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ABSTRACT

This study aimed to evaluate the effect of supercritical COz process for the inactivation of artificially
contaminated seeds of leek and alfalfa. The seeds were inoculated with E. coli O157:H7, Listeria
monocytogenes, and Salmonella Thompson and S. Typhimurium and treated at 80 and 120 bar and at
35 and 45°C for 20 min. The process did not influence the germination rate of the seeds. The
inactivation was dependent from the type of seed and pressure and temperature. At 120 bar and 45°C
E. coli O157:H7, L. monocytogenes, and Salmonella spp. were reduced by 2.92 = 0.27, 1.14 + 0.63,
and 1.74 + 0.55 log CFU/g, respectively, on alfalfa and by 4.96 £ 0.37, 2.93 £ 0.27, and 3.18 £ 0.27,
respectively on leek. Overall, these results indicated that supercritical CO> can be used to improve

the microbial safety of sprouts, especially for leek.
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1. Introduction

Sprouted seeds are commonly consumed raw or minimally processed and have been associated to
outbreaks of illnesses caused by several pathogens[1,2]. According to European Food Safety
Authority [3], the majority of sprouted seed-associated outbreaks have been reported in the United
States, but reported outbreaks have also occurred in in Germany, Sweden, Denmark, France and the
United Kingdom. In USA the majority of outbreaks were attributed to alfalfa sprouts, and Salmonella
was the most common pathogen identified followed by pathogenic E. coli and Listeria [4]. The
process of sprouting consists in allowing the seeds to germinate in a moist and warm (25 — 35°C)
environment [5]. These conditions are ideal for the growth of many foodborne pathogens if they were
initially present on the raw materials [6]. Seed disinfection treatment has been recommended as a
preventative treatment to reduce the risk of illness associated with contaminated sprouts[7].
Nevertheless, when decontamination is applied after the germination process a risk of quality
impairment of the final product occurs [8]. Moreover, microorganisms that are internalized in the
sprouts can be difficult to remove by washing procedures or other (surface) decontamination
procedures [5]. FDA recommend application of a high concentration (20,000ppm) of calcium
hypochlorite solution to seeds before germination [9]. However chlorine-based treatments are
associated with negative health [10] and environmental issues [11] and more and more attention is
given to alternative residue-free decontamination technologies. However, the innovative
decontamination strategy should not impede the germination capability of the seeds as observed for

example with high hydrostatic pressure treatments [12]. Among alternatives, supercritical CO2

(scCO2) has been showned to be effective against E. coli O157:H7, Salmonella Typhimurium, and - /{ Formatted: Highlight

Listeria monocytogenes inoculated on alfalfa seeds [13] and background miereflora-bacteria [14], - /{ Formatted: Highlight

without relevant impairment of the seeds germination.-However, the inactivation capacity of ScCO»

is well known to be product dependent [15] and scientific evidence of its effects is needed to promote



the development of the technology at industrial level. To the best of our knowledge currently
available, publications do not provide sufficient elaboration and evidence of the scCO»

decontamination efficacy on different seeds meant for human consumption.

The aim of this study was to investigate the efficiency of scCO; to inactivate foodborne pathogens
on two different seed types: leek and alfalfa. Experiments were focused on artificially inoculated E.
coli O157:H7, Salmonella spp., and L. monocytogenes. The process was optimized to preserve the

germination rate and sprouting of the untreated seeds.



2. Materials and methods

2.1. Bacterial strains
Two strains of E. coli O157:H7 (ATCC 700728, LFMFP 846), L. monocytogenes (LMG 23192, LMG
23194) and Salmonella enterica (serovars Thompson RM 1987 and Typhimurium SL1344) were used
in this study. LEMFP strains are part of the Laboratory of Food Microbiology & Food Preservation
culture collection at the Faculty of Bio-Science Engineering, Ghent University. LMG strains are part
of the Belgian Coordinated Collection of Micro-organisms (BCCM) situated at the Laboratory of
Microbiology at the Faculty of Sciences, Ghent University. The E. coli O157:H7 strains are stx-
negative strains. E. coli O157:H7 LFMFP 846 is a nalidixic acid resistant variant (50 pg/mL) of E.
coli O157:H7 MB3885 (obtained from Prof. Piérard, EHEC Reference Laboratory at the University
hospital in Brussels). E. coli O157:H7 ATCC 700728 originated from a verocytotoxigenic strain
which lost its ability to produce toxin (as confirmed by absence of Shiga toxin genes). The strains,
stored in glycerol stock at -80°C were revived in 10 mL of Brain Heart Infusion (BHI, Sacco, Italy)
at 37°C for 24 h and then isolated on Tryptic Soy Agar (TSA, Oxoid, UK) and on an appropriate
selective medium (see 2.6. Microbiological Analyses). Working cultures were prepared on TSA slants
inoculated with one isolated colony from the selective media and incubated at 37°C for 24 h. These
working cultures were stored at 4°C for maximum 2 weeks.
2.2. Inoculation cocktail

The two strains of each microorganism were cultured separately in BHI at 37°C for 24 h, after which
the cells were harvested by centrifugation at 2900 g for 10 min (Megafuge 16 R, Heraeus). The
supernatant was discarded and the pellet was washed twice with Peptone Buffered Saline (PBS,
Oxoid). The two final suspensions were mixed together in a 1:1 ratio to obtain the inoculation
cocktail. The cell concentration in the inoculation cocktail was 9.03 +0.03, 9.15 +0.19, and 8.72 +
0.25 log CFU/mL for E. coli O157:H7, Listeria monocytogenes, and Salmonella, respectively, as

verified by plate counts.



2.3. Seeds and inoculation
Organic alfalfa seeds for sprouting (lot RO3350/165017, origin Italy, REM Sprout, Italy) and
conventional leek seeds (lot RE3200/160064, origin Italy, REM Sprout, Italy) were bought from a
local sprouting company. Alfalfa and leek seeds were packed in July 2017 and August 2017,
respectively. For each experiment with inoculated seeds, 3 g of either alfalfa or leek were mixed with
300 pL of inoculation cocktail to reach a final inoculation level of 6 log CFU/g. After inoculation,
the seeds were left to dry overnight (18 h) under a laminar flow at room temperature. Counts for £.
coli O157:H7, Listeria monocytogenes, and Salmonella on the dried seeds were 6.32 + 0.13, 6.64 +
0.34, and 5.82 + 0.34 log CFU/g, respectively, on alfalfa and 6.34 £+ 0.30, 6.92 + 0.28, and 5.64 +
0.28 log CFU/g, respectively, on leek. The final water activity of the seeds after drying and before
the scCO»-treatment was 0.642 + 0.006 for alfalfa and 0.659 = 0.004 for leek. During preliminary

experiments, E. coli O157:H7, Listeria monocytogenes, and Salmonella were not detected on the non-

inoculated seeds.

2.4. Supercritical CO: treatment
Seeds were treated with scCOz in a high pressure system as previously described [16] with minor
modifications. Briefly, the seeds were inserted into a 15 mL falcon tube without cap; the tube was
then placed inside the reactor and pressurized in less than 2 min using the maximum (23 mL/min)
flow rate of the pump (Gilson 25SC; Gilson S.A.S., France) to reach the pressure set point.
Depressurization took place in less than 2 min. For each experiment, experimental control seeds were

prepared in the identical manner, but without scCO» treatment.

First, experiments with non-inoculated seeds were performed to determine the potential impact of
scCO> on the germination capability. Tubes containing 5 g of alfalfa and leek seeds were treated

following a 23 factorial design (single trial), varying temperature (35-45°C), pressure (80-120 bar) and

///[ Formatted: Highlight

holding time (0-20 min)._Double replication was performed for the central point (40°C, 100 bar, 10
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min). The variable domain was chosen to guarantee supercritical conditions (35°C and 80bar as
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minimal temperature and pressure, respectively) and to keep mild temperature and pressure (45°C

and 120 bar as maximum)[17]. -Inactivation experiments were performed at two temperature (35°C ///[ Formatted: Highlight
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and 40°C) two pressure (80 and 120 bar) for a holding time of 20 min.

2.5. Seeds germination assessment

After treatment, 100 non-inoculated seeds were randomly picked and individually placed in folds of«—— { Formatted: Comment Text

a 50-folded paper (Grade 3014 seed testing paper, GE Healthcare Whatman) in sterile aluminum tray
(Product reference 0838610799, AVA papier, Belgium). The trays were then filled with 45 mL of
sterile water, covered by a lid, and incubated at 22°C for 4 and 6 days for alfalfa and leek, respectively.

After incubation, the germinated seeds were retrieved and placed on a dark background and a picture

was taken (see an example in FiguretFigure . _To measure the length of the seeds on the Formatted: Font: 12 pt, Not Bold, Highlight
Formatted: Font: 12 pt, Not Bold

pictures, a homemade algorithm, consisting of an OTSU binarization and a SOBEL pattern detection, { ; cted: Hiahiaht
ormatted: Highlig

The algorithm was developed jn-house in Python using Anaconda distribution (v5.1.0). ;-was-applied ///[ Formatted: Font: ltalic, Highlight
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usingPythen—Each processed picture was then manually verified to check for mistakes made by the
algorithm. The percentage of germination is indicated as the number of germinated seeds divided by

the total number of seeds and the average lengths are given in cm.
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Figure 1 — Representative picture of the seeds after the treatment: alfalfa germinated seeds (left) and leek germinated seeds (right)

2.6. Microbiological analyses
Treated and control seeds were retrieved in 50-mL tubes and diluted in 27 mL of Buffered Peptone
Water (BPW, Oxoid) to obtain a 1:10 dilution. The tubes were left 5 min at room temperature to
rehydrate the seeds and then vortexed at 60 Hz for 30 s. The resulting homogenates were then 10-
fold diluted in BPW and appropriate dilutions were spread-plated on selective media. Samples
containing E. coli O157:H7, L. monocytogenes, and Salmonella spp. cocktails were plated on
Sorbitol-MacConkey Agar supplement (Oxoid) with cefixime-tellurite (Oxoid), AL (Bio-Rad,
France), and XLD Agar (Oxoid), respectively, and were incubated at 37°C for 24, 48, and 24 h,

respectively.

2.7. Data processing

Experiments with inoculated seeds (single purchase) were done in three independent experiments

comprising three independent inoculation, i.e. cultures of each microorganism were made at three /{ Formatted: Font: (Default) Times New Roman, 12 pt, }
Highlight

different times rrade—in—three—time-separated—oceasions-and inoculated on seeds. Experiments to /{ Formatted: Font: (Default) Times New Roman, 12 pt }

determine the germination rate and the length of the seeds were repeated in two independent
experiments. Data was analyzed using SPSS 25 (IBM).
To measure the length of the seeds on the pictures, a homemade algorithm, consisting of an OTSU

binarization and a SOBEL pattern detection. The algorithm was developed in-house in Python, using
the Anaconda distribution (v5.1.0).




Assumption of equal variances was tested with Levene’s test. Comparison of average reductions was

performed using t-tests. Two-way ANOVA was performed to evaluate the impact of the independent /[ Formatted: Highlight

variables on inactivation. For the tests, the parameters were pressure/temperature, temperature/type

of seeds, and pressure/type of seeds. All statistical tests were performed at a p < 0.05 significance




3. Results and discussion

3.1. Germination of the seeds
Data presented in table 1 and 2 show the effect of scCO» treatment on the germination of alfalfa and
‘ leek seeds, respectively. Overall, alfalfa had a better germination ratio than leek. Aftertreatment;92.0

+ 1.4 % and 27.5 = 0.7 % of the alfalfa and leek seeds, respectively, were able to germinate in the

‘ control (untreated) samples. For both alfalfa and leek, treatments did not influence the germination ///[ Formatted: Highlight
\{ Formatted: Highlight

rate. Because the holding time did not seem to effect the germination capability of the seeds for any
given temperature/pressure combination, the inactivation of inoculated pathogens was further
performed with the longest treatment time (20 min). Indeed holding time was proven to influence the
microbial inactivation rate of ScCO2 processes [13,14], therefore higher treatment times are expected
to improve the inactivation capacity. The germination rate of alfalfa is similar to what observed by
Hall et al. [18] from seeds subjected to freeze-thaw scarification. The germination of leek seeds was
lower but comparable between treated and untreated samples. The germination achieved is similar
with previous works at 35°C [19]. In their study, Hanci et al. found 21°C as optimal temperature for
the germination of leek, while lower and higher temperature resulted in a lower germination rate. In

our study, the average temperature was not controlled and measured during the experiments, but it

was reasonable closer to 18°C.:

Although the germination rate of untreated and treated seeds is comparable, which is sufficient to

support the further inactivation results.

Table 1 — Germination percentage and length of alfalfa seeds after supercritical CO: treatment. Germinated fraction and lengths are

expressed in % and cm, respectively, as mean + standard deviation [(n = ZD. — 4{ Ce ted [A1]: Siméon, are we sure abot that? For
the central point is it still 2?
35°C 40°C 45°C
Treatment conditions Control 80 bar 120 bar 100 bar 80 bar 120 bar
0 min 20 min 0 min 20 min 10 min 0 min 20 min 0 min 20 min

Germinated fraction (%) 92.0+14 91.0+57 935+64 89.0+7.1 89.5+21 86.5+64 91.5£49 92.0+£28 925+0.7 93.5+0.7

Average length (cm) 6.97+2.96 6.11+3.04 7.27+3.28 7.51£3.21 8.02+2.78 6.79+2.69 6.18+3.18 6.96+2.99 6.89+3.62 7TA7+2.73

10



Table 2 — Germination percentage and length of leek seeds after supercritical CO:> treatment. Lengths are expressed in cm as mean +
standard deviation (n = 2).

35°C 40°C 45°C
Treatment conditions Control 80 bar 120 bar 100 bar 80 bar 120 bar
0 min 20 min 0 min 20 min 10 min 0 min 20 min 0 min 20 min

Germinated fraction (%) 27.5£0.7 325+64 305=+21 21.0+85 200x57 223+59 23.5+£0.7 19.5+50 250+57 260+£57

Average length (cm) 254147 230+1.47 232135 235+1.62 172142 205+134 316162 263+1.76 235+1.63 175141

3.2. Microbial decontamination of the seeds
The effect of the scCO: treatments on E. coli O157:H7, L. monocytogenes, and Salmonella spp. for
leek and alfalfa is displayed in Figure 2. Overall, reduction on alfalfa was lower than on leek. With
the harshest conditions (45°C/120 bar/20 min) 4.96 + 0.37 log reduction of E. coli O157:H7 was
achieved on leek while only 2.92 + 0.27 log reduction was achieved in alfalfa. The type of seed,
temperature, and pressure had a significant effect on the inactivation of pathogens (p < 0.05). The
type of seed had the strongest effect on inactivation for each microorganism, followed by temperature.
Pressure also had a significant effect on L. monocytogenes, however out of the three tested pathogens,

L. monocytogenes exhibited the strongest resistance to the process, especially in alfalfa. According

to Garcia-Gonzalez et al. [20], the effectiveness of scCO; treatments is strongly dependent on process - /{ Formatted: Highlight

variable like pressure and temperature. High pressure enhances the solubilization of CO» in the food
matrix, facilitating contact with the cells and pH reduction of the external medium. Higher
temperature increases the diffusivity of CO,, allowing it to penetrate into a complex matrix easily.
Moreover, higher temperatures can also fluidize the membranes of microorganisms, favoring
penetration of CO> into the cell. In this study, both pressure and temperature had an effect on the
inactivation of E. coli O157:H7, L. monocytogenes, and Salmonella inoculated on alfalfa and leek

seeds and the best reductions were obtained with the highest temperature/pressure combinations.
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Figure 2 — Average log reduction of Salmonella (white), L. monocytogenes (light grey), and E. coli O157:H7 (dark grey), inoculated
on alfalfa and leek seeds after treatment with supercritical CO: for 20 min. Bar indicates standard deviations (n = 3). Different letters
indicate significant differences (p < 0.05).

Most studies on the decontamination of dry seeds focused on the use of chemical treatments, which
involved chlorine, ozone, and/or organic acids and their combination alone [21] or together with other
non-chemical techniques such as dry heat and ultrasounds [1,22]. According to a scientific opinion
of EFSA, results from various studies using 10 000 to 20 000 mg/L of chlorine on dry seeds achieved
between 2 and 5 log reduction of artificially inoculated Salmonella and E. coli O157:H7 [3]. In our
study, the decontamination with scCOz at 120 bar and 45°C resulted in 5 log reduction of E. coli
0157:H7 and 3 log reduction of Salmonella and L. monocytogenes which is higher or comparable to

what was reported with chemical surface decontaminations.

Our finding for alfalfa is not comparable with the previous study by Juan et al.[13]. Specifically a

lower reduction was obtained in our investigation for all the pathogenic microorganisms. Jung et al.

12



reported more than 5 log reduction of L. monocytogenes on alfalfa seeds after treatment at 100 bar
and 45°C for 15 min while less than 1.5 log was here found after treatment at 100 bar, 45°C for 20
min. The discrepancy could be explained by a different water activity of the seeds before the
treatment, as well as by possible inter-strain variability. Indeed in the work by Juan ef al. there is no
specific indication about the final water activity of the seeds after the inoculation procedure, which
was performed by immersing the seeds in the inoculation cocktails, thereby adding more water to the
seeds. On the contrary, we achieved an average water activity of 0.640 + 0.01 and 0.66 + 0.01 for
alfalfa and leek, respectively, before the ScCO» treatment which was similar to the one measured in
the commercial seeds (data not shown). Dehghani et al. demonstrated that low quantity of water faster
and increase ScCO; microbial inactivation on ginger powder [23]. Similarly Calvo and Torres [24]
reported that ScCO; inactivation is depended on the initial water content in paprika powder. Chen et

al. demonstrated that dry E.coli were resistant to liquid and ScCO> at any temperature tested [25].

Recently, Fang et al. reported a further evidence about the importance of the water activity over the ///[ Formatted: Highlight

ScCO» inactivation capacity investigating cereal grains and beans[26]. In their funding the optimal ///[ Formatted: Highlight

\{ Formatted: Highlight

antimicrobial effect was achieved by equilibration of the water activity to 0.75, following by soaking

in water and treatment with water-saturated COp, ///[ Formatted: Subscript, Highlight

\{ Formatted: Highlight

The most significant effect on the inactivation of microorganisms was observed when we tested a~—— { Formatted: Line spacing: Double

different type of seed. Indeed, although little to no reduction was observed for L. monocytogenes on
alfalfa, with only 1 log reduction at 45°C/120 bar, up to 3 log reduction could be achieved on leek
under the same treatment conditions. The increased resistance on alfalfa could be explained by the
presence of antimicrobial compounds in the seeds of leek. Leek is part of the genus Allium, and many
antimicrobial compounds have been isolated from other species of this genus (such as garlic, and

onion) [27-29].-A fraction of these antimicrobial compounds could be dissolved in the scCO> during

the treatment and act as co-solvents, effectively increasing the inactivation of the pathogens, Indeed ///[ Formatted: Highlight

supercritical COp,_has been extensively investigated for the extraction of essential oil in_many ////[ Formatted: Subscript, Highlight

\{ Formatted: Highlight
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seeds[30], like coriander[31], clove[32] and parsley[33] seeds. Gonzalez-Alonso et al. reported a //[Formatted: Highlight
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synergistic effect between ScCO» with coriander essential oil for the microbial inactivation of chicken
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seeds of the genus Allium which could be added as natural co-solvents during scCO> decontamination
for other types of matrices. It is worth to notice that uncertain level of inactivation has to be taken //[ Formatted: Highlight

into account since the enumeration of bacterial cells after lethal treatments on selective media might //{ Formatted:

Font: (Default) Times New Roman, 12 pt,

Highlight
not account for sub-lethally injured cells and thus likely over-estimates the treatment lethality[36,37]. /{ Formatted: Highlight
. . . . . F tted: Font: (Default) Ti New R , 12 pt,
Further studies should be also, investigate the effect of the treatment over the potential or likely \{H?;m;h: ont: (Default) Times New Roman, 12 p

\{ Formatted

\

: Highlight

survival of sub-lethally injured cells.l

\

\

Formatted:
Highlight

"

=

Font: (Default) Times New Roman, 12 pt,

I\ \| Formatted:

Highlight

=
=

Formatted:
Highlight

1\
. \
4 Conclusion \\

Y\w

=

Font: (Default) Times New Roman, 12 pt,

\
. . . "‘,\‘\\\\\ Commented [A2]: Including a sentence in the
The present work investigated the effects of scCO; on three relevant pathogens inoculated on alfalfa "\‘\\\ discussion citing the 2 papers?
) . . o o \,\\{ Commented [SB3R2]: OK
and leek seeds. The treatment did not substantially impact the germination capability of the seeds nor \ I
\\ Formatted: Highlight
the length of the sprouts after 4 and 6 days, for alfalfa and leek, respectively. The type of seeds was || Formatted: Font: (Default) Times New Roman, 12 pt,

|

Highlight

Formatted:
Highlight

found to be the most important parameter to take into account when assessing decontamination with
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scCO». Pathogens inoculated on alfalfa seeds were less prone to scCO> inactivation in comparison to
those inoculated on leek seeds. A treatment at 120 bar, 45°C for 20 min resulted in 5 log reduction of
E. coli O157:H7 and 3 log reduction of Salmonella spp. and L. monocytogenes in leek. Overall results
obtained indicate relevant potential to reduce the level of contamination and therefore also the risk of
outbreaks of foodborne illnesses caused by sprouts contaminated with bacterial pathogens. Further
study should be performed to demonstrate the potential of the techniques on other seeds, as well as

to investigate impact on the characteristics of surviving microbial fractions (e.g. virulence, cross
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early days after germination or even at a later stage in life including also qualitative aspects to the

study.
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