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A B S T R A C T   

Ready-to-eat (RTE) leafy greens are popular products that unfortunately have been associated with numerous 
foodborne illness outbreaks. Since the influence of consumer practices is essential for their quality and safety, the 
objective of this study was to analyze the microbiota of RTE products throughout shelf life during simulated 
household conditions. Products from different companies were analyzed in terms of plate counts, and resealed 
and unopened packages were compared. High bacterial loads were found, up to a total plate count of 9.6 log10 
CFU/g, and Enterobacteriaceae plate counts up to 6.0 CFU/g on the expiration date. The effect of consumer 
practice varied, thus no conclusions regarding resealed or unopened bags could be drawn. The tested products 
contained opportunistic pathogens, such as Enterobacter homaechei, Hafnia paralvei and Pantoea agglomerans. 
Amplicon sequencing revealed that the relative abundance of major taxonomic groups changed during shelf life; 
Pseudomonadaceae and Xanthomonadaceae decreased, while Flavobacteriaceae and Marinomonadaceae inceased. 
Inoculation with E. coli CCUG 29300T showed that the relative abundance of Escherichia-Shigella was lower on 
rocket than on other tested leafy greens. Inoculation with E. coli strain 921 indicate growth at the beginning of 
shelf-life time, while E. coli 731 increases at the end, seemingly able to adapt to cold storage conditions. The high 
levels of live microorganisms, the detection of opportunistic pathogens, and the ability of E. coli strains to grow at 
refrigeration temperature raise concerns and indicate that the shelf life may be shortened to achieve a safer 
product. Due to variations between products, further studies are needed to define how long the shelf-life of these 
products should be, to ensure a safe product even at the end of the shelf-life period.   

1. Introduction 

Every year, over 9 million people suffer from foodborne illness in the 
US alone, and during 1998–2008 leafy-green vegetable products were 
the largest single vector for such illnesses (22 %) (Painter et al., 2013). In 
Europe, EFSA has ranked leafy greens at the top of the list of non-animal 
food vectors of food-borne illnesses (EFSA, 2013). Leafy green products 
are often eaten raw, and contamination of pathogenic bacteria can occur 
throughout the whole production chain. Ready-to-eat leafy green 
products are subjected to processing before packaging, including cut
ting, which enhances bacterial growth by creating surfaces on which 
bacteria can attach, grow and internalize (Allende et al., 2006; Gleeson 
and O’Beirne, 2005; Solomon and Matthews, 2005). Once the leaves are 
contaminated, the pathogen can spread across batches and cannot be 

eliminated unless heated (Allende et al., 2003; Doyle and Erickson, 
2008; Jensen et al., 2015; Uhlig et al., 2017). 

Ready-to-eat leafy green vegetables are often packed with modified 
atmosphere (MAP) that contains a mixture of 0.5–3 % oxygen, 5–15 % 
CO2 and the rest N2 (Oliveira et al., 2015) in order to suppress oxidation 
and prolong shelf-life, an economically beneficial strategy. . However, 
microorganisms, pathogens included, may still multiply in this envi
ronment. As a consequence, MAP removes the sensory signs of spoilage 
and creates aa concealed risk for the consumer (Farber, 1991; Luo et al., 
2010). 

The culturable microbiota after processing usually range from 3.0 to 
6.0 log10 CFU/g, and frequently occurring are families of Pseudomona
daceae and Enterobacteriaceae (Ragaert et al., 2007), as are genera of 
Arthrobacter, Acinetobacter, Chryseobacterium, Flavobacterium and 
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Pantoea (Dees et al., 2015; Jackson et al., 2013). De Giusti et al. (2014) 
saw differences in total mesophilic and E. coli counts of RTE leafy green 
products depending on post-harvest practices. At the first day of the 
shelf life time, 54.8 % of the products had counts exceeding log10 7.0 
CFU/g, the reference standard for total mesophilic count for ready-to-eat 
salads proposed by PHLS Advisory Committee for Food and Dairy 
Products in the UK F. Arienzo et al. (2020) discovered high aerobic 
counts (above 106 CFU/g) after the second day after opening packages of 
romaine lettuce, rocket and lamb's lettuce, and surprisingly high prev
alence of Salmonella. 

Data from 16S amplicon sequencing show that the microbial 
composition of leafy greens is dominated by the phylum Proteobacteria 
(up to 90 %), followed by Firmicutes, Actinobacteria and Bacteriodetes. 
The consistently dominant genera seem to be Pseudomonas (Jackson 
et al., 2013; Lopez-Velasco et al., 2011; Tatsika et al., 2019; Williams 
et al., 2013). During cold storage, a decrease in community richness has 
been observed, and species of well-known psychotrophs seem to be 
favored, such as certain members of the Enterobacteriaceae family, and 
the genera Pseudomonas, Methylobacterium and Pantoea (Lopez-Velasco 
et al., 2011; Tatsika et al., 2019). 

The microbial composition may also interact with invading patho
gens. Söderqvist et al. (2017) saw that after inoculation and storage with 
Y. enterocolitica and L. monocytogenes, relative abundances of Enter
obacteriales and Bacillales increased. Williams et al. (2013) saw that 
lettuce plants that contained E. coli O157:H7 after irrigation had lower 
aerobic plate counts and a distinctly different bacterial diversity. 

Household conditions such as storage temperature and consumer 
practices are crucial components for the safety of ready-to-eat vegetable 
products. However, it remains unclear how consumer practices, such as 
consuming only a part of the content and then resealing the package and 
storing it in the fridge for a few days, may affect pathogen multiplication 
and the validity of the stated shelf-life period. The atmosphere in the 
package will change after opening, and it is not known what effects this 
may have on the microbiota of the product. Moreover, pathogen growth 
on these produces have often been studied with type strains (Gleeson 
and O’Beirne, 2005; Luo et al., 2010; Söderqvist et al., 2017; Williams 
et al., 2013), but it remains unclear how potentially pathogenic wild 
strains originally found on leafy greens behave during household 
conditions. 

This study combines viable cell count and colony identification with 
next generation sequencing in order to evaluate the microbial hygienic 
status in retailed ready-to-eat leafy green products, with and without 
modified atmosphere packaging (MAP). The aim was to study bacterial 
load and community composition during simulated household condi
tions. The evaluation was based on consumer practices such as opening 
and closing of ready-to-eat lettuce packages, and cold storage 
throughout the shelf life time. Additionally, microbiota changes after 
inoculation of three different E. coli strains (type strain and two wild 
strains) are followed during the same conditions. This study provided 
information on the microbial development and quality at the point of 
consumption, and how it depends on consumer practices, which is 
essential to the safety of these products. 

2. Materials and methods 

The study follows three independent trials, each involving different 
product batches:  

i. Culture-dependent analysis of the native microbiota of leafy 
green products from different companies, stored under household 
conditions 

ii. Culture-dependent analysis of the microbiota of rocket, inocu
lated with three different E. coli strains  

iii. Culture-independent analysis of the microbiota of leafy green 
products, both uninoculated and inoculated with two different 
E. coli strains. 

2.1. Sampling and E. coli inoculation for culture-dependent analysis 

Packages (á 65–70 g) of rocket (Eruca vesicaria, conventionally 
grown and organic), spinach (Spinacia oleracea) and a mixed leafy green 
product containing friseé (Cichorium endivia var. crispum), red lettuce 
(Lactuca sativa var. crispa) and red mangold (Beta vulgaris), were chosen 
from four different Sweden based processing and packaging companies 
(Table 1). The varieties chosen for analysis represent the dominating 
leafy greens in commercially available products. Rocket from company 
A and from company C were both grown in Sweden, and the other 
product batches were imported from Italy. Mixed leafy greens from 
company D was the only product packed in modified atmosphere (MAP). 
The products were purchased at local supermarkets in south Sweden and 
brought directly to the laboratory. For each product batch, 18 packages 
were bought simultaneously on the day of delivery (first day of the shelf 
life time) and stored at 4 ◦C. Eight products with varying shelf-life times 
(as stated on the package) were analyzed according to the sampling 
scheme in Fig. 1, designed to simulate household practices such as 
opening the bag, taking out a portion and closing it again before putting 
it back into the fridge. Packages were fully opened before sampling to 
ensure sufficient atmosphere exchange. Six packages were used on each 
sampling occasion for each product, and one sample was taken per 
package. 

For E. coli inoculation, packages of a rocket batch from company D 
(randomly selected) were injected separately with E. coli CCUG 29300T, 
and two wild strains isolated from romaine lettuce, E. coli 731 and E. coli 
921 respectively. On the day of delivery, 300 μl of E. coli was injected to 
each bag (to generate106 CFU/g leafy greens as described by Gleeson 
and O’Beirne (2005)) and shaken carefully to mix as previously per
formed by Gleeson and O’Beirne (2005). The samples were stored and 
sampled as described in Fig. 1. Samples from the first six packages were 
taken out prior to inoculation to check for inherent E. coli presence. 

2.2. Sampling and E. coli inoculation for culture-independent analysis 

For next generation sequencing (NGS), 18 packages (á 65 g) from 
company C, of rocket, spinach and a mixed leafy green product con
taining green Batavia (Lactuca sativa var. capitata crispum), Tatsoi 
(Brassica rapa var. narinosa) red lettuce and rocket respectively, were 
sampled according to the scheme in Fig. 2. DNA of samples from six 
packages of each product type were immediately extracted and stored at 
− 18 ◦C. Three packages of each type were inoculated with E. coli CCUG 
29300T and three packages with E. coli 731 wild strain as described in 
Section 2.1, and stored at 4 ◦C until the expiration date (day 7). The 
remaining 6 packages per type were stored unopened at 4 ◦C until the 
expiration date. 

Table 1 
Four different leafy green product types from four different companies were 
included in this study. Products were analyzed with viable cell count and next 
generation sequencing (NGS), and inoculated with three different strains of 
E. coli.  

Identification 
method 

Inoculation strain 

Viable cell count and Sanger 
Sequencing 

Next Generation 
Sequencing 

Uninoculated Mixc, d, rocketa,c,d, organic rocketc, 
spinachb,d 

Mixc, rocketc, spinachc 

E. coli CCUG 
29300T 

Rocketd Mixc, rocketc, spinachc 

E. coli 731 Rocketd Mixc, rocketc, spinachc 

E. coli 921 Rocketd   

a Product packaged by company A. 
b Product packaged by company B. 
c Product packaged by company C. 
d Product packaged by company D. 
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2.3. Viable cell count 

Viable cell count was performed on 10 g samples as described by 
Uhlig et al. (2017). Each sample was mixed with 90 ml physiological 
saline and peptone in a Laboratory Blender Stomacher 400 (Seward 
Medical, London, UK). For Enterobacteriaceae plate count, diluted sam
ples were applied to Violet Red Bile Dextrose agar (VRBD) (Merk Mil
lipore, Darmstadt, Germany) and incubated at 37 ◦C for 24 h. For total 
aerobic plate count, samples were applied to Tryptic Soy Agar (TSA) 
(Fluka, Missouri, USA) and incubated at 30 ◦C for 72 h. E. coli inoculated 
samples were additionally spread on Brilliance E. coli Coliform Selective 
Agar (ECBA) (Oxoid, Basingstoke, UK) and incubated at 37 ◦C for 24 h. 
After enumeration, two randomly selected colonies per sample from TSA 
and VRBD plates were isolated and stored in Hogness' freezing medium 
(Ahrné et al., 1989) at − 80 ◦C until further analysis by Sanger 
sequencing. 

2.4. Sanger sequencing 

DNA extraction, PCR, gel electrophoresis, Sanger sequencing of the 
16S rRNA gene and data treatment were performed according to (Uhlig 
et al., 2017). Briefly, isolates were suspended in 0.5 ml physiological 

saline followed by bead beating on an Eppendorf Mixer (model 5432, 
Eppendorf, Hamburg, Germany) and after centrifugation, the superna
tant was used for Polymerase Chain Reaction (PCR). Primers ENV1 (5’- 
AGAGTTTGATIITGGCTCAG-3′) and ENV2 (5’-CGG ITA CCT TGT TAC 
GAC TT-3′) (Eurofins Genomics, Ebersberg, Germany, (Pettersson et al., 
2003) were used with TopTaq DNA Polymerase (Qiagen, Netherlands) 
according to the manufacturers' inststructions. PCR products were 
confirmed by gel electrophoresis and subsequently sent for sequencing 
at Eurofins Genomics (Ebersberg, Germany). The sequences were trim
med to between 590 and 788 bp depending on sequence quality and 
compared to type strains at the Ribosomal Database project (RDP) by 
Seqmatch (Cole et al., 2013). 

2.5. Next generation sequencing 

DNA extraction was performed according to Tatsika et al. (2019), 
with some modifications. In total, 72 samples of 2 g of leaves were 
placed in test tubes with 20 ml PBS (Oxoid Ltd., Blastingstoke, UK) and 
thereafter sonicated for 10 min. The leaves were removed and the 
remaining liquid centrifuged 20 min at 11600 xg. The supernatant was 
discarded, and the remaining pellet was stored at − 18 ◦C until further 
processing by DNA extraction. DNA extraction was performed using the 

Fig. 1. Sampling scheme for culture-dependent 
analysis. On the first day of the shelf life time, 18 
packages of ready-to-eat leafy greens were pur
chased. Six packages were opened on the first day, 
and the packages were then resealed, stored at 4 ◦C 
and sampled again the next two days. On day 4 or 5, 
depending on stated shelf life time, 6 unopened 
packages were sampled and resampled the next two 
days (day 5 or 6 and on day 6 or 7). On the expiration 
date (day 7 or 9), the last six packages were sampled. 
Sampling days differ according to the shelf-life time 
of the product.   

Fig. 2. Sampling scheme of leafy green mix, rocket and spinach for culture-independent analysis. On the first day of the shelf-life, uninoculated samples were taken, 
and E. coli inoculation was performed by injection. On the expiration date (day 7), samples from uninoculated and E. coli inoculated packages were analyzed. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Nucleiospin® Soil Kit (Macherey-Nagel, Düren, Germany) according to 
manufacturer's instructions. DNA concentration was measured using 
Qubit ™ 1× ds DNA HS Assay Kit (Life Technologies Corporation, 
Eugene, OR, USA). The PCR primers B969F (ACGCGHNRAACCTTACC) 
and BA1406R (ACGGGCRGTGWGTRCAA) (Eurofins Genomics, Ebers
berg, Germany) were used with PCR reagents Kapa HiFi Hotstart Ready 
Mix (Kapa Biosystems Pty (Ltd), Salt River, Cape Town, South Africa) to 
amplify 470 bp of the V6-V8 hyper variable region of the 16S rRNA gene 
(Tatsika et al., 2019). The following PCR program was used: 3 min at 
95 ◦C, 25 cycles at 95 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C for 30 s, and a 
hold period of 5 min at 72 ◦C. The PCR products were purified using 
AMPure XP beads (Beckman Coulter Genomics, Brea, CA, USA). An 
index PCR was run with forward adaptors 5′- TCGTCGGCAGCGTCA
GATGTGTATAAGAGACAG-3′ and reverse adaptors 5’- 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3′ and the Nexter
aXT Index Kit v2 Set A (Illumina, San Diego, CA, USA) at 95 ◦C for 3 min 
followed by 8 cycles of 95 ◦C for 30 s, and 72 ◦C for 5 min. The products 
were again measured with Qubit (Life Technologies). The length of the 
amplified fragments was measured on random samples with Agilent 
2100 Bioanalyzer (Agilent Technologies, Waldbrunn, Germany) and 
Agilent DNA kit (Agilent Technologies, Vilnius, Lithuania), according to 
manufacturer's instructions after both PCR runs. The indexed samples 
were diluted to 4 nM with resuspension buffer (Illumina) and sequenced 
on Illumina Miseq with Miseq reagent kit v3 (600-cycle) according to 
manufacturer's instructions. PhiX (Illumina) was used as internal con
trol. The final loading volume was 600 μl. 

The data was demultiplexed by Illumina CASAVA 1.8 and filtered 
using DADA2 in Qiime (Callahan et al., 2016). The sequences were 
trimmed at 25 bp on the left end, and at 275 bp on the right end. 

2.6. Calculations and statistical analysis 

The colony count data was analyzed using SigmaPlot version 13.0 
(SPSS Inc., Chicago, USA) The differences between all groups were 
evaluated by Kruskal-Wallis one-way ANOVA on ranks. The differences 
between two experimental groups were assessed by Mann-Whitney rank 
sum test and results of p ≤ 0.05 were considered statistically significant. 
Data is presented in boxplots, where the ends of the whisker are set at 
1.5*IQR (interquartile range) above the third quartile (Q3), and 1.5*IQR 
below the first quartile (Q1). Outliers are defined as values outside this 
range. Colony count data was also analyzed by principal component 
analysis (PCA) using Scikit-learn v. 0.24.1 (Pedregosa et al., 2011). 

The taxonomic classification of the NGS data was made in Qiime 2 
(Bolyen et al., 2019) using a Naïve-Bayes classifier against the SILVA 
132-database (Quast et al., 2013). Further calculations of the NGS data 
were then performed in R version 3.6.3 (R Team, 2006), Vegan package 
version 2.5 (Oksanen et al., 2019). Abundance levels were compared 

group wise by Kruskal-Wallis one-way analysis of variance on ranks, and 
two groups were compared with Mann-Whitney U test. α-diversity was 
calculated using Shannon index, and the differences between groups 
were evaluated by Kruskal-Wallis one-way ANOVA on ranks. The β-di
versity was calculated with weighed UniFrac, analyzed with principal 
component analysis (PCoA) and evaluated statistically by the Adonis 
function in R version 3.6.3, using multivariate analysis of variance with 
distance matrices (Anderson, 2001). The differential relative abundance 
between groups was analyzed on genus level by DESeq2 (Anders and 
Huber, 2010) with a p-value cut-off at 0.001. 

3. Results 

3.1. Viable cell count and Sanger sequencing of the microbiota of leafy 
green products stored under household conditions 

The total aerobic plate count from all products on day one varies 
from 5.8 to 7.7 log10 CFU/g (Table 2). The total aerobic plate count of 
mixed leafy greens from company C, rocket (all companies), organic 
rocket, and spinach from company B increased significantly (p ≤ 0.05) 
throughout the whole shelf life time. Rocket from company A contained 
a total aerobic plate count of 9.6 log10 CFU/g at the expiration date. 
Total count of mixed leafy greens and spinach from company D, and 
rocket from company C stayed almost constant during the whole shelf- 
life time. Aerobic plate counts of organic rocket were higher than 
conventionally grown rocket from the same company. 

The Enterobacteriaceae plate count varied from 2.0 to 5.0 log10 CFU/g 
on day one of the shelf-life time (Table 3). The counts of unopened 
packages of rocket (all companies) and spinach from company B 
increased significantly (p ≤ 0.05) throughout the whole shelf lifetime. 
Enterobacteriaceae plate counts of organic rocket were higher than 
conventionally grown rocket from the same company. 

A PCA analysis was applied to all viable cell count data to visualize 
the variation in viable cell count between the different products (Fig. 3). 
The data matrix was composed of the total aerobic plate counts and 
Enterobacteriaceae plate counts for all products, and the first two prin
cipal components (PCs) were calculated. PC1 represented 57.85 % of the 
variation, and PC2 14.54 %. The PCA analysis shows strong positive 
correlations between all sampling points during the shelf-life time. The 
bacterial load of rocket samples from company C was different from 
samples of rocket from other companies. The two spinach groups were 
similar to each other. Large differences between products exist, and no 
correlations between product type (spinach, rocket or mix) or manu
facturer were found. 

The identities of the rRNA gene (16S) Sanger sequenced bacterial 
isolates from rocket, mixed leafy greens and spinach belong to the phyla 
of Actinobacteria, Proteobacteria, Firmicutes and Bacteriodetes. A 

Table 2 
Total aerobic count throughout the whole shelf-life time of ready-to-eat leafy green mix (Mix), rocket, organic rocket and spinach from different companies, indicated 
by subscripted letters A-D. Sampling days differ according to the shelf-life time of the product.  

Total aerobic plate count1 

Day 1 2 3 4/5 5/6 6/7 7/9 

MixC 7.7 (7.6–7.9) 8.4 (8.3–8.5)aa 8.6 (8.5–8.8)aa 8.4 (8.2–8.5)aa 8.7 (8.7–8.9bb 9.0 (8.9–9.0)bb 8.9 (8.6–9.0)aa, bb 

MixD 7.2 (6.8–7.4) 6.9 (6.8–7.1) 7.1 (6.9–7.1) 7.3 (6.7–7.5) 7.4 (7.3–7.5) 7.7 (7.4–8.0)b 7.5 (7.3–8.0) 
Organic rocketC 6.0 (5.6–6.4) 6.3 (5.9–6.7) 6.9 (6.2–7.5) 6.8 (6.6–6.9)aa 7.2 (7.0–7.3)bb 7.2 (7.0–7.4)bb 7.3 (7.1–7.5)aa, bb 

RocketA 7.8 (7.8–7.9) 8.4 (8.3–8.4)aa 8.4 (8.3–8.4)aa 8.7 (8.6–8.8)aa 9.2 (9.0–9.3)bb 8.7 (8.4–8.8) 9.6 (9.5–9.8)aa, bb 

RocketC 5.8 (5.4–6.2) 6.5 (6.0–6.8) 6.4 (6.2–6.8)a 6.1 (5.7–6.5) 5.9 (5.7–6.5) 6.5 (6.4–7.2)b 6.4 (6.2–7.2)a 

RocketD 7.1 (6.9–7.2) 7.9 (7.7–7.9)aa 7.7 (7.7–7.9)a 8.0 (7.9–8.1)aa 8.3 (8.2–8.5)bb 8.7 (8.7–8.7)bb 8.7 (8.6–8.7)aa, bb 

SpinachB 7.1 (7.0–7.1) 7.3 (7.1–7.5)a 7.6 (7.4–7.7)aa 7.1 (6.8–7.2) 7.5 (7.0–7.7) 7.5 (7.3–7.6)b 7.3 (7.3–7.6)aa, bb 

SpinachD 6.3 (6.2–6.6) 6.6 (6.2–7.9) 6.5 (6.4–6.8) 6.6 (6.5–6.7) 6.6 (6.5–6.6) 6.6 (6.4–6.7) 6.7 (6.5–6.9)  

1 Counts expressed as median log10 CFU/g vegetable of six replicates with interquartile range (25–75 %). 
a p ≤ 0.05 compared to day 1. 
aa p ≤ 0.01 compared to day 1. 
b p ≤ 0.05 compared to day 4/5. 
bb p ≤ 0.01 compared to day 4/5. 
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Table 3 
Enterobacteriaceae plate count throughout the whole shelf-life time of ready-to-eat leafy green mix (Mix), rocket, organic rocket and spinach from different companies, 
indicated by subscripted letters A-D. Sampling days differ according to the shelf-life time of the product.  

Enterobacteriaceae plate count1 

Day 1 2 3 4/5 5/6 6/7 7/9 

MixC 5.0 (5.0–5.1) 5.3 (5.2–5.4)aa 5.9 (5.8–6.1)aa 5.3 (5.2–5.5)aa 5.7 (5.5–5.8)b 5.9 (5.7–6.0)bb 5.4 (5.0–5.6) 
MixD 4.0 (3.1–4.6) 3.3 (2.9–3.7) 3.7 (3.0–4.1) 3.9 (3.2–4.1) 4.1 (4.0–4.1) 4.3 (3.6–4.9) 4.0 (3.3–4.8) 
Organic rocketC 4.5 (4.2–4.8) 4.7 (4.4–4.9) 5.1 (4.9–5.5)aa 4.8 (4.6–5.1)a 5.0 (4.9–5.1) 4.9 (4.8–5.1) 4.8 (4.7–5.0)aa 

RocketA 3.4 (3.3–3.7) 4.7 (4.2–5.2)aa >5.0 5.6 (5.4–5.7)aa 5.9 (5.7–6.3) 5.3 (5.1–5.6) 6.0 (5.7–6.3)aa, b 

RocketC 2.2 (2.0–3.2) 3.1 (2.8–3.4) 4.0 (3.6–4.3)aa 3.6 (3.3–3.8)a 3.7 (3.4–4.0) 3.0 (2.8–3.2)b 4.2 (3.9–4.7)aa, b 

RocketD <3.0 3.4 (3.2–3.5) 3.8 (3.3–4.9) 3.0 (2.7–3.4) 3.7 (3.3–4.1) 4.7 (4.3–4.9)b 4.0 (3.8–4.4)bb 

SpinachB 2.0 (2.0–2.1) 2.2 (2.0–3.0) 2.0 (2.0–2.1) 2.2 (2.0–3.1) 2.5 (2.0–4.0) 3.8 (3.2–4.1)bb 4.0 (3.5–4.4)aa, bb 

SpinachD 2.5(2.0–3.0) 2.5 (2.0–3.0) 3.3 (2.7–3.8) 2.0 (2.0–2.1) 3.0 (2.9–3.3)bb 2.0 (2.0–2.3) 3.5 (2.0–3.6)  

1 Counts expressed as median log10 CFU/g vegetable of six replicates with interquartile range (25–75 %). 
a p ≤ 0.05 compared to day 1. 
aa p ≤ 0.01 compared to day 1. 
b p ≤ 0.05 compared to day 4/5. 
bb p ≤ 0.01 compared to day 4/5. 

Fig. 3. PCA biplot of viable cell counts (total aerobic 
plate count and Enterobacteriaceae plate count) of 
ready-to-eat leafy green vegetables from different 
companies, indicated by subscripted letter A-D. ◆ =
mixed leafy greens, ● = rocket, and ▴ = spinach. 
Sampling occasions are presented as vectors with T =
Total aerobic plate count, E = Enterobacteriaceae 
plate count and sampling days superscripted. Ellipse: 
Hotelling T2 confidence interval 0.95. Vectors 
represent sampling point. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   

Table 4 
Plate counts of E. coli inoculated rocket from company D throughout the whole shelf-life time. E. coli 731 and E. coli 921 are coli wild strains originating from leafy 
greens.  

Day 1 2 3 5 7 8 9 

Total aerobic plate count1 

E. coli CCUG 29300T 6.8 (6.7–6.9) 7.7 (7.4–8.0)aa 7.9 (7.7–8.2)aa 8.9 (8.5–9.0)aa 8.9 (8.6–8.9) 9.3 (9.1–9.5)b 9.1 (8.9–9.2)aa 

E. coli 731 6.8 (6.5–6.8) 6.7 (6.6–7.1) 6.9 (6.9–7.4) 7.7 (7.4–7.9)aa 8.4 (8.3–8.5) 7.8 (7.5–7.9)b 8.1 (7.9–8.2)aa, b 

E. coli 921 7.8 (7.8–8.1) 8.0 (7.9–8.1) 8.6 (7.9–9.3)aa 8.2 (8.1–8.5)aa 8.1 (7.9–8.2)b 8.6 (8.5–8.8) 8.8 (8.6–9.0)  

Enterobacteriaceae plate count1 

E. coli CCUG 29300T 5.2 (5.1–5.6) 4.8 (4.6–5.0)aa 4.0 (3.9–4.6)aa 4.7 (4.5–4.8)aa 5.0 (4.5–5.0) 4.4 (3.9–4.4)bb 4.2 (3.7–4.5)aa 

E. coli 731 4.4 (4.3–4.5) 3.7 (3.5–3.7) 3.3 (3.2–3.4)aa 2.8 (2.6–2.9)a 2.7 (2.7–2.8) 2.7 (2.5–2.9) 2.7 (2.5–2.9) aa 

E. coli 921 5.1 (4.7–5.6) 5.0 (4.8–5.1)aa 4.6 (4.2–4.9) 4.1 (3.3–4.5)a 4.4 (3.9–5.3) 5.0 (4.5–5.2) 4.4 (3.7–4.9)  

E. coli count1 

E. coli CCUG 29300T 4.4 (4.2–4.8) 3.9 (3.7–4.1)a 3.9 (3.3–4.3) 3.9 (3.7–4.1)a 3.9 (3.7–4.0) 3.5 (3.3–4.2)b 3.8 (3.4–4.5) 
E. coli 731 4.4 (4.3–4.5) 3.7 (3.6–3.8) 3.4 (3.3–3.5) 2.9 (2.8–3.1) 2.8 (2.6–2.9) 2.9 (2.8–3.0) 3.1* (3.0–3.2) 
E. coli 921 4.7 (4.5–5.0) 5.0 (4.7–5.4)aa 5.2 (4.8–5.3)aa 4.3 (3.3–5.0)aa 4.5 (4.1–4.8) 4.1 (3.6–4.5) 4.1(3.5–4.6)aa  

1 Counts expressed as median log10 CFU/g rocket salad of six replicates with interquartile range (25–75 %). 
a Indicates p ≤ 0.05 compared to day 1. 
aa Indicates p ≤ 0.01 compared to day 1. 
b Indicates p ≤ 0.05 compared to day 5. 
bb Indicates p ≤ 0.01 compared to day 5. 
* Indicates p ≤ 0.05 compared to day 7. 
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dominating part of the culturable bacteria belonged to the genus of 
Pseudomonas. Aeromonas and Staphylococcus species were also 
frequently found. Notable is also the presence of Bacillus, Enterobacter, 
Hafnia and Pantoea species. 

3.2. Viable cell count of the microbiota of rocket inoculated with E. coli, 
stored under household conditions 

The viable cell count of E. coli prior to the inoculation of rocket 
packages was under the detection limit (2 log10 CFU/g) (Table 4). The 
initial total aerobic plate counts vary from 6.8 to 7.8 log10 CFU/g and 
increase over time for all three E. coli strains. Enterobacteriaceae plate 
count decreased over the whole shelf-life period for all E. coli inoculated 
samples. Inoculation with wild E. coli strain 921 decreased the 

Enterobacteriaceae concentration in the beginning. The E. coli count was 
unchanged for samples inoculated with E. coli CCUG 29300T, while an 
initial decrease was observed for wild E. coli strain 731 at the beginning, 
followed by an increase at the end. For wild E. coli strain 921, an initial 
increase was followed by a decrease for the rest of the shelf life time. 

The identities of the rRNA gene (16S) Sanger sequenced bacterial 
isolates from E. coli inoculated rocket belong to the phyla of Actino
bacteria, Proteobacteria, Firmicutes and Bacteriodetes. A dominating 
part of the culturable bacteria picked from the viable cell count plates 
belonged to the genus of Pseudomonas. Notable is the detection of Pan
toea, and the dominating presence of Enterobacter in samples inoculated 
with E. coli 921. Opportunistic human pathogens were identified; 
Enterobacter homaechei in one leafy green mix sample, Hafnia paralvei in 
one spinach and one rocket sample, and Pantoea agglomerans in one 

Fig. 4. Relative bacterial abundance at family level of ready-to-eat products from company C, uninoculated and inoculated with two different strains of E. coli. a) 
mixed leafy greens, b) rocket, c) spinach. E. coli CCUG 29300T: sample inoculated with E. coli CCUG 29300T, E. coli 731: sample inoculated with wild strain E. coli 
731. E. coli inoculated samples were analyzed on day 7 (the expiration date). 
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rocket sample. 

3.3. Next generation sequencing of the microbiota of leafy green products 
during shelf-life, with and without E. coli inoculation 

The most prevalent phylum of leafy greens for rocket, spinach and 
mix samples was Proteobacteria, with a relative abundance of 94.0 % for 
mixed leafy greens, 82.3 % for spinach and 71.2 % for rocket on day 1. 
At the expiration date (after 7 days), the prevalence of Proteobacteria 
had decreased by 20–30 % in all samples. The second most prevalent 
phylum was Bacteriotetes, an increase was seen over time, from 6.4 % 
for mixed leafy greens on day 1, to 30.7 % on day 2 (p < 0.01), and for 
spinch; 13.2 on day 1 and 31.8 % on day 7 (p < 0.01). Firmicutes and 
Actinobacteria were also detected, constituting <2.5 % and 1 % of the 
total microbiota composition respectively. 

Over all product types, the top two families with the highest relative 
abundances were Pseudomonadaceae (33.7 %) and Flavobacteriaceae 
(25.3 %) (Fig. 4). Pseudomonadaceae decreased over time for uninocu
lated rocket and spinach packages, whereas Flavobacteriaceae increased 
over time. Variations in the bacterial composition between the different 
product types were found. In mixed leafy greens (Fig. 4a), higher rela
tive abundances of Shewanellaceae (13.0 %) and Oxalobacteriaceae (11.4 
%) were detected. In the rocket (Fig. 4b), higher relative abundances of 
Xanthomonadaceae (7.4 %), Sphingobacteriaceae (6.3 %) and Enterobac
teriaceae (5.7 %) were recorded. In spinach (Fig. 4c), relatively high 
levels of Listeriaceae (2.4 %, genus Brochothrix) and Erwiniaceae (2.2 %) 
were found. Higher relative abundance of Moraxellaceae was found in 
the mixed leafy greens and in the spinach (9.4 % and 8.8 % respec
tively). On genus level, higher relative Escherichia-Shigella abundance 
was found on E. coli inoculated spinach (5.0 %) and mixed leafy greens 
(3.5 %) compared to rocket (0.6 %, p < 0.05). 

The α-diversity, based on amplicon sequence variants (ASVs) and 
calculated by Shannon diversity index did not vary between the different 
products. The values ranged from 4.9 and 5.5 on the first day and 
remained on the same levels on the expiration date. E. coli inoculation 
did not alter the Shannon index. 

The β-diversity, based on ASVs and calculated by weighted unique 
fraction metric (UniFrac), considering the amount and phylogenetic 
distance between species, changed from start to end for all product types 
(p = 0.003), as seen in Fig. 5 as a shift to the left. 

The differences in relative abundance on genus level of uninoculated 
leafy green products (Fig. 6a) indicate that for uninoculated mixed leafy 
greens and spinach, many amplicon sequence variants (ASVs) are at 
higher levels at the start than at the end of the shelf-life time. For rocket, 
the relative ASV abundances did not change over time. E. coli inocula
tion (Fig. 6b-c) rendered microbiota changes predominantly in mixed 

leafy greens. For spinach and rocket, the only change was higher relative 
Escherichia-Shigella abundance after inoculation. 

4. Discussion 

4.1. Viable cell count and Sanger sequencing of the microbiota of leafy 
green products stored under household conditions 

Even though the visual appearance of the products included in the 
study did not differ, total aerobic plate counts of ready-to-eat leafy green 
vegetables vary greatly, already at the first day of the shelf-life time (5.8 
to 7.7 log10 CFU/g (Table 2). Even wider ranges of bacterial load were 
found by Jackson et al. (2013), from 4.0 log10 CFU/g for green leaf 
lettuce to 8.7 log10 CFU/g for spinach. In the present study, the PCA 
biplot (Fig. 3) additionally shows that each replicate (each bag), within 
the same product is more similar to its own product batch than others, 
even if they are of the same vegetable type. This batch “individuality” is 
also reflected in the PCA loadings, suggesting that a high starting value 
correlates with high values for the rest of the shelf lifetime. A high total 
aerobic plate count additionally correlates with a high Enterobacteri
aceae plate count. These results underline the importance of product 
hygiene practices during the production stage. Previous studies suggest 
that an initial contamination is difficult to remove (Castro-Rosas et al., 
2012; Doyle and Erickson, 2008). The present results show that the same 
principle applies to the whole cultivable microbiota on leafy green 
vegetables. 

Jackson et al. (2013) saw no correlations between higher or lower 
viable cell counts for organic produce compared to conventionally 
grown. Results in this study support those results; organic rocket in the 
present study had higher aerobic plate counts than conventionally 
grown from the same company, but higher values were found for 
conventionally grown rocket from other companies. 

Rocket grown in Sweden from two different companies (A and C) 
contained both the highest and the lowest bacterial counts of all prod
ucts tested. Their dissimilarity, also shown by the PCA analysis, visual
izes the absence of correlation between bacterial load and country of 
origin, in this case Sweden and Italy. Moreover, the analyzed products 
also had different shelf-life times; company A, B and C had 9 days of 
shelf-life, while company C had 7 days. Rocket from company C had 
lower total aerobic plate counts than from company A and D, potentially 
favoring the shorter shelf-life time. However, mix from company C, 
together with rocket from company A contained the highest levels of 
both aerobic and Enterobacteriaceae plate count of all products tested. 
This suggests that the bacterial load for each product batch is indepen
dent of company and forecasted shelf-life. Further supporting this theory 
are the high variations within each vegetable type, in particular for 

Fig. 5. Principal coordinate analysis (PCoA) of beta diversity based on the variation of amplicon sequence variants (ASVs) for uninoculated, stored ready-to-eat 
products, calculated by weighted unique fraction metric (unifrac) (Vázquez-Baeza et al., 2017). 

E. Uhlig et al.                                                                                                                                                                                                                                    



International Journal of Food Microbiology 377 (2022) 109786

8

rocket and mixed leafy greens (Table 2-3). 
This is the first study designed to simulate household conditions and 

measure its effect on the microbiota of leafy green vegetables. By 
opening the bag, taking out some vegetables and putting it back in the 

fridge again, this pattern was simulated both at the beginning of the 
shelf-life time and at the end. Opening a bag changes its current atmo
spheric conditions, and higher plate counts were found in the opened 
packages for some products, while unchanged or lower concentrations 

Fig. 6. Statistically significant differences (p < 0.001) in relative abundance of amplicon sequence variants (ASVs) in RTE products, expressed as log2 Fold change. 
Please note that the y-axes display different intervals. a) A positive log2 fold change values indicate higher relative ASV abundance on day 7, and negative values 
indicate higher relative ASV abundance on day 1. b) and c) A positive log2 fold change values indicate higher relative ASV abundance in E. coli inoculated samples, 
and negative values indicate higher relative ASV abundance in uninoculated samples. Multiple symbols within the same genus represent different ASVs assigned to 
the same genus. NA stands for unannotated ASVs. 
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were found in others (Table 2-3). No specific product seemed to be more 
sensitive to the atmospheric change than any other. Interestingly, mix 
from company D contained modified atmosphere (MAP), but bacterial 
counts remained unchanged, regardless of unopened or opened bag. 
Research on the effect of modified atmosphere on the microbiota of leafy 
greens is not consistent (Ragaert et al., 2007). Barriga et al. (1991) 
showed that MAP mixtures of 3 % O2 and 10 % CO2 had no effect on total 
count and coliforms among others on leafy greens, which is in line with 
the results in this study also after simulating consumer practices. 
However, MAP at these concentrations reduces visual signs of deterio
ration, while not inhibiting pathogens such as E. coli O157:H7, leaving 
no signs for the consumer that the product may be harmful to eat (Luo 
et al., 2010). 

The identities of the cultured isolates reveal that the dominant cul
turable genera in all leafy green vegetable products were Pseudomonas, a 
well-known plant endophyte (Jackson et al., 2013; Rosenblueth and 
Martínez-Romero, 2006; Söderqvist et al., 2017). Other typical plant 
commensals, such as Arthrobacter, Aeromonas and Chryseobacterium were 
commonly isolated, and also found in other studies (Dees et al., 2015; 
Jackson et al., 2013; Tatsika et al., 2019). The presence of skin bacteria 
such as Staphylococcus epidermis and Staphylococcus warneri indicate that 
contamination from humans in these products is not uncommon. 
Interestingly, opportunistic human pathogens, such as Enterobacter 
homaechei, Hafnia paralvei, and Pantoea agglomerans, were identified in 
leafy green mix, spinach and rocket samples. Despite the fact that 
opportunistic pathogens are frequently found on leafy green vegetables 
at the time of consumption (El-Sayed et al., 2013; Jackson et al., 2013; 
Szabo et al., 2000; Uhlig et al., 2017), leafy green products are contin
uously sold and marketed with a long shelf-life. 

4.2. Next generation sequencing of the microbiota of leafy green products 
during shelf-life 

To characterize the overall microbiota, including non-culturable 
organisms, of ready-to-eat leafy green vegetable products during the 
shelf-life time, next generation sequencing (NGS) was performed. The 
DNA extraction protocol for NGS analysis by (Tatsika et al., 2019) uses a 
small sample size of 2 g, which limits the representation of the whole 
bacterial population and increases the variability between samples by 
allowing only parts of the plant tissue to be analyzed. Taking this limi
tation into account, the microbiota composition for all leafy greens was 
overwhelmingly dominated by Proteobacteria (71.2–94.0 %), accom
panied by Bacteriodetes, Firmicutes and Actinobacteria, as previously 
seen (Jackson et al., 2013; Lopez-Velasco et al., 2011; Rastogi et al., 
2012). The microbiota composition of each product type (mix, rocket, 
spinach) differed, as previously observed (Dees et al., 2015; Söderqvist 
et al., 2017; Tatsika et al., 2019). In all product types, a shift in the 
microbiota composition occurred over time, mainly by an increased 
relative abundance of Bacteriodetes, mostly represented by a large in
crease in Flavobacteriaceae (Fig. 4). Simultaneously, a relative decrease 
in Proteobacteria was observed, mainly represented by Pseudomonada
ceae. Previous studies indicate that certain members of the family 
Pseudomonadaceae may survive or even grow in refrigerated tempera
tures on leafy greens (Lopez-Velasco et al., 2011; Söderqvist et al., 
2017). The decrease in relative abundance of Pseudomonadaceae seen in 
this study could be concluded as an effect of the explosive growth of 
Flavobacteriaceae. Rosberg et al. (2021) saw that the relative abundance 
of Flavobacteriaceae was significantly higher in washed than unwashed 
produce, thus the high levels seen in this study may have been a result of 
the washing process before packaging. 

Microbiota changes over time in leafy green vegetables were shown 
by Lopez-Velasco et al. (2011), who noted a decrease in detected phyla 
from 11 to 4 after only one day of storage at 4 ◦C. Moreover, Söderqvist 
et al. (2017) noted an increase in Enterobacteriales after storage for7 
days at 8 ◦C . In the present study, statistical differences in α-diversity 
(taking into account evenness and richness) were not found over time, 

but in β-diversity, a shift in microbiota composition could be observed. 
β-diversity was calculated with weighted unique fraction metric (Uni
Frac), considering the amount and phylogenetic distance between the 
amplicon sequence variants (ASVs) present in the sample. The differ
ential relative abundance (Fig. 6) visualizes the change over time on 
genus level; many genera were present at day 1 but not at day 7. Rosberg 
et al. (2021) found a clear decrease in diversity for spinach and rocket 
during industrial production, the step preceding the process studied 
here, meaning that the changes in the microbial communities starts 
already at harvest and continues during cold storage. 

By including large amounts of data from both culture-dependent and 
culture-independent techniques, not only does this study analyze both 
the viable, culturable fraction of the microbiota of leafy greens, but also 
the unculturable species present. Additionally, this study gives a unique 
opportunity to compare how well traditional culturing covers the scope 
of the microbiota detected by 16 S rRNA amplicon sequencing. It is said 
that culturing on agar media may only be able to cover 2 % of the total 
microbiota in environmental samples (Wilson et al., 1997). A part of the 
difference between the two techniques is that culturing only detects live 
bacteria, while amplicon sequencing detects all DNA present in the 
sample. This study used TSA and VRBD to target the total culturable 
mictobiota, and specifically Enterobacteriaceae, and culturing showed to 
match 18 of 48 (37.5 %) of the genera detected by amplicon sequencing. 
Culturing identified genera that were not detected by amplicon 
sequencing, and vice versa. In this comparison, it is important to 
consider that different batches of leafy greens were analyzed with the 
two different techniques, thus allowing for identification of unique taxa 
in both cases. Culturing still covered 7 out of the 10 most common 
genera from amplicon sequencing. These results are in line of the com
parison of culturing and 454 pyrosequencing made by Jackson et al. 
(2013) and indicate that the microbial community of leafy greens are 
relatively easy to cultivate, compared to other environmental 
communities. 

4.3. Viable cell count and next generation sequencing of the microbiota of 
rocket inoculated with E. coli, stored under household conditions 

Rocket inoculated with E. coli CCUG 29300T and wild strain E. coli 
921 showed higher plate counts overall than after inoculation with 
E. coli 731 (Table 4). Enterobacteriaceae plate count decreases over time, 
but E. coli count did not follow the same pattern, suggesting that other 
Enterobacteriaceae genera are responsible for the decrease observed. 
Inoculation with E. coli 921 resulted in an increase in E. coli count at the 
beginning, while with E. coli 731, E. coli count instead increased at the 
end. It can be seen that both wild strains are able to grow in cold con
ditions, in contrary to the type strain, and also at different time points 
during the shelf-life time. The increase at the end with E. coli 731 may 
indicate a possible adaption to cold conditions. In previous studies on 
leafy greens, cold storage has on the contrary seen to prevent the growth 
of E. coli (Gleeson and O’Beirne, 2005; Luo et al., 2010; Söderqvist et al., 
2017; Tomás-Callejas et al., 2011). The wild strains in this study were 
originally isolated from Romaine lettuce, and likely to be found on leafy 
vegetables. 

The growth behavior of wild E. coli strains in their native environ
ment has not previously been studied. As previously mentioned, other 
studies have focused on the growth of type strains on leafy greens during 
cold storage (Gleeson and O’Beirne, 2005; Luo et al., 2010; Söderqvist 
et al., 2017; Williams et al., 2013), which may not represent the real 
outcome. The growth of autochthonous strains may differ due to 
possible adaptation to temperature differences in the native environ
ment, in contrast to type strains originating from other environments. 
Although their pathogenicity is not known, their growth patterns are 
worrying for the food safety of RTE leafy green products. 

For next generation sequencing analysis, uninoculated samples were 
compared with samples inoculated with the E. coli CCUG 29300T and 
with E. coli 731. The latter was chosen instead of E. coli 921 due to its 
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capacity to grow at the end of shelf-life and adapt to cold conditions. In 
uninoculated samples, the genus Escherichia could not be detected at the 
expiration date. Rocket had a smaller relative abundance of Escherichia 
than spinach and mix 7 days after inoculation with the type strain (0.6 % 
compared to 5.0 and 3.4 % respectively). Interestingly, the microbiota 
composition of rocket (Fig. 4) seemed to be very stable upon E. coli 
inoculation, in contrary to the microbiota of mix and spinach. The rocket 
microflora therefore seems to be more constant and resistant to bacterial 
invasion than both mix and spinach, a favorable trait in a hygiene 
perspective. A similar finding of an inherent inhibitory capacity of 
rocket was reported by Darlison et al. (2019), that observed significantly 
lower counts of the added E. coli O157:H7 on rocket, than on spinach 
and Swiss chard. However, it should be noted that the Enterobacteriaceae 
levels of uninoculated rocket samples are in the higher range among the 
products analyzed. 

5. Conclusion 

In this study, large amounts of data from both culture-dependent and 
culture-independent techniques were combined to give a unique insight 
into the microbiota of leafy greens and the development during cold 
storage at the time of consumption. From a consumer's point of view, the 
high concentrations of live bacteria on ready to eat leafy green products 
are concerning. The Enterobacteriaceae plate counts of several products 
exceeded 5 log10 CFU/g, which are very high levels for a ready-to-eat 
product. Identification of colonies picked from countable plates re
veals that opportunistic pathogens, such as Enterobacter homaechei, 
Hafnia paralvei, and Pantoea agglomerans are present in these products at 
the time of consumption. The microbiota composition, as determined by 
next generation sequencing, is subject to a striking change over time, 
while the effect of added E. coli varies due to vegetable type. However, as 
seen by the plate counts, wild E. coli strains are able to grow even in 
refrigeration. The culturable bacterial content, as well as the effect of 
opened or closed packages seem to depend on the individual product 
batch rather than the vegetable type or the company. In most products, 
the bacterial growth occurs during the first three days, and thereafter 
remains on a relatively constant level. Should the bacterial load be kept 
on a reasonable number in these products, the shelf-life time may need 
to be shorter than the present recommendations. But due to the varia
tions seen between products, further studies are needed to define how 
long the shelf-life of these products should be, to ensure a safe product 
even at the end of the shelf-life period. 
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