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Abstract

Aim: Investigate dynamics of culturable mesophilic bacteria and selected food-

contaminating bacteria from three herbs and their production environment.

Methods and Results: Marjoram, basil and thyme were investigated during one

growing season by sampling plants, organic fertilizers, soil, irrigation water and

marketed products. Mesophilic bacteria and selected food-contaminating

bacteria (Escherichia coli, Enterococcus spp., Bacillus cereus group) were cultured

and identified by MALDI biotyping. Culturable mesophilic bacteria on marjoram

and basil plants decreased over time by two orders of magnitude starting at above

106 colony forming units per gram (CFU per g), while they remained constant on

thyme (~104 CFU per g). Compared to the last field sample, mesophilic bacteria

were increased on all market-ready products by one order of magnitude.

Marjoram and basil were dominated by B. cereus group, Enterobacter spp. and

Pseudomonas spp., thyme by Bacillus spp. and Pseudomonas spp. All selected

food-contaminating bacteria were detected in soil and reservoir-sourced

irrigation water, whereas in municipal water, only B. cereus group and rarely

Enterococcus spp. were found. Escherichia coli was detected only on young

marjoram and basil plants (5 9 102 and 5 9 101 CFU per g, respectively),

whereas Enterococcus spp. and B. cereus group were consistently detected on these

two herbs. Thyme plants only contained B. cereus group consistently (above 103

CFU per g). Marketed marjoram and thyme contained Enterococcus spp.

(5 9 102 and 104 CFU per g) and B. cereus group (~5 9 102 CFU per g), while

no selected food-contaminating bacteria were found on marketed basil.

Conclusions: Overall, culturable mesophilic bacteria were dominated by

Pseudomonas spp. and Bacillus spp., with increased numbers on market-ready

products. Selected food-contaminating bacteria were readily detectable,

however, only the B. cereus group was found throughout in all systems.

Significance and Impact of the Study: Insight into composition and

development of mesophilic bacterial communities and selected food-contaminating

bacteria of fresh herbs contributes to estimating consumer exposure.

Introduction

Fresh herbs are important food ingredients that are often

minimally processed or used raw. Minimal or no

processing allows the bacterial community of fresh herbs,

including potential spoilage or pathogenic bacteria, to

reach the consumer more easily than through processed

or cooked foods. Recent studies have highlighted the
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occurrence of antibiotic-resistant bacteria in foods of ani-

mal and plant origin including fresh produce (Pesavento

et al. 2014; N€uesch-Inderbinen et al. 2015; Zogg et al.

2016) as well as in the environment including surface

water (Czekalski et al. 2012), soil and manure (Jechalke

et al. 2014). On the other hand, consumption of unpro-

cessed plant foods has increased due to rising health

awareness (Pollack 2001; Doyle and Erickson 2008; Berger

et al. 2010). It has therefore become increasingly impor-

tant to investigate the bacterial community of unpro-

cessed plant foods such as fresh herbs. To date, little is

known about the microbial community of fresh herbs

and its development, whereas many studies have investi-

gated properties of various fresh herb ingredients like

essential oils or have focused on the plants’ rhizosphere

(Kapoor and Mukerji 2006; Tamilarasi et al. 2007; Bafana

2013; Solaiman and Anawar 2015). In order to under-

stand the bacterial community development of fresh

herbs’ phyllosphere, it is important to analyse their pro-

duction environment, which shapes the plant host’s bac-

terial community (Knief et al. 2010). Fresh herbs are

exposed to a broad range of potential contamination

sources such as irrigation water, soil, manure or workers

and their equipment (Drissner and Zuercher 2014),

bringing undesired contaminating bacteria on edible

plant parts.

Most commonly, it is the leaves or aerial organs of herbs

that are consumed and thus these are the relevant plant

organs potentially carrying contaminating bacteria. Aerial

plant organs constitute the so-called phyllosphere, which is

dominated by the leaves outmatching the surface area of

the rest of a plant’s aboveground surface by several orders

of magnitude (Morris and Kinkel 2002). Leaves being light

harvesting organs are an extreme environment for their

colonizers due to high doses of DNA-damaging UV radia-

tion. Additionally, leaves are covered by a waxy cuticle

responsible for the generally oligotrophic (Vorholt 2012)

and dry environment (Beattie 2011) of the phyllosphere.

Nevertheless, bacteria successfully colonize this harsh envi-

ronment (Beattie 2011; Vorholt 2012). Surprisingly, 107 or

more bacterial colony forming units per gram (CFU per g)

can regularly be found on healthy leaves, which can be

explained by the large heterogeneity of the phyllosphere,

which contains microhabitats with considerable amounts

of nutrients (Remus-Emsermann et al. 2011, 2012) where

bacteria can establish.

Food-contaminating bacteria and indicators for faecal

contamination can be cultured on selective media. Escher-

ichia coli (E. coli) and Enterococcus spp. are typical indica-

tors for faecal contamination and microbial food quality

(Anderson et al. 2005; Jay 2005; Savichtcheva and Okabe

2006; Pappas et al. 2008). They have further been

included in models to predict the occurrence of bacterial

pathogens (Jokinen et al. 2012; Frey et al. 2013) or, in

the case of water quality assessment, have been used as

surrogates for pathogens (Yates 2007; Marti et al. 2013;

Allende and Monaghan 2015). Finally, although mainly

commensals, both E. coli and Enterococcus spp. also com-

prise pathogenic strains (Gilmore and Ferretti 2003;

Rasko et al. 2008). Notably, many enterobacterial and

enterococcal species are plant associated and are generally

considered harmless (M€uller et al. 2001; Rastogi et al.

2012).

Irrigation water has been reported to be a source of

contamination with undesired bacteria such as E. coli and

Enterococcus spp. (Fonseca et al. 2011; Ijabadeniyi et al.

2011; Gupta and Madramootoo 2016). Another signifi-

cant source of fresh produce contamination is soil

(Olaimat and Holley 2012). Being typical soil inhabitants,

bacteria of the Bacillus cereus (B. cereus) group are readily

detected on fresh produce (Thunberg et al. 2002; Jackson

et al. 2015). Bacillus cereus group members are known to

endanger food safety by producing various toxins includ-

ing the emetic toxin cereulide and several enterotoxins

(Stenfors Arnesen et al. 2008). Although usually present

at less than 103 CFU per g on herbs, they can multiply to

numbers sufficient for food poisoning (105–106 CFU per

g) in foods to which those herbs were added (Rajkovic

et al. 2008; Sagoo et al. 2009). Occasionally, the B. cereus

group is detected in amounts exceeding 104 CFU per g

herbs, leading to a notification by governmental authori-

ties such as the European Commission (Kleter et al.

2009) with subsequent border rejection, withdrawal from

the market or recall from the consumers.

In this study, we aimed to describe the temporal devel-

opment of the culturable mesophilic bacterial communi-

ties of three fresh herbs (marjoram, basil and thyme)

grown under different conditions to detect the highest

possible diversity, as well as of potential contamination

sources from their production environment (irrigation

water, soil and fertilizers). Apart from culturable meso-

philic bacteria, we investigated the prevalence and devel-

opment of E. coli, Enterococcus spp. and the B. cereus

group, representing indicators for faecal contamination

or comprising food-spoiling bacteria and/or potential

human pathogens. The study was conducted on an

organically managed farm. As opposed to conventional

farming, slightly increased numbers in total aerobic bac-

teria, Enterobacteriaceae and coliforms have been attribu-

ted to organic farming practices (Wießner et al. 2009),

and higher prevalence of Proteobacteria (including Enter-

obacteriaceae and E. coli in particular) has been shown in

organically cultivated soils (Chaudhry et al. 2012; Li et al.

2012). More specifically for basil, it has been shown that

organically grown plants have a higher microbial diversity

than conventionally grown plants (Wetzel et al. 2010). In
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our survey, numbers of total mesophilic bacteria and the

bacterial target groups were monitored during a complete

growing season from seed material over seedlings to har-

vest and market product. The three herbs were grown

under different conditions: marjoram was greenhouse-

grown and irrigated with municipal tap water; basil was

greenhouse-grown but irrigated with water from an

open-top reservoir; thyme was field-grown and not

irrigated. Besides using a nonselective medium to deter-

mine total numbers of mesophilic bacteria as an estima-

tion for total culturable bacteria, the abundance of the

targeted bacteria was determined using selective media.

Representative colonies were identified using MALDI bio-

typing and 16S amplicon sequencing in order to gain an

insight into the diversity of the cultured mesophilic

communities.

Materials and methods

Bacterial growth conditions

Bacteria were plated on four media: nonselective plate

count agar (PCA; Merck, Darmstadt, Germany) to enu-

merate total mesophilic bacteria, BACARA (BCR;

BioM�erieux, Marcy-l’�Etoile, France), a medium selective

for the B. cereus group, m-Enterococcus agar (mEA;

Sigma-Aldrich, St. Louis, MO), selective for presumptive

Enterococcus spp. and tryptone bile x-glucuronide agar

(TBX; Sigma-Aldrich), selective for E. coli strains, which

form blue colonies on TBX. PCA plates were incubated

for 72 h at 21°C, BCR plates for 18 h at 30°C, mEA

plates for 42 h at 37°C and TBX plates for 18 h at 44°C
before enumeration. TBX sometimes yielded, besides blue

E. coli colonies, uncoloured colonies of nontarget bacte-

ria, in which case both blue colonies and white colonies

were enumerated separately. To propagate isolated bacte-

ria for colony-PCR or MALDI biotyping (see below),

either Lysogeny broth agar (LB; Sigma-Aldrich) or PCA

were used and the plates were incubated at 21°C until

bacterial growth was observed.

Field and growth conditions

Seed, herb, soil and water samples were collected on an

organically managed farm near Zurich (M€ader Kr€auter,

Boppelsen), Switzerland, certified according to Bio Suisse

standards (2015). After application of organic fertilizers,

irrigation hoses were placed 10 cm underground. Plant

beds were covered with an organic foil to minimize con-

tact of soil with seedlings that were planted using an

automated planter in four parallel files per bed. Overhead

irrigation in greenhouses was applied for the first 2 weeks

after planting (three to four times per week) and drip

irrigation for the remaining growth period (twice per

week). Herbs were harvested manually before 9 AM,

cooled to 3–5°C (marjoram, thyme) or 10–12°C (basil)

and packaged the next day after minimal processing, that

is, sorting and trimming but no washing, to be sent to

the retailers without interrupting the cold chain. The

average crop yield of the fields was 0�35, 0�40 and

0�45 kg m�2 for marjoram, basil and thyme, respectively.

Field sampling

Sampling was performed during the growing season of

summer 2014 (June–August). Two greenhouse sites

planted with marjoram (Origanum vulgare L.) or basil

(Ocimum basilicum L.) were sampled every 2 weeks dur-

ing the whole period of their growth. Each plant species

was sampled four times. A field site planted with thyme

(Thymus vulgaris L.) was sampled every 2 weeks until

harvest. Thyme was sampled three times. The green-

houses covered an area of 600 m2 (4 beds) and 1000 m2

(6 beds) for marjoram and basil, respectively. In the open

field, five beds of thyme covered an area of 550 m2. One

bed was selected per plant species (length: 60–75 m, area:

110–167 m2) for collection of bulk soil or plant material

as described in the following.

Seeds

Two samples of 10 g of seeds for each herb were placed

in 100 ml peptone water (9 g l�1 NaCl, 1 g l�1 tryptone;

Merck) in dual-chamber stomacher bags and processed in

a stomacher (Smasher; AES Chemunex, Combourg,

France) for 3 min. Ten-fold dilutions of the resulting

supernatant were prepared and plated on PCA, BCR,

mEA or TBX agar. Additionally, 200 ll of undiluted

supernatant was plated on the same media in order to

lower the limit of detection to 5 9 101 CFU per g.

Plant material

During each sampling, the bed chosen for each herb was

randomly sampled eight times by collecting at least 30 g

of plant material in a sterile plastic bag where it was care-

fully mixed. Samples were transported at approximately

8°C and were processed within 6 h. Plant material from

the end of the growing season, that is, postharvest mate-

rial, was harvested and packaged by farm workers,

shipped and stored at 4°C (marjoram, thyme) or 10°C
(basil), and analysed within the shelf life defined for each

herb (6, 5 and 8 days for marjoram, basil and thyme,

respectively). One postharvest thyme sample and two

postharvest samples of basil and marjoram were analysed.

For bacterial enumeration and isolation, 10 g of plant

material were weighed into a stomacher bag with 100 ml

peptone water and processed in a stomacher for 3 min.
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To determine bacterial numbers, a 10-fold dilution series

of the resulting supernatant was plated as described

above.

Fertilizers and soil

Samples from the organic fertilizers, that is, horn-shav-

ings and organic nitrogen fertilizer (Hauert, Grossaf-

foltern, Switzerland) as well as granulated fungal biomass

(Sandoz, Holzkirchen, Germany) were analysed. Of each

fertilizer, 10 g were weighed into a stomacher bag with

100 ml peptone water and processed in a stomacher for

3 min. To determine bacterial numbers, a 10-fold dilu-

tion series of the resulting supernatant was plated as

described above. For soil, eight samples were randomly

collected from the selected bed at each time point, each

consisting of four soil cores (2�5 cm diameter, 10 cm

length). Samples were transported at approximately 8°C
and were processed within 6 h. Homogenized soil sam-

ples (10 g each) were mixed to a slurry with 100 ml pep-

tone water on a shaker for 20 min at 250 rev min�1. A

10-fold dilution series of the resulting supernatant was

plated as described above. To determine soil dry weight,

soil aliquots were weighed into aluminium containers,

dried over night at 180°C and weighed again.

Irrigation water

The greenhouse harbouring the marjoram culture was

supplied with tap water; basil was irrigated using water

from an open-top reservoir, which was primarily sourced

by rain and surface water collected from the greenhouse

roofs and supplemented with groundwater whenever

needed. Before reaching the greenhouse site, reservoir

water was filtered using a particle filter (F-600 Gravel Fil-

ter; Netafim, Tel Aviv, Israel). Per basil sampling, one

sample was taken from the open-top reservoir and one

from the field inlet; per marjoram sampling one field

inlet sample was taken. Additionally for each sampling,

two or four samples were taken from overhead sprinklers

or from drip-irrigation hoses, respectively. In green-

houses, the water irrigation system consisted of four

belowground drip-irrigation hoses per bed and one over-

head irrigation sprinkler system, featuring 30 sprinkler

nozzles, parallel to the planting bedding. Water from the

first and the last overhead sprinkler nozzle were sampled.

The four belowground irrigation hoses of the selected

bed were sampled at the end of the bed. Samples were

transported at approximately 8°C and were processed

within 6 h. For each of the four media, 200 ml of water

was filtered through a 0�45-lm filter as described in the

Swiss food register (Swiss Federal Office of Public Health

2009). Filters were placed onto respective media and

additionally, a 10-fold dilution series of the initial water

sample was plated onto all four media.

MALDI biotyping

MALDI biotyping was performed as previously described

(Gekenidis et al. 2014). Briefly, representative colonies

were streaked onto fresh LB agar and PCA. From nonse-

lective PCA, on which a large bacterial diversity was

expected, 32 colonies were randomly picked for each

sampling per habitat, that is, plant material, soil or water

(96 isolates per sampling time point). Special attention

was paid to picking as many different colony morpho-

types as possible. From selective media (TBX, mEA and

BCR) up to 10 colonies were picked per sampling and

habitat. From TBX, in addition to blue coloured colo-

nies, 10 nonblue coloured colonies were picked. After

incubation, either direct smearing or protein extraction

from the freshly grown colonies was performed (Gekeni-

dis et al. 2014), whenever the direct smearing did not

yield satisfactory results. It is noteworthy, that classical

MALDI biotyping is limited in discriminating species

belonging to the B. cereus group (Pfrunder et al. 2016)

and therefore the composition of the B. cereus group

could not be resolved. For MALDI-TOF mass spectro-

metric measurements, 1 ll of each protein extract was

spotted onto a MALDI target, left to dry and covered

with 1�2 ll of matrix solution (10 mg ml�1 a-cyano-4-
hydroxycinnamic acid (Bruker Daltonics, Bremen, Ger-

many) in acetonitrile-water-trifluoroacetic acid (50 : 47�5 :

2�5 (vol/vol/vol), Sigma-Aldrich). Sample spectra were

acquired using a microflex LT MALDI-TOF mass spec-

trometer (Bruker Daltonics) and the flexControl software

(ver. 3.4; Bruker Daltonics). Spectra were classified using

the MALDI BioTyper software (ver. 3.1; Bruker Daltonics)

and the Bruker Taxonomy main spectra database (ver.

4.0.0.1).

16S amplicon sequencing

To prepare a crude bacterial lysate, colony material of

individual colonies was transferred to 100 ll of 0�05 M

NaOH (Sigma-Aldrich) and incubated for 10 min at

99°C. Cell debris was spun down for 1 min at

11,000 9 g. Of this crude lysate 0�5 ll were used as

template for a PCR to amplify the isolates’ 16S rRNA

gene using the universal primers 27F and 1492R

(50-AGA GTT TGA TCM TGG CTC AG-30 and 50-CGG
TTA CCT TGT TAC GAC TT-30, respectively) and the

Qiagen HotStart Taq Mastermix kit (Qiagen, Hilden,

Germany) according to the recommendations of the

manufacturer. Amplification was performed in 30 cycles

(denaturation at 94°C for 30 s, annealing at 47°C for

30 s and elongation at 72°C for 40 s) with a final exten-

sion at 72°C for 10 min. Amplified gene fragments were

cleaned up using the InnuPREP PCRpure Kit (Analytic
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Jena, Jena, Germany) according to the manufacturer’s

recommendations. Sanger sequencing was conducted

using the universal 27F primer (Microsynth, Schlieren,

Switzerland). Sequences were classified using BLASTN

(Altschul et al. 1997) with an average sequence length of

1012 bp (minimal length: 230 bp; maximal length:

1783 bp).

Statistical analysis

For data display, the mean bacterial cell numbers were

plotted, with dots indicating the cell number of each

sample (Figs 1–3). ANOVA was performed using GraphPad

Prism 6 (GraphPad Software, La Jolla, CA) for plant and

soil data on log transformed data (Kilsby and Pugh 1981;

Hirano et al. 1982) and replacing each value below the

limit of detection with the limit of detection of the mea-

surement (5 9 101 CFU per g) (Lorimer and Kiermeier

2007). Additionally, Tukey’s multiple comparison test

was applied. Temporal changes of the cell numbers of

each bacterial group were evaluated per plant species and

habitat (soil or plant material) and significant changes

(P ≤ 0�01) are reported.

Results

To avoid iterations, the temporal development of meso-

philic and target bacteria are presented by fertilizer, soil,

water and herbs. The reader should be aware, however,

that no direct comparison of bacterial numbers on mar-

joram, basil and thyme should be attempted, since the

three herbs were grown under different conditions in

order to detect the highest possible diversity. Of note, all

colonies from mEA agar were enumerated and displayed

in Figs 1–3 (presumptive Enterococcus spp.), since

MALDI biotyping revealed that on average about 82%

(231 out of 282) of mEA colonies were Enterococcus spp.

(78, 69 and 96% for plant, soil and water isolates, respec-

tively). For the sake of brevity, presumptive Enterococcus

spp. are called Enterococcus spp. in the present work.

Notably, since mEA is usually applied for detection of

Enterococcus spp. via membrane filtration of water, the

medium is less selective for more heavily contaminated

samples. Nevertheless, Enterococcus spp. was the main

genus isolated from plant and soil using mEA (78 and

69%, respectively).

Organic fertilizers

The three organic fertilizers analysed as the potential

source of bacterial contamination did not contain the tar-

get bacteria E. coli, Enterococcus spp. or B. cereus group

members above the limit of detection.

Soil

Total mesophilic bacteria isolated from soil on PCA ran-

ged between approximately 106 and 107 CFU per g dry

weight throughout the study, independent of the sam-

pling site (Figs 1b, 2b and 3b for marjoram, basil and

thyme, respectively). Significant changes were observed

only from week 4–6 at the marjoram site (P ≤ 0�001),
and week 2–4 and 4–6 at the basil site (P ≤ 0�01 and

≤0�0001, respectively).
Colonies growing on selective media showed more

fluctuating patterns over the growing season. Bacillus cer-

eus group members made up a substantial part of all soil

samples, accounting for around 10% of the total meso-

philic cell numbers (exceptions: marjoram site at week 2

and 6; basil site at week 6). However, at the marjoram

site the numbers fluctuated significantly (week 0–2 and

4–6, P ≤ 0�001). At the basil site, B. cereus group mem-

bers were significantly decreased only in the last sampling

(P ≤ 0�0001, Fig. 2b).
Escherichia coli was detected at all sites early after

planting of the respective herbs at ~103 CFU per g dry

weight (marjoram and basil site) or 104 CFU per g dry

weight (thyme site), while they were below the limit of

detection in most later soil samples. Nonblue coloured

colonies on TBX that were subsequently identified by

MALDI biotyping, were more consistently detected inde-

pendently of the site, although significant fluctuations

were observed (marjoram site: week 0–2 (P ≤ 0�01); basil
site: week 0–2 and 4–6 (P ≤ 0�001), week 2–4
(P ≤ 0�0001); thyme site: week 0–6 (P ≤ 0�0001)).
Enterococcus spp. were consistently detected throughout

the growing season, although after week 0 numbers

decreased (marjoram and basil site: week 0–2,
P ≤ 0�0001) and Enterococcus spp. remained rare (de-

tected in one to four of eight replicate soil samples). Only

in the last basil sampling, Enterococcus spp. could not be

detected in any of the replicate soil samples (Fig. 2b).

Irrigation water

A comparison of field inlet water sourced by either

municipal tap water (marjoram) or an open-top reservoir

(basil) did not reveal strong differences (Figs 1c and 2c,

respectively). Total mesophilic numbers were low

(~100 CFU per ml), B. cereus group members around

10�1 CFU per ml, E. coli was not detectable and Entero-

coccus spp. were detected once in the field inlet water of

the basil greenhouse at the limit of detection (1 CFU in

200 ml). However, after the water passed through the on-

field irrigation systems, that is, overhead sprinklers or

belowground hoses, bacterial numbers and community

composition changed (Figs 1d and 2d for marjoram and

920 © 2017 The Authors. Journal of Applied Microbiology 123, 916–932 published by John Wiley & Sons Ltd on behalf of The Society for Applied Microbiology.

Fresh herbs’ mesophiles and contaminants M.-T. Gekenidis et al.



basil site, respectively). The number of total mesophilic

bacteria and B. cereus group members was increased in

sprinkler water of both sites by at least one order of mag-

nitude. Sprinkler water of the basil site contained

increased numbers of Enterococcus spp. as compared to

the field inlet, and E. coli and TBX background bacteria

were detectable. Notably, water sampled directly from the

open-top reservoir also contained detectable amounts of

E. coli and Enterococcus spp. (Fig. 2c). Water from below-

ground hoses exhibited on average higher numbers of

mesophilic bacteria and B. cereus group bacteria than the

respective sprinkler water (Figs 1d and 2d for marjoram

and basil site, respectively). Additionally, Enterococcus

spp. were detected at the marjoram site in hose water,

while E. coli, TBX background colonies and Enterococcus

spp. were isolated at the basil site from hose water, as

they were already from the respective sprinkler water.

The most notable differences between the two irriga-

tion water sources were (i) E. coli was present in the

water sourced from the open-top reservoir while it could

not be detected at any time point in municipality-sourced

water and (ii) Enterococcus spp. were found in both
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Figure 1 Population development of total mesophilic bacteria and different targeted bacteria at the marjoram site in plant material (a), soil (b),

field inlet water (c) and overhead sprinkler and belowground hose water (d). Every symbol represents the CFU count of an individual sample. The

number of samples analysed per time point were eight for soil or field-grown plants, two for seeds, two for postharvest material, one for field

inlet water, two for overhead sprinkler water and four for belowground hose water (limit of detection = 5 9 101 CFU per g for plant and soil,

1 CFU in 200 ml for water). Coloured lines represent average CFU counts. Replicate samples below the limit of detection were assigned a zero,

and the average was calculated from all samples. Closed black circle = PCA medium, total mesophilic count; closed red circle = BCR medium,

Bacillus cereus group; closed blue circle = TBX medium, E. coli; open blue circle = TBX medium, background colonies; closed purple circle = mEA

medium, presumptive Enterococcus spp.; bact. conc.: bacterial concentration; fw: fresh weight; dw: dry weight. Vertical dotted lines depict the

change in irrigation pattern from overhead to belowground irrigation. [Colour figure can be viewed at wileyonlinelibrary.com]
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sprinkler and underground hose water at the basil site,

while they were absent from the sprinkler water of the

municipality-sourced marjoram site.

Herbs

Marjoram, basil and thyme seeds exhibited 6 9 103,

9 9 103 and 5 9 104 total mesophilic CFU per g, respec-

tively (Figs 1a, 2a and 3a). From the bacterial target

groups, only Enterococcus spp. were detected in one of

the two analysed marjoram seed samples.

Freshly planted marjoram and basil seedlings har-

boured on average 106 and 4 9 106 total mesophilic CFU

per g, respectively (week 0 in Figs 1a and 2a, respec-

tively). On both marjoram and basil, total mesophilic

numbers decreased significantly over the growing season

(marjoram and basil: week 0–2 (P ≤ 0�0001), week 2–4
(P ≤ 0�01)). Bacillus cereus group members constituted a

large proportion of the mesophilic community on marjo-

ram and basil seedlings contributing to almost 100% cul-

turable mesophilic bacteria in the case of basil. Bacillus

cereus group numbers decreased as the plants grew
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(marjoram: week 0–2 and 4–6; basil: week 0–2 and 2–4
(all P ≤ 0�0001)). Escherichia coli was detectable only on

young seedlings (Figs 1a and 2a). TBX background colo-

nies were detected in two of four marjoram samplings,

whereas on basil they were detectable at all time points.

Enterococcus spp. were detected in week 0 in four of eight

marjoram and six of eight basil samples. They were only

sporadically detected thereafter and generally below the

limit of detection (5 9 101 CFU per g) in the last field

samplings.

Young thyme plants from week 0 were colonized by

2 9 104 total mesophilic CFU per g, which remained

constant throughout the sampling (Fig. 3a). Bacillus cer-

eus group members were consistently found at numbers

of around 103 CFU per g slightly decreasing over the

growing period. Further from the bacterial target groups

only Enterococcus spp. were detected in two of eight

samples of week 4 (Fig. 3a).

Postharvest material as it is delivered to the consumer,

that is, harvested and packed directly without prior wash-

ing, showed increased total mesophilic numbers at the

end of shelf life as compared to the last field samples for

all three herbs (marjoram P ≤ 0�0001, basil P ≤ 0�05,
thyme P ≥ 0�05). Additionally, on the packed marjoram

and thyme, B. cereus group members were detected at

numbers similar to those of the last field sample as well

as Enterococcus spp. that had not been detected in the last

marjoram field sample or in the case of thyme, were

increased by one order of magnitude as compared to the

last field sample.

Open field weather data

Since weather conditions are a potential factor influenc-

ing bacterial growth on plant surfaces (Vorholt 2012)

weather data were acquired from the meteorological

station of Syngenta in Dielsdorf, Switzerland, including

temperature, humidity and precipitation (Fig. S1). Tem-

perature (minima and maxima) and relative humidity

(daily average) was determined 2 m above ground level.

Precipitation was recorded as daily sum. Temperatures at

the approximate time point of sampling were 21�5
°C � 1�5 °C. The values for relative humidity were

around 48, 68, 77 and 60% for week 0, 2, 4 and harvest,

respectively.

Bacterial isolates from different culture media

Isolate identification was performed using MALDI bio-

typing and 16S rRNA gene sequencing of selected isolates

to verify the classification results.

Bacteria isolated from PCA showed the largest phyloge-

netic diversity including Aeromonas spp., Arthrobacter

spp., Bacillus spp., Exiguobacterium spp., Pantoea spp.,

Pseudomonas spp. and Stenotrophomonas spp.

All bacteria that were isolated from BCR were identi-

fied as B. cereus group members by MALDI biotyping.

However, a separation between members of the group

was not possible even though certain isolates clearly dif-

fered in colony morphology as reported recently (Pfrun-

der et al. 2016). Such difficulties are well-known for the
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B. cereus group since their 16S rRNA sequences display

less than 1% difference (Ash et al. 1991) making reliable

distinction virtually impossible also by 16S rRNA gene

sequencing (Mellmann et al. 2008; Cherkaoui et al. 2010;

Bizzini et al. 2011).

Bacteria grown on presumptive Enterococcus-selective

mEA medium were not exclusively identified as Entero-

coccus spp. but included bacteria from the genera Aero-

coccus, Bacillus (non-cereus group), Staphylococcus and

Pseudomonas. In contrast to the classical approach for

Enterococcus spp. identification, which usually involves

streaking the bacteria from mEA onto bile esculin agar

and performing a negative catalase test (Facklam 1973),

the identification using MALDI biotyping was very rapid

and a representative number of colonies could be

screened within a few hours (about 200 colonies per h).

The E. coli-selective medium TBX supported growth of

background colonies that did not exhibit the characteris-

tic blue colour of E. coli. While blue colonies were consis-

tently identified as E. coli, nonblue coloured colonies

consisted of Pseudomonas spp., Enterobacter spp. and

some Ochrobactrum spp. Pseudomonads detected on TBX

belonged exclusively to the species P. aeruginosa or

P. citronellolis (Remus-Emsermann et al. 2016).

Bacterial isolates from the three production systems

Marjoram

A variety of Enterococcus spp. was detected at the marjo-

ram site with various species occurring in soil and on

plants at the different samplings (Table 1). Enterococcus

casseliflavus was the only species detected at all time

points, and Enterococcus hirae was detected both in soil

and on plants at w0 and w2. Bacillus cereus group bacte-

ria were omnipresent in plant, soil and water. Further-

more, pseudomonads were identified at all time points,

however, their species diversity varied strongly between

samplings with 9 of 12 (75%) detected only once.

Basil

The basil site displayed the largest species diversity overall

(Table 1). Various Enterococcus spp. were detected mostly

in water, with Enterococcus faecalis, Enterococcus faecium

and Enterococcus mundtii detected in all but the first sam-

pling. Enterococcus faecium, being additionally detected in

soil of w0, was the only enterococcal species detected

throughout the sampling. Finally, E. casseliflavus was

detected in both soil and water from w2 and w4. The B.

cereus group was omnipresent in all three systems as at

the marjoram site. Pseudomonas was the most prevalent

genus recovered and identified mainly from basil leaves

and to a lesser extent from soil and water (Table 1). As

for the marjoram site, Pseudomonas species diversity

varied, with 9 of the 17 species (53%) detected only once.

Pseudomonas brenneri and P. libanensis—recovered from

basil leaves—were the only species detected in three of

the four samplings.

Thyme

The smallest species diversity was found at the thyme site.

Four Enterococcus spp. were isolated, with E. casseliflavus

detected in soil at all time points. As for marjoram and

basil, B. cereus group bacteria were omnipresent. Only six

Pseudomonas spp. were found mainly in soil, with species

composition varying strongly between samplings. Finally,

three Staphylococcus spp. were identified in soil of w0 and

w2.

Discussion

Organic fertilizers and soil

Organic fertilizers have been suggested to influence soil

microbial community composition (Cai et al. 2003) and

organic farming practices have been attributed slightly

increased numbers in total aerobic bacteria, Enterobacteri-

aceae and coliforms (Wießner et al. 2009). In our survey,

the three organic fertilizers analysed did not contain

detectable E. coli, Enterococcus spp. or B. cereus group iso-

lates. However, since fertilizers are applied before every

planting of new seedlings, the target bacteria might have

originated from previous applications and established in

the soil. Furthermore, Bacillus thuringiensis spores, which

are permitted as plant protection agent for the use in

organic agriculture, might have contributed to the pres-

ence of detectable B. cereus group isolates. However, dur-

ing the study year they were not applied in the field.

Whether there is an indirect effect of organic fertilizers

on soil community composition will be subject of further

studies comparing conventionally with organically

managed soils.

In soil, E. coli was detected but almost exclusively in

the first samplings (Figs 1b, 2b and 3b). Enterococcus spp.

were detected at low frequencies in soil at all three sites

with only one exception. If not initially present in soil,

the detected E. coli and Enterococcus spp. might have been

brought onto the field with the seedlings and their initial

growth substrate. Bacillus cereus group members were

present at all sites and time points at high numbers as

expected, being typical soil inhabitants (Granum 2007;

Stenfors Arnesen et al. 2008).

Plants—field and postharvest

The number of total mesophilic bacteria on young marjo-

ram and basil plants was between 106 and 107 CFU per g
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(Figs 1a and 2a) and a decrease was observed throughout

the growing season. Similarly, initial numbers of B. cereus

group members were very high but decreased from young

seedlings to harvestable plants. This might be explained

by dilution of bacterial cells initially present on the seed-

lings as they grow, since B. cereus group bacteria are

expected to persist on the plant surfaces due to their resi-

lient character conferred by formation of endospores

(Atrih and Foster 2002), which assumes that B. cereus

group bacteria are not actively growing on plants but

merely persisters. Bacillus cereus group bacteria have pre-

viously not been shown to be major contributors to phyl-

losphere communities on other plants, making it unlikely

that they do so on herbs (Knief et al. 2010; Redford et al.

2010; Rastogi et al. 2012; Bai et al. 2015). Escherichia coli

was detected on marjoram and basil plants only in week

0, a finding that together with their abundant detection

in soil in week 0 (Figs 1b and 2b, respectively) made soil

a potential source of contamination of the young plant-

lets. Soil has been recognized previously to be a main

source of fresh produce contamination (Islam et al. 2004;

Barak and Liang 2008; Olaimat and Holley 2012). Soil

was a possible source also of Enterococcus spp. sporadi-

cally detected on marjoram and basil. Alternatively,

E. coli and Enterococcus spp. might have been introduced

to the field with the seedlings and their growth substrate,

especially in the case of marjoram where Enterococcus

spp. were already detectable on seeds (Fig. 1a). On basil

plant material, E. coli and Enterococcus spp. could also

originate from overhead sprinklers (Fig. 2a,d, week 0 and

2), from where they reach the plant surface directly (Fon-

seca et al. 2011; Gupta and Madramootoo 2016). How-

ever, source tracking by typing phyllosphere isolates to

confirm their origin was beyond the scope of this survey

and will be the subject of future studies.

Thyme plants revealed the smallest number of meso-

philic bacteria and of the bacterial target groups, only

B. cereus group members could be detected throughout

the growing season (Fig. 3a). A low colonization of

thyme plants was expected due to (i) thyme’s essential

oils which have been broadly recognized as bactericidal

and have therefore been used not only for food preserva-

tion but also in clinical settings (Basch et al. 2004; Sien-

kiewicz et al. 2012) and (ii) harsh conditions under

which the plants were grown, such as the lack of irriga-

tion and direct solar exposure and thus DNA-damaging

UV radiation (Vorholt 2012). A probable contamination

source of thyme plants with B. cereus group members

was soil (Fig. 3b). From the other bacterial target groups,

only Enterococcus spp. were detected and in just two of

the eight samples of week 4 (Fig. 3a), which further sup-

ported harsh conditions for bacterial establishment on

open field-grown thyme. Monitoring of climatic

conditions revealed that the daily temperature maxima

were on average above 24°C and days with no or little

precipitation prevailed (below 5 l m�2 per day, 30 of

43 days; Fig. S1). Climatic variations were small, which is

in good agreement with the stable bacterial numbers

observed throughout the sampling period. In order to

determine the importance of climatologic variations on

the development of the phyllosphere community, a long-

term study including larger variations in temperature and

precipitation should be conducted in the field or a green-

house (Rastogi et al. 2012; Williams et al. 2013).

On postharvest material, the increase in total mesophi-

lic CFU (Figs 1a, 2a and 3a) as well as Enterococcus spp.

in the case of thyme might be attributed to the direct

packaging of the harvested plants without washing and

subsequent bacterial proliferation during storage. The

reoccurrence of Enterococcus spp. in one marjoram

postharvest sample indicated either an unknown source

of contamination during harvest or Enterococcus spp. at

levels below the limit of detection at harvest and growth

to detectable numbers during storage.

Irrigation water: comparing two water sources

Bacterial counts in irrigation water were mainly deter-

mined by the last part of the irrigation system, that is,

the overhead sprinklers or belowground hoses, since bac-

terial counts in field inlet water were very similar between

the two sites (Figs 1c and 2c). Sprinkler water sourced

from municipal drinking water contained lower mesophi-

lic numbers and less diverse bacteria compared to sprin-

kler water sourced from the open-top reservoir (Fig. 1d

vs 2d). Escherichia coli and Enterococcus spp. were

detected exclusively in water from the basil site sprinklers

(Fig. 2d). Escherichia coli and Enterococcus spp. most

likely entered into the sprinkler system—which does not

communicate with the soil—from the reservoir in which

they were detected, although they were, with one excep-

tion, undetectable in the water of the basil field inlet

(Fig. 2c). Proliferation of E. coli and Enterococcus spp. in

the irrigation tubes might explain their subsequent detec-

tion in the sprinkler water: The nature of the overhead

irrigation system, that is, black UV-impermeable plastic

tubes placed directly under the greenhouse roof, where

temperatures were favourable for bacterial proliferation,

and long stagnation periods of the water in between irri-

gation intervals were factors likely promoting bacterial

growth. Belowground hose water from the two sites was

not compared, since differences in soil community might

have influenced bacterial composition of the water in the

perforated hoses. The detected bacterial target groups in

hose water might originate from soil at the marjoram site

(Fig. 1b) since they were not detected in the respective
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inlet or sprinkler water (Fig. 1c,d week 0 and 2) or soil

and water at the basil site (Fig. 2b–d). Hence, the main

differences between the two irrigation water sources were

(i) E. coli present in the water sourced from the open-top

reservoir while they could not be detected in municipal-

ity-sourced water and (ii) Enterococcus spp. found in

sprinkler water at the basil site, while they were absent

from the sprinkler water of the municipality-sourced

marjoram site.

MALDI biotyping and mesophilic community

composition

Isolate identification based on 16S amplicon sequencing

was in line with the identification results of MALDI bio-

typing, showing the potential of the latter rapid method

in the identification of environmental isolates over

tedious amplicon sequencing. A limitation of MALDI

biotyping to date, however, is the limited number of

entries for environmental isolates in the databases, which

mostly focus on medically relevant strains. Efforts to

extend databases with environmental and food isolates

are ongoing (Agustini et al. 2014; Folkh€alsomyndigheten

2014; Pavlovic et al. 2014; Freimoser et al. 2016).

Analysis of the isolated mesophilic bacteria by MALDI

biotyping revealed that the basil site displayed the highest

species diversity (Table 1). Focusing on the phyllosphere,

basil still showed the highest diversity with 20 species, as

opposed to 17 and 10 species for marjoram and thyme,

respectively. However, while the basil phyllosphere was

dominated by pseudomonads, the marjoram phyllosphere,

which has only been poorly studied to date, harboured a

more diverse community on the genus level, with nine dif-

ferent genera detected including Bacillus spp., Enterobacter

spp., Enterococcus spp., Pantoea spp. and various pseu-

domonads (Table 1). Non-Pseudomonas species found in

the basil phyllosphere community included Aeromonas

spp., Bacillus spp., Enterobacter spp., Enterococcus spp. and

staphylococci (Table 1), which is in good agreement with

previous studies where Proteobacteria and Firmicutes

(Jackson et al. 2015), Pseudomonas spp., Enterobacteriaceae

and Aeromonas spp. (Ceuppens et al. 2015) or Enter-

obacter spp. (Wetzel et al. 2010) were identified as main

colonizers of basil leaves. On thyme, main colonizers were

Bacillus spp., followed by Enterococcus spp., Paenibacillus

spp. and Pseudomonas spp. (Table 1). Overall, the meso-

philic bacteria identified by MALDI biotyping include sev-

eral species with known food spoilage potential, such as

Pantoea agglomerans, Pectobacterium carotovorum, pseu-

domonads like Pseudomonas cichorii or Serratia plymuth-

ica, which have been related to spoilage of fresh produce

(Tournas 2005; Hadjok et al. 2008; Wevers et al. 2009;

Oliveira et al. 2010; Zheng et al. 2013).

Overall, our study provides insights into the composi-

tion and temporal development of basil-, marjoram- and

thyme-culturable mesophilic bacterial communities.

Mesophilic counts on plants decreased throughout the

growing season but increased on the market product,

and Enterococcus spp. and B. cereus group bacteria were

detected on market-ready marjoram and thyme. To

ensure consumer health, Swiss legislation has defined a

cutoff for E. coli (100 CFU per g), however, no cut-offs

are defined for any of the other investigated bacterial

groups (Swiss Federal Department of Home Affairs

2016). Based on these recommendations, the detected

levels of mesophilic bacteria, Enterococcus spp. and B.

cereus group bacteria are of no concern to consumer

health. Notably, a certain contamination level of the

market product is unavoidable due to agricultural prac-

tices such as the application of plant protection agents

and weeding, and also depends on irrigation water qual-

ity or condition of the irrigation system. Therefore, even

when applying good agricultural and hygienic practice in

the production environment (Early 2002), maintaining

the cold chain and following preconsumption recom-

mendations, such as washing the herbs before consump-

tion, are crucial to ensure consumer health. In terms of

potential contamination sources, the fertilizers analysed

did not contain any of the targeted food-contaminating

bacteria, they might, however, have introduced them

into the soil community earlier, since the fertilizers are

applied before every seedling planting. The detection of

all selected food-contaminating bacteria in soil as well as

in irrigation water sourced from an open-top reservoir

rendered both—soil and open-top reservoir water—
potential sources of fresh herb contamination with

E. coli, Enterococcus spp. and B. cereus group bacteria.

Notably, fresh produce may be contaminated by a large

variety of sources (Johnson et al. 2003; Beuchat 2006),

like applied farming practices including contamination

by field workers, growth substrate for seedlings or equip-

ment and tools (Mukherjee et al. 2007). Those, however,

were beyond the scope of this survey. To locate the

main sources of contamination of fresh produce and pro-

pose actions to mitigate consumer exposure to undesired

contaminants, the method of choice might be typing of

the isolated food-contaminating bacteria (Wirth et al.

2006) including (i) spoilage bacteria, that is, bacteria

altering the sensorial qualities of a food product thereby

rendering it unacceptable to the consumer (Gram et al.

2002) and (ii) human pathogenic bacteria. Finally, the

more recent concern about the occurrence of antibiotic-

resistant bacteria on market products (Pesavento et al.

2014; N€uesch-Inderbinen et al. 2015; Zogg et al. 2016)

and the extent to which the production environment

plays a role are subject to our ongoing research.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Weather data collected from the meteoro-

logical station of Syngenta in Dielsdorf, Switzerland, for

thyme grown in the open field in the period of the sam-

pling. Time points of sampling and final harvest are indi-

cated. For the temperature, daily minimal and maximal

values were measured (a). The average daily relative

humidity (%) was calculated as well as the sum of the

daily precipitation (l m�2) (b). Squares: daily maximal

temperature measured at 2 m above ground; circles: daily

minimal temperature measured at 2 m above ground; tri-

angles: percent relative humidity measured at 2 m above

ground; crosses: sum of daily precipitation. ( ) Tmax;

( ) Tmin; ( ) rel. humidity; ( ) precipitation.

932 © 2017 The Authors. Journal of Applied Microbiology 123, 916–932 published by John Wiley & Sons Ltd on behalf of The Society for Applied Microbiology.

Fresh herbs’ mesophiles and contaminants M.-T. Gekenidis et al.


