxacin
(s =<1, r=4). MICs for enterococci were: penicillin, ampi-
cillin (s < 8, » = 16), gentamicin (high-level r = 1024),
streptomycin (high-level » = 2048), erythromycin, clinda-
mycin, tetracycline (s < 1, » = 8), chlormaphenicol (s < 8§,
r = 16), vancomycin, teicoplanin (s <4, r = 16), ciproflox-
acin, moxifloxacin (s < 0.25, » = 2), co-trimoxazol (s < 4,
r= 32), rifampicin (s < 0.5, r= 1), fusidic acid (s < 2,
r = 4), quinupristin/dalfopristin (s < 1, » = 4), and linezolid
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(s =4, r = 8). All “common vegetables” homogenized in
NaCl peptone bouillon were tested for antibacterial activity
in agar diffusion tests. Holes of 1 cm diameter punched in
the agar were filled with the processed fluids. The plates
were overlaid with the sensitive indicator strain Bacillus
subtilis ATCC 6633. Inhibition zones around the holes
would indicate antibacterial activity.

2.3 Genetical and molecular experiments

Transformation and conjugation were performed using
standard methods [22]. E. coli IHE CV601 served as recipi-
ent for conjugations [23]. For transfomation experiments
E. coli XL1 Blue MR (A(mrcA)183 A(mcrCB-hsdSMR-
mrr)173 endAl supE44 thi-1recAl gyrA96 (nalidixic acid
resistance) relA1 lac; Stratagene, Amsterdam, Netherlands)
was used as a recipient. PCR was done in a final volume of
25 uL using 10—50 ng genomic DNA, 100 uM primers, and
Ready-to-go beads (Amersham Biosciences, Piscataway,
NJ, USA). The four gentamicin-resistant isolates were
checked for possession of one of the most common genta-
micin resistance determinants in coliform bacteria, an#(2)-
Ia, aac(3)-1Ilc, and aac(3)-IVa. Primers were ant(2)-Ia-F: 5'-
GGGCGCGTCATGGAGGAGTT and ant(2)-Ia-R 5'-TAT-
CGCGACCAAAGCGGC, aac(3)-1lc-F: 5-TGAAACGCT-
GACGGAGCCTC and aac(3)-Ilc-R: 5-GTCGAACAGG-
TAGCACTGAG, aac(3)-IVa-F: 5'-GTGTGCTGCTGGTC-
CACAGC and aac(3)-IVa-R: 5-AGTTGACCCAGGGCT-
GTCGC [24-26]. Amplification was performed at anneal-
ing temperatures of 62, 58, and 60°C for the corresponding
fragments of ant(2)-1a, aac(3)-Ilc, and aac(3)-IVa, respec-
tively. PCRs for the two most common chloramphenicol
acetyltransferase genes in enterococci, catypsor and catycios
were performed with the following primers cat-pIP501-F
5'-GGATATGAAATTTATCCCTC and cat-pIP501-R: 5'-
CAATCATCTACCCTATGAAT, cat-pC194-F: 5'-ATAAC-
CTAACTCTCCGTCGC and cat-pC194-R: 5'- GATTTAG-
ACAATTGGAAGAG [27-29]. Amplification was done at
an annealing temperature of 50°C. Labeling was done by
incorporating digoxigenin-labeled dUTP into the DNA
copy during PCR. Labeling, Southern blot and hybridiza-
tion were done according to the manufacturer’s recommen-
dations (Roche Biochemicals, Mannheim, Germany).

3 Results
3.1 Selective media

The chromogenic U3G agar contains the substrates Sal-
mon-Gal, X-Glu, and MUG allowing a direct color and
fluorescence detection and differentiation of various enter-
obacteria. The system was evaluated with well-character-
ized tests strains (Enterobacteriaceae, Pseudomonas aeru-
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ginosa, and Gram-positive bacteria as Enterococcus spp.,
Staphylococcus spp.) and was successfully applied to our
study design. Because not all representatives of a species
possess the corresponding enzymes [21] also noncolored
colonies were further tested. All of these were identified as
Pseudomonas spp. or fungi indicating high specificity of
our test system.

3.2 Bacterial counts on vegetables

Bacterial counts were calculated from plating dilutions of
processed vegetable samples treated as described (see Sec-
tion 2). Corresponding data for coliform bacteria are given
in Table 1. It seemed reasonable to distinguish between
“common vegetables” and sprouts. Sprouts showed an
about 10>—107 higher contamination in the overall bacterial
counts including coliform bacteria (107—10° colony form-
ing units per g vegetable, cfu/g) when compared to lettuce,
tomato, etc. (10*~10° cfu/g) which were grouped together
as “common vegetables”. Exceptions among the latter
group were mushrooms and already processed samples
such as “lettuce mix” with numbers of up to 107 cfu/g of
(coliform) bacteria. In some samples of this group about
10° to 107 cfu/g but no coliform bacteria were identified
(e.g., lamb’s lettuce 2 and iceberg lettuce 1/2). This was in
contrast to the sprout samples where all identified bacteria
belonged to the coliform flora. Washing did not result in a
reduction of the overall bacterial counts; cfu of coliform
bacteria per g mung bean sprout sample 1 dropped after a
washing step only threefold from 1.2 x 10% to 3.9 x 107 (not
shown in detail).

When we compared antibiotic-resistant coliform bacteria in
relation to the overall coliform flora, we found some orders
of magnitude lower bacterial counts in “common vegeta-
ble” samples than in sprouts. Numbers varied according to
the kind of vegetable and antibiotic. Highest numbers were
found for ampicillin which included also isolates with
intrinsic ampicillin resistance, followed by resistances to
tetratcycline, kanamycin, and chloramphenicol (Table 1).
Resistances to streptomycin and gentamicin were rare.
Numbers for sprouts were completely different. All samples
were characterized by high numbers of antibiotic-resistant
coliformes including bacteria resistant to ampicillin (about
107 cfu/g including isolates with intrinsic ampicillin resist-
ance), tetracycline (about 10*cfu/g), streptomycin (10°—10°
cfu/g), chloramphenicol (0—10° cfu/g), kanamycin (0—10’
cfu/g), and gentamicin (0— 102 cfu/g).

Growth inhibition by vegetable secondary metabolites was
tested using a modified agar diffusion test. No inhibition
zones around the holes in the agar supplemented with vege-
table extracts were detected indicating no antibacterial
activity of the raw or processed “‘common vegetables”.
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Table 1. Overall bacterial counts (cfu/g) and number of antibiotic-resistant bacteria grown on selective plates

Vegetable a) All bacteria Numbers of bacteria grown on selective plates containing®

b) Coliform bacteria

AMP KAN GEN STR CMP TET

Carrots, a)5.6 x 10* a)2.1x10* a)2x10? (%) a)2.1x10* a)l10* a) 1.6 x 10°
Daucus carota b)3.1 x 10* b) 103 b) & b) & b) & b) 102
Cauliflower, a)9 x 102 a)5x 102 %) %) %) %] %)
Brassica oleraceae b) 9 x 102 b) 5 x 102
Mushrooms 1, a) 1.4 x 10* a)22x10°  a)l0? (%) a)3x10° o a) 10?
Agaricus hortensis b) 1.4 x 10* b) 7 x 102 b) & b) & b
Mushrooms 2, a)1.3x 107 A)74%x10°  2)9.7x10° a)1.8x10° a)1.7x10° a)l.6x10° a)1.7x 10°
A. hortensis b) 1.3 % 107 b)2.6x10°  b)34x10° b)Q b) & b) & b) &
Strawberry, a)2.3x10° %) %) (%) (%) %] %]
Fragaria spp. b)2.3x10°
Lamb’s lettuce 1, a)3.4x10° a)6x 10* 2)4.7x10° & %) a) 10° %)
Valerianella locusta b)3.4x 10° b) 6 x 10* b)4.7 x 10° b) &
Lamb’s lettuce 2, a)l.1x 107 a)4.9x10"  a)5.9x10* a)l.3x10° a)3.5x10° a)54x10° &
V locusta b)Y b) g b) b) & b) & b) &
Iceberg lettuce 1, a)4.8 x 10° a)3.6x10° a)10° a)4.8x10° a)4.7x10* a)24x10* &
Lactuca sativa b) & b) & b) & b) & b) & b) &
Iceberg lettuce 2, a) 6.6 x 10° a)l.1x10® & %) %)} a)3.8x10° &
L. sativa b) g b) & b)
Tomato 1, a) 8.8 x 10* 2)6.3x10*  a)l.9x10* a)1.8x10* a)3.9x10* a)2.2x10* a)2x10*
Solanum lycopersicum b)3.1 x 10* b)3.7x10* b)1.9x10* b)Y b) @& b) & b) 1.5x10°
Tomato 2, %) %) (%) (%) a)1.5x 10> a)7x10> a)5x10!
S. lycopersicum b) & b) & b) &
Rocket salad, a)2.5x 107 a)6.8x10° a)2.8x10° a)34x10° a)4.7x10° a)l0° a)l.1x10*
Rucola selvatica b) 1.4 x 107 b)7.2x10° b)7x10? b) & b) b) & b)3 x 10
Mixed salad 2)5.2x 107 2)5.6x10° a)l.6x10° & 2)2.6x10° 2)2.7x10° a)1.8x 10*

b)2.3 % 107 b)5.6x10°  b)10° b)1.5x10° b)3.5x10° b)1.5x 10*
Chicory, a)8.5x10° a)3.2x10° & (%) a)5x 10! a)3.5x 10" @&
Cichorium intybus b) 8.5 x 10° b)3.2x 10° b)5x 10"  b)3.5x10'
var. foliosum
Mung bean sprouts 1 a)1.2x 108 a)7 x 107 a)1.6x 107 a)23x10* a)22x10* a)2.8x10* a)3.5x10*
Phaseolus aureus b) 1.2 x 108 b) 7 x 107 b)1.6x 107 b) b)2.2x10* b)2.8x10* b)3.5x10*
Mung bean sprouts 2, a)5.9x 108 a)1.5x 10  a)62x10° a)l.1x10° a)3.3x10° a)9x10° a)52x10°
P aureus b)5.9 x 10° b)15x10° b)62x10° by b)33x10° b)g b)5.2 x 10°
Mung bean sprouts 39 a)2.6 x 10° a)6.7x 10" a)lx10° a)4 x 10? a)34x10* a)l2x10° a)2.5x10*
P aureus b)2.6 x 10? b)6.7x 107  b)5x10? b) & b)3.4x10* b)1.2x10° b)2.5x10*
Beluga lens sprouts”, a)l.1x108 a)1.3x107 a)2.6x10° a)lx10? a)3 x 10° a)4x10*  a)3.4x10°
Lens culinaris spp. b) 1.1 x 108 b)13x107  b)2.6x10° b)Ix10°  b)3x10° by b)3.4 % 10°
Black lens sprouts® a)2.5x 108 a)7.1x10° a)3.5x10* & a)2.2x10* a)3.4x10* a)2.4x10*
L. cul. Nigrans b) 2.5 x 10° b)2.8x10° b)Y b)2.1x 10 b)Q b) 2.4 x 10
Fenugreek® a)2.4x10° a)2.1x 10  a)5.1x107 a)l.7x10* a)l.3x10° a)2.6x10° a)6.2x10°
Trigonella foenum graecum  b) 2.4 x 10° b) 1x 108 b) 3 x 10* b) & b) 1.3 x10° b)3x 10* b) 6.2 x 10°

cfu/g, colony-forming units per g raw vegetable; ¢, no bacteria found; several samples of the same kind were all from different producers.
a) Identical manufacturing company in Saxony
b) AMP, ampicillin; KAN, kanamycin; GEN, gentamicin; STR, streptomycin; CMP, chloramphenicol; TET, tetracycline

It was to suppose that resistant bacteria are already present greek, and mung beans) simulating swelling reactions as in
on seeds from which sprouts have been grown. To investi- the manufacturer’s farms but with sterilized tap water
gate this, we performed experiments with five different instead of normal tap water. We found bacteria only in three
samples (seeds of chickpeas, black lens, brown lens, fenu- samples (10°—10® cfu/g), however, single coliform bacteria
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were only detected on antibiotic-free plates and on selective
plates supplemented with ampicillin (not quantified). There
was no bacterial growth on agar plates containing antibio-
tics other than ampicillin. All coliform bacteria appeared
dark blue on U3G agar were identified as Pantoea agglom-
erans (formerly Enterobacter a.) possessing an intrinsic
ampicillin resistance.

3.3 Identification of bacterial species and
resistance patterns

Colonies on U3G agar enriched with different supplements
allowed a preselection due to different colony colors. Not
all representatives of coliform bacteria possess enzymes
converting the given supplements into a colored precipitate
(e.g., Citrobacter freundii converts Salmon-Gal only in
87%, respectively [21]). According to that also noncolored
isolates were partly characterized. None of these were
members of Enterobacteriaceae. The majority emerged as
oxidase-positive Pseudomonas ssp. or fungi.

Altogether 92 isolates were further characterized by the
methods described above (41 from “common vegetable”,
51 from sprouts). Most common genera and species were:
Enterobacter spp. (n =25, including 19 E. cloacae), Citro-
bacter spp. (n =22, including 8 C. freundii), Klebsiella spp.
(n =21, including 9 K. pneumoniae), Serratia spp. (n =9),
Escherichia coli (n = 8), and Pantoea agglomerans (n =5).
Among all 92 coliform bacteria resistances were distributed
as follows: 43% against tetracycline, 29% against chloram-
phenicol, 26% against kanamycin, 37% against streptomy-
cin, and 4% against gentamicin. Forty-seven % were resist-
ant against sulfamerazin and 9% against co-trimoxazol.
Resistances to these antibiotics have not been directly
selected indicating a wide distribution of these determi-
nants among the identified coliform bacteria.

Table 2. Coliform bacteria with more than five antibiotic resistances

Mol. Nutr. Food Res. 2004, 48, 522 -531

In general, isolates from “common vegetables” could be
differentiated from isolates from sprouts due to their resist-
ance phenotypes. Bacteria isolated from direct cultures (no
pre-enrichment steps) originating from “common vegeta-
bles” possessed in the majority only single or double resist-
ances whereas those from sprouts were characterized by
three to five resistances. The majority of isolates (n ="7/11)
with resistances to more than five antibiotics were identi-
fied only after pre-enrichment, these multiresistant coli-
form bacteria are given in Table 2.

The intrinsic AmpC B-lactamase of various Enterobacter-
iaceae resulted in a large number of strains appearing
ampicillin-resistant; due to that, percentages for ampicillin
resistance were not provided. However, some interesting
resistance features could be demonstrated for single
strains. Citrobacter freundii 17.1 was resistant against
mezlocillin and different cephalosporines (cefoxitin, cefo-
tiam) including newer ones like cefotaxime and ceftazi-
dime (Table 2) suggesting presence of an overexpressed
AmpC [-lactamase. An isolate which could not be further
specified (identified as “enteric group 59”) was besides
ampicillin and cefoxitin also resistant against cefotiam
(second generation cephalosporine). Serratia spp. 26.6
also possessed a cefotiam resistance (AMP, CTM, CMP,
TET, SMZ; for legend see Table 2). A single E. coli isolate
16.27 showed resistance to ciprofloxacin, a second genera-
tion fluorquinolone.

Altogether, three antibiotic-resistant enterococcal isolates
were selected from pre-enrichment cultures on selective
agar plates. Two E. pseudoavium (one from lamb’s lettuce
1, the other from lettuce mix) and a single E. mundtii
(lamb’s lettuce 1) were identified which belong to species
known to be plant-associated. Isolates appeared borderline
resistant to fusidic acid (MIC = 4 pg/mL), rifampin (only

Origin Strain  Genus/species Resistance phenotype

Tomato (a) 22.18 Enterobacter cloacae AMP(i), COX, NAL, CMP, SMZ, SXT
Chicory (b) 17.1 Citrobacter freundii AMP,MZL, COX, CTM, CTX, CAZ, STR
Rocket salad (b) 25.47 Klebsiella pneumoniae AMP, STR, TET, CMP, SMZ, SXT

Lettuce mix (a) 26.40 Enteric group 59/Buttiauxella noackie AMP, COX, CTM, NAL, CMP, TET, SMZ
Mung bean 15.5  Escherichia coli AMP, MZL, STR, TET, SMZ, SXT

sprouts 1 (b) 15.22  Escherichia coli AMP,MZL, GEN, STR, TET, NAL, SMZ, SXT

15.33  Klebsiella pneumoniae

16.27  Escherichia coli

16.33  Klebsiella pneumoniae
Beluga lens 28.2  Pantoea agglomerans
Sprouts (a) 28.5  Serratia spp.

AMP, GEN, STR, TET, CMP, SMZ, SXT

AMP, MZL, GEN, KAN, STR, TET, NAL, CIP, CMP, SMZ, SXT
AMP, STR, KAN, TET, SMZ, SXT

AMP, MZL, GEN, KAN, STR, TET, CMP, SMZ

AMP(i), COX, STR, CMP, TET, SMZ

AMP/(i), ampicillin/(intermediately resistant); CAZ, ceftazidime; CIP, ciprofloxacin; CMP, chloramphenicol; COX, cefoxitin; CTM, cefo-
tiam; CTX, cefotaxime, GEN, gentamicin; KAN, kanamycin; MZL, mezlocillin; NAL, nalidixic acid; TET, tetracycline; SMZ, sulfamera-
zin; STR, streptomycin; SXT, co-trimoxazol. Gentamicin resistance is underlined.

a) From original sample
b) From pre-enrichment culture
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Figure 1. Gentamicin resistance genes in coliform bacteria from sprouts. (A) PCR amplicon of the aac(3)-
lic gene. (B) Plasmid profiles of gentamicin-resistant Gram-negative bacteria. (C) Corresponding Southern
blot hybridized with a labeled aac(3)-lic gene probe. Legend: 1, K. pneumoniae 15.33; 2, P. agglomerans
28.2; 3, E. coli 16.27; E. coli 15.22; P, PCR product of the aac(3)-lic gene; S, size marker; R, E. coli refer-
ence isolate for aac(3)-lic gene; A, PCR product of the aac(3)-lic gene; L, labeled PCR product of the

aac(3)-llc gene; T, transformant of E. coli 15.22 x XL1; P, plasmid size markers.

two E. pseudoavium; MIC = 1 -2 ng/mL) and chloramphe-
nicol (only two E. pseudoavium; MIC = 16 pg/mL).

3.4 Samples from wholefood vegetable

Altogether five samples of wholefood vegetables were
investigated similar as described for “common vegetables”
and sprouts (results not given in details). Contamination
either with bacteria at all or with coliform bacteria
(3 x 10°-9.5 x 10*cfu/g) was less than seen in most vegeta-
bles from the former two groups. All but one agar plates
supplemented with antibiotics including plates with ampi-
cillin were free of coliform bacteria (except red leaf salad
with 102 cfu/g on plates with ampicillin). These results indi-
cate a some orders of magnitude lower contamination of
wholefood vegetables with both coliform bacteria and anti-
biotic-resistant coliform bacteria compared to commonly
grown vegetables.

3.5 Molecular tests

PCRs for the two most common chloramphenicol acetyl-
transferase genes in enterococci, catympsor and catycios, Were
negative for both chloramphenicol-resistant E. pseudo-
avium isolates. Totally, four Gram-negative isolates were
gentamicin-resistant (Table 2) including K. pneumoniae
15.33, P agglomerans 28.2, and two E. coli 15.22 and
16.27. PCR screenings for the three most common gentami-
cin resistance genes among coliform bacteria (ant#(2)-Ia,
aac(3)-1lc and aac(3)-IVa) revealed a fragment specific for
aac(3)-1lc (Fig. 1A). Southern blot hybridization localized
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the corresponding resistance gene on different sized plas-
mids (80—120 kb) in the two E. coli and the single K. pneu-
moniae isolates (Fig. 1 B/C). The resistance determinant
could not be conjugatively transferred from one of the
donors into an E. coli laboratory recipient CV601. An E.
coli recipient XL1 could successfully be transformed only
with the resistance plasmid from E. coli 15.22 (Fig. 1 B/C).

4 Discussion

4.1 Bacterial counts

We investigated 20 vegetables of different kinds and from
different producers for antibiotic resistant enterobacteria.
Based on our results we divided them into two groups:
sprouts and “non-sprouts” designated as “common vegeta-
bles”. “Common vegetables” were some orders of magni-
tude lesser contaminated with coliform bacteria than
sprouts (Table 1). An exception were “common vegetable”
samples which were processed before packaging such as
rocket salad and lettuce mix showing bacterial counts
higher than nonprocessed “common vegetables” and some-
how lower than sprouts. Intact bacterial biofilms on vegeta-
bles prevent colonization with fecal or facultative patho-
genic bacteria [30]. During processing (trimming, slicing,
washing, dehydrating, efc.) such biofilms are destroyed,
excreted plant extracts serve as nutritional sources for a
subsequent colonization with other (human/fecal ?) bac-
teria. Some enterococcal species (E. faecium, E. faecalis)
and E. coli are classified as fecal indicator bacteria [31, 32],
other coliformes such as Klebsiella spp., Enterobacter spp.,
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and Citrobacter spp. could besides this be recognized as
bacteria with environmental and plant reservoirs [33]. Con-
sequentially, we did not identify fecal indicator bacteria in
nonprocessed “common vegetables”, but in processed vege-
tables (rocket salad — E. coli) and in sprouts (E. coli). Gri-
mont et al. [34] showed that K. pneumoniae from humans
did not convert 5-keto-gluconate, whereas environmental
strains do so. All nine but one isolates were 5-keto-gluco-
nate-negative. Of these eight isolates six were from sprouts
and two were from rocket salad suggesting a human con-
tamination most probably during processing [35], the single
5-keto-gluconate-positive isolate was from mushrooms.

Differences in cell counts between “common vegetables”
and sprouts did not result from antibacterial substances
released from the former. Reference isolate B. subtilis
ATCC 6633 was not inhibited when tested against vegetable
extracts in agar diffusion assays.

Washing “mung bean sprout sample 1” with sterilized, dis-
tilled water did not alter bacterial counts significantly
(decrease from 1.2 x 10% to 3.9 x 107 cfu/g). As has been
described recently, bacteria on sprouts reside in biofilms
which cannot be removed by simple washing [36, 37].

4.2 Antibiotic resistances

Samples from sprouts showed more colonies on antibiotic-
containing agar plates when compared to “common vegeta-
bles” (Table 1) and these bacteria appeared to be more fre-
quently multiresistant than isolates from “common vegeta-
bles” (Table 2). More than three different types of resistance
were very rare among ‘“common vegetable” isolates,
whereas three to four resistances were the average numbers
for sprout isolates. According to Table 2 isolates with more
than five resistance characters were in 7/11 cases from
sprouts including all four identified gentamicin-resistant
strains. Among 11 multiresistant coliformes seven were
identified from pre-enrichment cultures suggesting their
quantitative inferiority among the overall bacterial flora of
that vegetables. Nevertheless, pre-enrichments were per-
formed none-selectively, the cultures were free of antibio-
tics.

Only a few authors described antibiotic-resistant commen-
sal bacteria contaminating vegetable foodstuffs [38—40]. In
none of these studies antibiotic-resistant bacteria have been
directly selected as performed here. Due to this fact, data
resulting from our study cannot be compared to the results
from the others without any bias. Oesterblad and co-work-
ers identified among 137 vegetable samples a total of 535
strains [39]. Among these, Enterobacter spp. were most fre-
quently (n = 150; 28%) whereas E. coli was rare (n = 22;
4%), two findings which were also confirmed in our study.
Second most common was Enterobacter agglomerans (n =

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2004, 48, 522 -531

117; 22%) which is now classified as Pantoea agglomerans.
Distributions of other genera were: 73 Klebsiella spp. (14%
including 35 K. pneumoniae; 7%), 52 Citrobacter spp.
(10%) and 48 Serratia spp. (9%). Due to the different selec-
tion strategies prevalences of antibiotic resistances were
much lower than that found in our study; 12% chloramphe-
nicol, 6% tetracycline, and <1% trimethoprim resistance.
None of the 535 strains was resistant against cefotaxime,
nalidixic acid, ciprofloxacin, or gentamicin. In contrast, we
could identify: (i) six nalidixic acid resistant isolates (E.
cloacae 22.18, “enteric group 59” 26.40, E. coli 25.40,
Citrobacter spp. 26.29, E. coli 15.22, E. coli 16.27) includ-
ing a single E. coli 16.27 which was also resistant against
ciprofloxacin, and (ii) a single C. freundii 17.1 which was
multiresistant against B-lactams including second-genera-
tion cephalosporines, such as cefotaxime and ceftazidime
(Table 2). Also seven mezlocillin-resistant isolates includ-
ing four E. coli (E. coli 25.40, C. freundii 17.1, E. coli 15.5,
E. coli 1522, E. coli 16.27, K. ozeanae 16.31, P agglomer-
ans 28.2) were identified, but these figures could not be
compared since mezlocillin was not tested in the former
study [39].

Stock and co-workers [41] investigated antibiotic suscept-
ibilities among the Serratia marcescens and S. liquefaciens
complex. S. marcescens and S. liquefaciens were identified
to be intrinsic intermediately resistant and intrinsically
resistant to tetracyclines, respectively. Of our nine Serratia
isolates, a single S. marcescens and two S. rubidea were
identified. Definite species could not be assigned to the
other six isolates by our test schemes. All nine Serratia
were tetracycline-resistant. We are aware of the fact, that
our overall prevalences for tetracycline resistance could be
biased by a natural resistance in some Serratia species.

High numbers of Enterobacteriaceae on sprouts did not
result simply from a contamination of sprout seeds. We
tested five different seed samples originating from the same
manufacturer providing four sprout samples (Table 1, last
four samples). The only species detectable was P agglomer-
ans (no antibiotic resistances). This was in striking discre-
pancy to (antibiotic-resistant) bacteria identified in the cor-
responding sprout samples (Tables 1 and 2; black lens,
mung bean (sample 3) and fenugreek seeds were tested)
suggesting a contamination with the identified enterobac-
teria during food handling and processing or via tap water.

4.3 Molecular characterizations

Altogether four different gentamicin-resistant coliformes
were identified (Table 2). Gentamicin is not used in plant
agriculture, a contamination via human or animal sources
was probable. However, P agglomerans (28.2, gentamicin-
resistant; Table 2) is expected to be rather environmentally
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distributed or plant-associated than a fecal colonizer. At
least for this case a horizontal gene transfer could be sup-
posed. Mating and transformation experiments revealed no
conjugatively transferable plasmid/element and only one
plasmid from E. coli 15.22 which could be transformed into
and maintained in E. coli host XL1 Blue MR. Resistance
was in all cases mediated via the wide-spread aminoglyco-
side acetyltransferase aac(3)-Ilc [42—44]. Summarized
results for gentamicin resistance are ambiguous, a common
gene pool including bacteria from sprouts could neither be
ruled out nor supported.

4.4 Enterococcifrom vegetables

A number of reports described distinct enterococcal species
associated with plants [45, 46], other species known to be
facultative human pathogens appeared as contaminants on
vegetables [47]. Some already known enterococcal species
were confirmed as colonizers of the epiphytic microflora of
grass (E. sulfureus, E. casseliflavus, E. mundtii) and a com-
pletely new species was described based on different meth-
ods [45]. The facultative pathogenic species E. faecalis and
E. faecium were rarely found (7.9% and 5.2%; [45]). In a
report from Argentina, a variety of enterococci was identi-
fied on 70 lettuce samples including E. faecalis and E. fae-
cium (32.6% and 21.7%; [47]). High-level resistance
against streptomycin was found in six isolates (4 E. fae-
cium, 1 E. hirae, 1 E. mundtii) including two E. faecium
which were also gentamicin-resistant.

Our results on enterococci were rather surprising. Numbers
of enterococci at all were negligible when compared to the
numbers of all bacteria or all coliformes (not shown in
detail; Table 1). All three antibiotic-resistant enterococci
identified were from pre-enrichment cultures and were
selected on plates supplemented with chloramphenicol.
None of the two most common chloramphenicol acetyl-
transferase genes in enterococci [27, 28, 48] were found by
PCR. Due to our results enterococci on vegetables including
sprouts do not contribute to a common resistance gene pool
among Enterococcus. Studies on the facultative pathogenic
enterococci, E. faecium and E. faecalis, from human stool
samples with or without previous hospital contact revealed
much higher resistance rates as found here [49, 50].

4.5 Conclusions

Our study revealed different results for the two groups of
vegetables, “common vegetables” and sprouts. “Common
vegetables” were some orders of magnitude lower contami-
nated with coliform bacteria and possessed only few anti-
biotic-resistant bacteria whereas sprouts were highly con-
taminated (=10% cfu/g) with coliform bacteria including
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many (multi-)resistant isolates. Consumption of seed
sprouts has been growing in global popularity as “alterna-
tive products” over the past 20 years overall Europe [17].
Outbreaks with pathogenic bacteria spread via contami-
nated vegetables, mainly sprouts, demonstrated how suc-
cessful bacteria could disseminate via this route to humans
[17]. Appearance of fluorquinolone and second generation
cephalosporine resistance in bacteria identified in our study
suggested an animal or human origin since antibiotics of
these classes are not used in plant agriculture [14].

In summary, we did not find evidence that coliform bacteria
from “common vegetables” contribute substantially to high
levels of resistance among bacteria of the human fecal flora.
Wholefood vegetables showed an even lesser contamina-
tion with both coliform bacteria and antibiotic-resistant
coliform bacteria than “common vegetables”. This is
obviously different from sprouts. Consumption of sprouts
could contribute to further dissemination of antibiotic-
resistant bacteria and of resistance genes as has already
been reported for meat products. It remains to be discussed
whether the comparably high bacterial contamination with
enterics which are far above the values accepted for drink-
ing water in countries of the European Union needs atten-
tion of regulatory bodies. Based on our results a contribu-
tion of sprouts to a common gene pool for antibiotic resist-
ances cannot be excluded.

Skillful technical assistance by S. Mueller-Bertling, C. Kon-
stabel, and B. Hildebrandt is highly acknowledged. Special
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UFOPLAN 201 62 211 from the German Federal Office for
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