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Monitoring of transfer 
and internalization of Escherichia 
coli from inoculated knives to fresh 
cut cucumbers (Cucumis sativus L.) 
using bioluminescence imaging
Yeting Sun1,2,4, Xiaoyan Zhao1,4, Xiulan Xu1,4, Yue Ma1, Hongyang Guan1, Hao Liang3 & 
Dan Wang1*

Slicing may cause the risk of cross-contamination in cucumber. In this study, knife inoculated with 
Escherichia coli (E. coli) was used to cut cucumbers, bioluminescence imaging (BLI) was used to 
visualize the possible distribution and internalization of E. coli during cutting and storage. Results 
showed that the initial two slices resulted in greater bacterial transfer. The bacterial transfer exhibited 
a fluctuating decay trend, E. coli was most distributed at the initial cutting site. The contaminated 
area on the surface of cucumber slices decreased during the storage period, which can be attributed 
to the death and internalization of E. coli. The maximum internalization distance of E. coli was about 
2–3 mm, and did not further spread after 30 min from inoculation. Hence, our results provide useful 
information for risk management in both home and industrial environment.

Consumers’ demand for fresh-cut vegetable is substantially increasing due to the convenience, freshness and 
nutritional value1. Cross-contamination of microorganisms in a food processing facility and at home is one of 
the main factors leading to sporadic and epidemic foodborne illness2. Fresh-cut cucumbers are a popular con-
venience food. In the processing of fresh-cut cucumbers, various contaminated contact surfaces may transfer 
microorganisms to the cucumber slices, eliciting the risk of food cross-contamination3. Cutting knives are the 
major harborage site for bacteria. Once the cucumbers are cut with a contaminated knife, the microorganisms 
can attach to cut surfaces4–6. This contamination poses a great safety risk to fresh-cut cucumbers and threatens 
people’s health. Moreover, cutting inevitably damages the tissues, thereby distrupting the natural protective 
epidermal barrier7,8. This increases the surface humidity and releases intracellular compounds, thus providing 
favorable conditions for microbial growth9,10.

Escherichia coli is one of the transferred bacteria associated with cross-contamination of fresh vegetables11. 
E. coli can infect stainless steel knife in a short period of time and can be transferred and survived on fresh 
vegetables during the cutting processing even at a low temperature of 8 °C12. Once fresh-cut vegetables are 
contaminated, it is easy for microorganisms to grow and survive, thereby causing food contamination. Studies 
have reported that pathogens could be transferred from contaminated knives to lettuce, tomatoes and onions, 
causing cross-contamination13–15. However, different vegetables have different tissue structures and nutrients, 
different bacterial strains have different transfer and distribution characteristics. The transfer and distribution 
of different E. coli strains on cucumbers may be different. In addition, continuous cutting has an impact on the 
distribution of strains. Studies reported that when tomatoes are continuously cut with a contaminated knife, 
the contamination of pathogens would decrease gradually as the number of cuttings increased16. However, the 
distribution of E. coli during the continuous slicing of cucumber has not been investigated. There was very little 
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visual evidence and detailed knowledge on the distribution, survival and internalization distance of E. coli on 
cucumber slices during contamination and storage was lacking.

BLI detects bioluminescent bacteria in vivo, thus enabling real-time tracking and monitoring of bacterial 
attachment and dissemination17. This technique was successfully used to track the movement and infection 
mechanisms of bioluminescent strains in animals or plants18. BLI is fast, convenient and non-destructive (no 
ultrathin section required) compared with plate counting and microscopic observation. Compared to previous 
research, the purpose of this study was to first apply the BLI technology to the study of food cross-contamination 
in vivo to real-time monitor the survival of E. coli on the surface of cucumber during continuous cutting. Survival 
and internalization distance of E. coli on cucumber slices during storage were also assessed. The results provide 
safety and risk assessment information for the production of fresh-cut cucumbers.

Materials and methods
Material.  Cucumber variety “Xiamei 2” (Cucumis sativus L.) was purchased from Guoxiangsiyi supermarket 
in Beijing, China. Cucumbers could be randomly purchased by consumers and were grown in green house of 
Yifendi Farm in the Changping District, Beijing. They were planted in the soil between the middle of May to the 
middle of June at 25–32 °C. In September/October (approximately 100 days), mature cucumbers (28–30 cm in 
size) were sampled and immediately transported to the laboratory after harvest. Storage condition in the distri-
bution chain was room temperature. Cucumbers were cleaned with deionized water, immersed in 0.01% sodium 
hypochlorite solution (NaClO; pH 6.5) for 2 min, washed three times with sterile water, dried on an aseptic 
laboratory table at room temperature under incandescent light for 1 h until inoculation. Plants (cucumbers) in 
this article were cultivated but not wild plants. This article states that the collected plants comply with the IUCN 
Policy Statement on Research Involving Species at Risk of Extinction.

Bacterial inoculum preparation.  The engineered bioluminescent E. coli strain was kindly provided by 
Beijing Academy of Agriculture and Forestry Sciences. The recombinant plasmid pXX3 that the lux operon 
from Photorhabdus luminescens bacteria was obtained by digesting pXen13 with Notl and Xhol then ligated to 
the similarly digested inverse-PCR product of the transposon vector pKGT452Cβ amplified using the primers 
pKGT2F/pKGT2R, and carries Cmx resistance gene::luxCDABE::Tn1409. Plasmid pXX3 was transformed into 
E. coli DH5α, then propagated in the dam- and dcm-deficient E. coli strain ER2925. The strain construction 
method was described in detail19. An aliquot (100 μL) of E. coli suspension was cultured in 100 mL of LB broth 
medium supplemented with chloramphenicol (20 μg/mL) at 37 °C for 48 h to activate the bacteria. The culture 
was then diluted with sterile phosphate buffered saline (PBS) to obtain the final E. coli concentrations of approxi-
mately 1, 3, 5, and 7 log CFU/mL.

Kitchen knife inoculation.  A stainless steel kitchen knife (18 cm × 8.2 cm, 1.48 cm tick) was sterilized in 
75% ethanol (vol/vol) for 5 min, its surface rinsed with SDW and then dried in cabinet for 30 min. The method 
refers to Kusumaningrum et al.20, with a slight modification. The kitchen knife was respectively dipped in vari-
ous concentrations of the bacterial suspension for 5 min, following which, the inoculated kitchen knife was 
placed in a sterile biosafety cabinet to dry for 10 min. A sterile cotton swab was used to scrape the adhered E. 
coli on the knife surface to the 1 mL sterile PBS and then serially diluted (tenfold) in PBS. The diluted droplets 
(0.1 mL) were then plated on LB agar supplemented with chloramphenicol (20 μg/mL) and incubated at 37 °C 
for 48 h. The numbers of colonies on the surface of the kitchen knife were counted by the plate count method. 
The experiment was replicated three times.

Transfer of E. coli on the kitchen knife to cucumber during consecutive cuts.  Simulating the force 
applied during actual cutting, three different concentrations of E. coli (3.34 ± 0.21, 5.20 ± 0.13 and 7.06 ± 0.25 log 
CFU/mL) were used to inoculate the kitchen knife, then cucumber was cut 9 times (1 cm thick per slice) longi-
tudinally by the contaminated knife. Try to use the same force for each cut to reduce the errors. The cucumber 
slices of same cutting number were placed in a sterile plastic bag together with 100 mL sterile PBS (3 slices per 
bag). Placed the plastic bag containing cucumber slices in a homogenizer for 3 min to homogenize the sample to 
obtain the mixed solution, then drew 1 mL of mixed solution and tenfold serially diluted with PBS. The diluted 
solution (0.1 mL) was plated on LB agar supplemented with chloramphenicol (20 μg/mL) and incubated at 37 °C 
for 48 h. The number of E. coli on cucumber slices was counted by plate count method and logarithmic conver-
sion was performed.

All treatments were replicated three times.
The transfer rate from the kitchen knife to the cucumber slice was determined as21:

Bioluminescence imaging of fresh‑cut cucumber slices.  Distribution and internalization distance of 
E. coli on the cutting surface.  Cucumbers were cut transversely into 4 cm-disks using the kitchen knife inocu-
lated with E. coli (7 log CFU/mL), then the bioluminescence imaging was performed. Next, each cucumber disk 
was longitudinally cut into 3 segments by sterile knives. Cucumber sections were then screened for biolumines-
cence in the dark imaging chamber at room temperature using the high-sensitivity CCD model LB of the in vivo 
plant imaging system (Night Shade LB 985, Berthold Technologies GmbH & Co.KG, Bad Wildbad, Germany) 
to monitor the inoculation area and transfer degree of E. coli. The imaging parameters for the sensitivity/resolu-
tion setup were 4 × 4 binning and a 300 s delay prior to an incremental exposure time of 180 s. Bioluminescent 

(1)(CFU on cucumber slice/CFU on a kitchen knife) × 100 = Transfer Rate(%)
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signals were quantified using indiGo software (Berthold Technologies, Oak Ridge, TN, USA), the light intensity 
was displayed by counts per second (cps).

Cross‑contamination of consecutive cuts during storage.  The kitchen knife was inoculated with E. coli to 
continuously cut the cucumbers into nine disks, which were then stored in sterile polypropylene (PP) boxes 
(185 mm × 150 mm × 55 mm) at either 4, 10, 25 or 37 °C for 30, 60, 120 or 180 min. Then put the cucumber slices 
into the imaging room for imaging. The experiment was replicated three times. The longitudinal imaging was to 
longitudinally cut the cucumber disks. The imaging parameters are the same as 2.5.1.

Survival of E. coli on cucumber slice.  Live/dead staining of E. coli was performed using propidium 
iodide (PI) obtained from Solarbio Science and Technology Company (Beijing, China) as described with slight 
modifications22. PI (10 mg) was mixed with 10 mL of sterile PBS (pH 7.4) to prepare the mother liquor with a 
concentration of 1 mg/mL. The sterile PBS was used to elute the E. coli from the cucumber slices contaminated 
for 2 h, then treated with 100 μL of PI stock solution per milliliter of eluates (final PI concentration was 100 μg/
mL). Samples were detected via fluorescence filter cubes B1 (blue) and G1 (green). The live E. coli showed green 
fluorescence under the blue excitation (B1) filter, the PI-labeled dead E. coli showed red fluorescence under the 
green excitation (G1) filter. The Image-Pro plus was used to combine images (Version 6.0.0, Media Cybernetics, 
Inc.).

Statistical analysis.  Data analyses were performed with one-way analysis of variance using IBM SPSS sta-
tistics software 20.0 (IBM Corp., Armonk, NY, USA). Significant differences between groups were determined 
using Duncan’s test. The level of significance was set at 5% for all analyses. Image processing software were 
IndiGo software (Berthold Technologies, Oak Ridge, TN, USA) and Image-Pro plus 6.0.0 (Media Cybernetics, 
Inc.). Data were plotted using OriginPro 8 software (OriginLab Corporation, USA). All methods were carried 
out according to relevant institutional, national, and international guidelines and legislation.

Results and discussion
Evaluation of kitchen knife inoculation.  Concentration of E. coli inoculated on a kitchen knife was shown 
in Table  1. When the inoculation concentrations were 1.09 ± 0.08, 3.34 ± 0.21, 5.20 ± 0.13 and 7.06 ± 0.25 log 
CFU/mL, the amount of E. coli on knife were 0.36 ± 0.10, 2.85 ± 0.20, 4.70 ± 0.28 and 6.49 ± 0.01 log CFU/knife. 
The number of E. coli inoculated on the knife increased with the increase of the inoculation level, the num-
ber was about 0.5-log less than the inoculation solution. Kusumaningrum et al.20 reported that the amount of 
Salmonella Enteritidis and Staphylococcus aureus on stainless steel surfaces declined with the decrease of the 
inoculation concentration, the change pattern was similar to this study. Furthermore, previous reports pointed 
out that the decay model describing the transfer behavior of pathogenic bacteria during slicing of vegetable was 
less accurate when using the low inoculum15. Thus, the transfer number of E. coli on the knife was small under 
low inoculation concentration, which was not conducive to researching and monitoring the transfer of E. coli. 
In order to reveal E. coli transfer, higher inoculation concentrations (3.34 ± 0.21, 5.20 ± 0.13 and 7.06 ± 0.25 log 
CFU/mL) were selected for subsequent experiments.

E. coli transferred from kitchen knife to cucumber.  Experimental data showed that the transfer 
amount and rate of E. coli exhibited a fluctuating decay pattern during cutting process (Table  2). It was the 
highest at the first cut in all treatments, after that data showed a sharp decrease, then slightly increased and lev-
eled off, finally decreased again as the number of slices increased. Moreover, the number of E. coli remaining 
on cucumber slices after 9 cuts was below 100. At low inoculum level (3.34 ± 0.21 log CFU/mL), the recovery 
amount (slice 1: 0.95 ± 0.10; slice 2: 0.68 ± 0.14; slice 3: 0.31 ± 0.14 log CFU/cucumber slice) and transfer rate 
(slice 1: 1.259; slice 2: 0.676; slice 3: 0.288%) of E. coli on the first 3 slices decreased significantly as the cutting 
number increased. Then they increased significantly at the fourth slice (recovery amount: 0.65 ± 0.11 log CFU/
cucumber slice; transfer rate: 0.631%) and the changes on the following data points became stable. When the 
ninth slice was reached, the recovery amount (0.26 ± 0.16 log CFU/cucumber slice) and transfer rate (0.257%) 
of E. coli were decreased rapidly. This was similar to the previous study, the bacterial transfer that occurs after 
cutting food with a blade inoculated with 104 CFU/mL bacterial solution showed a fluctuating decrease trend23. 
At moderate and high inoculation levels (5.20 ± 0.13 log CFU/mL and 7.06 ± 0.25 log CFU/mL), higher amount 
and transfer rate of E. coli appeared (3.36 ± 0.03 and 3.75 ± 0.08 log CFU/cucumber slice; 4.571% and 0.182%). 

Table 1.   Concentration of E. coli inoculated on a kitchen knife. Different letters respectively represent 
statistically significant differences between different inoculation concentrations and infection concentrations 
(p < 0.05).

Inoculum concentration (log CFU/mL) The concentration of E. coli on the knife surface (log CFU/knife)

1.09 ± 0.08d 0.36 ± 0.10d

3.34 ± 0.21c 2.85 ± 0.20c

5.20 ± 0.13b 4.70 ± 0.28b

7.06 ± 0.25a 6.49 ± 0.01a
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The number of E. coli recovered from the fourth slice under moderate-concentration and fifth slice of cucumber 
under high-concentration were reduced by approximately 2.8 and 4.05 log CFU/cucumber slices, respectively, 
were about 3.3 and 4.62 log CFU lower than the inoculum level on the knife. The amount of E. coli transferred 
on the next slice tended to be flat, then slowly decreased. The transfer of bacteria depends on the nature of the 
contaminated surface, cutting speed, force and cutting action24,25. Stainless steel is a hydrophilic surface, which 
can be used as a medium for bacteria to attach, may promote the release of pathogens during the food prepara-
tion process and relocate them to the surface of high-moisture food26. The cutting speed and action were kept 
as consistent as possible in this study, all cutting action were the longitudinal cutting that perpendicular to the 
cutting board, therefore cutting speed and action might have little effect on the transfer of E. coli. However, the 
force was variable during the cutting process, the fluctuating transfer of E. coli might be affected by force7. The 
similar trends were observed by other researchers with regard to other pathogenic bacteria that transfer through 
surface of stainless steel to cucumbers, lettuce and celery20,27,28. Furthermore, in previous researches, the transfer 
behavior of pathogenic bacteria during the slicing process of fish, meat and vegetables were similar which could 
use the decay model to describe29–31. The transfer of E. coli was probably because the shearing force on the knife 
surface, which was not determined in our study, might have affected the removal of loosely attached cells, result-
ing in the transfer of bacterial cells on the knife to the cucumber slices32. As the slice continued, the number of 
cells transferred back to the knife gradually decreased and cells transferred to cucumer slice with the next cut 
gradually decreased, this might be because the knife was simultaneously affected by adhesion and hydrophobic-
ity. When the attachment between E. coli and knife was not as strong as E. coli and cucumber, the cells might 
detachment from the knife and movement to cucumber slice so that transfer becomes more feasible. The remain 
of exudate released from the cucumber slices altered the hydrophobicity of the knife surface and affected the 
transfer of E. coli. This caused some transferred cells to move back onto the knife33. Furthermore, the dual- or 
multiple- species of endophytes in cucumber exudate might affect the adhesion of E. coli and stainless steel34. 
Changes in the transfer rate during the continuous cutting process, which might be because consecutive cutting 
was not a static, neither an easy-to-control process21.

BL images of E. coli transfer and distribution on cucumber slice after cutting.  The high inocula-
tion (7.06 ± 0.25 log CFU/mL) was used to reveal the transfer of E. coli during the cross-contamination process 

Table 2.   The transfer of E. coli from the kitchen knife to the cucumber surface. Different letters in the same 
column indicate statistically significant differences (p < 0.05).

Inoculum concentration (log CFU/mL)
Concentration of E. coli on knife (log CFU/
knife) number of cuts

The concentration of E. coli on the cucumber 
surface (log CFU/cucumber slice) Transfer rate (%)

3.34 ± 0.21 2.85 ± 0.20

1 0.95 ± 0.10a 1.259

2 0.68 ± 0.14bc 0.676

3 0.31 ± 0.14de 0.288

4 0.65 ± 0.11bc 0.631

5 0.85 ± 0.21ab 1.000

6 0.70 ± 0.00abc 0.708

7 0.53 ± 0.17cd 0.479

8 0.75 ± 0.12abc 0.794

9 0.26 ± 0.16e 0.257

5.20 ± 0.13 4.70 ± 0.28

1 3.36 ± 0.03a 4.571

2 3.17 ± 0.02b 2.951

3 2.20 ± 0.15c 0.316

4 1.90 ± 0.08d 0.158

5 1.82 ± 0.13d 0.132

6 1.94 ± 0.14d 0.174

7 1.85 ± 0.05d 0.141

8 1.48 ± 0.08e 0.060

9 1.36 ± 0.14e 0.046

7.06 ± 0.25 6.49 ± 0.01

1 3.75 ± 0.08a 0.182

2 3.30 ± 0.09b 0.065

3 2.94 ± 0.05c 0.028

4 2.70 ± 0.05d 0.016

5 2.44 ± 0.09e 0.009

6 2.58 ± 0.07de 0.012

7 2.02 ± 0.06f 0.003

8 1.78 ± 0.17g 0.002

9 1.82 ± 0.02g 0.002
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according to previous research33. BL images of E. coli transferred and distributed on the cross-section of cucum-
ber were shown in Fig. 1a. Our results suggested that the adhesion of the initial cleavage site was strongest due 
to mechanical action, most E. coli transferred to the upper section. The cells transferred back to the knife due 
to the hydration of the exudate, E. coli would be randomly distributed on the tissues in the middle and lower 
parts of the cucumber slices. The E. coli luminescence signal detected on the vascular bundles, xylem vessel and 
placental tissues was the strongest at the site of inoculation, representing the most transfer of strains. This might 
be because these tissues have xylem tissues that could transport nutrients and water to cucumbers12, which 
provided nutrients for growth of E. coli. These tissues would accumulate and adhesion of E. coli more easily than 
other tissues and the detected luminescent signal will be stronger than other tissues. The 3D surface chart fur-
ther showed that more luminescence signals were detected at the initial cleavage site and stronger luminescence 
signals were detected in the xylem tissues (Fig. 1b).

Survival of E. coli on cucumber slices during storage.  BL images showed that the contaminated area 
of E. coli on all cucumber slice samples gradually decreased with the decrease of storage temperature and the 
extension of storage time. More specifically, the luminescent signal of the E. coli under 37 °C storage condition 
was strongest (Fig. 2). This might be because 37 °C was the suitable temperature for the growth of E. coli. E. coli 
was irregularly distributed on vascular bundles, xylem vessels, placenta and mesophyll tissues where the signal 
color were the reddest and the signal were the strongest. The survival of E. coli on cucumber slice after cutting 5 

Figure 1.   Immediate BL images of E. coli transfered and distributed on the cross-section of cucumber. (a) 
The left side was the control of uncontaminated cucumber slices, the right side was the cucumber slice after 
cutting horizontally by a knife inoculated with E. coli (7.06 ± 0.25 log CFU/mL). (b) 3D surface chart of the same 
processed sample. The red color represented a strong signal and the blue color represented a weak signal. IndiGo 
software (https://​www.​nchso​ftware.​com/​accou​nting/​index.​html?​kw=​sage%​20sof​tware​&​gclid=​AIaIQ​obChM​
I3MvFj-​zr7wI​Vj2gq​Ch14f​AmLEA​EYASA​AEgJP​qPD_​BwE, https://​softw​areto​pic.​infor​mer.​com/).

https://www.nchsoftware.com/accounting/index.html?kw=sage%20software&gclid=AIaIQobChMI3MvFj-zr7wIVj2gqCh14fAmLEAEYASAAEgJPqPD_BwE
https://www.nchsoftware.com/accounting/index.html?kw=sage%20software&gclid=AIaIQobChMI3MvFj-zr7wIVj2gqCh14fAmLEAEYASAAEgJPqPD_BwE
https://softwaretopic.informer.com/
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times was significantly reduced, the luminescent signal of E. coli was below the minimum detection limit. Com-
pared with other storage temperatures, the distribution area of E. coli under 37 °C at the edge decreased sharply 
as the storage time. The reduction of contaminated area and the weakening of the bioluminescent signals might 
be caused by E. coli death and internalization. The death of E. coli was verified by the fluorescence microscope 
images in Fig. 3. It was found that more number of living E. coli were observed on the cucumber slices in the 
early stage of inoculation 30 min after cross-contamination (Fig. 3a), while more E. coli deaths were observed 
after 2 h of inoculation (Fig. 3b). The death of E. coli might be due to the gradual consumption of water and 
nutrients on the surface of cucumber slices with the extension of storage time. This might also be caused by the 
release of hydrogen peroxide from damaged plant tissue that causes oxidative stress in the bacterial cells and the 
presence of competing microorganisms20, thereby harming or inactivating E. coli35. However, the antibacterial 
hydrogen peroxide produced by the wound will temporarily affect the attachment of E. coli and tends to decrease 
after injury36, so some bacteria will survive37. Under other temperature conditions (25 °C, 10 °C, 4 °C), E. coli 
mainly colonized and distributed on the margins, placenta and vascular system tissues. However, the attenua-
tion degree of E. coli in the same contaminated area was much lower than 37 °C with the storage time. These 
temperatures (25 °C, 10 °C, 4 °C) are not suitable for the growth of E. coli, leading to differences in the growth 
and attenuation metabolism of E. coli on cucumbers. However, previous studies have shown that pathogenic 
bacteria could survive at 4 °C and grow at 10 °C, indicating that unintentional abuse of temperature could cause 
the growth of pathogenic bacteria, enough to reach potentially hazardous levels38. The survival ability of E. coli 
was stable due to the decreased ability of self-protection and regulation of plant cells during low temperature 
storage of cucumber39. The increased activity of POD and SOD could kill the superoxide free radical produced 
in adversity40, reduce the damage to E. coli. Meanwhile, the exudate released from the cucumber slices provided 
sufficient nutrition for the survival of the bacteria and maintained their activity. These results showed that there 
were still potential safety hazards in cutting cucumbers with contaminated knives even under low temperature 
conditions, the distribution of E. coli tended to be on the initial cutting site and nutrient-rich tissues. In addition, 
it was observed that the transfer area and change trend of E. coli after cutting cucumber using a kitchen knife 
inoculated with 105 and 103 CFU/mL of E. coli during storage was similar to the concentration of 107 CFU/mL 
(data not shown).

Figure 2.   BL images of the transfer and distributed of E. coli on the cucumber slices under different storage 
temperatures and times. (a) The first row of cucumber slices from left to right represented cut numbers of 1, 2, 
3; the second row represented 4, 5, 6; the third row represented 7, 8, 9. The scales are the same under the same 
temperature. All scales represent 3 cm. (b) The bar graph showed the contaminated area of E. coli on cucumber 
slices after cutting under each storage condition. Different contaminated areas were indicated by different 
colors. IndiGo software (https://​www.​nchso​ftware.​com/​accou​nting/​index.​html?​kw=​sage%​20sof​tware​&​gclid=​
AIaIQ​obChM​I3MvFj-​zr7wI​Vj2gq​Ch14f​AmLEA​EYASA​AEgJP​qPD_​BwE, https://​softw​areto​pic.​infor​mer.​com/). 
OriginPro 8 software (https://​en.​freed​ownlo​adman​ager.​org/​users-​choice/​Origin_​8_​Free_​Downl​oad_​Full_​Versi​
on.​html, https://​softw​areto​pic.​infor​mer.​com/).

https://www.nchsoftware.com/accounting/index.html?kw=sage%20software&gclid=AIaIQobChMI3MvFj-zr7wIVj2gqCh14fAmLEAEYASAAEgJPqPD_BwE
https://www.nchsoftware.com/accounting/index.html?kw=sage%20software&gclid=AIaIQobChMI3MvFj-zr7wIVj2gqCh14fAmLEAEYASAAEgJPqPD_BwE
https://softwaretopic.informer.com/
https://en.freedownloadmanager.org/users-choice/Origin_8_Free_Download_Full_Version.html
https://en.freedownloadmanager.org/users-choice/Origin_8_Free_Download_Full_Version.html
https://softwaretopic.informer.com/
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BLI of E. coli internalization during storage.  E. coli was internalized from the attachment point of 
cucumber, then, spread to the surrounding tissues (Fig. 4a). The maximum internalization distance was 2–3 mm 
after 30 min from inoculation. The 3D surface chart further clarified that the bioluminescent signals were the 
strongest on the inoculated surface, and became weaker with an increase in internal distance (Fig. 4b). Regard-
ing the internalization distance, the result obtained in the present study was in agreement with previous research 
findings41 indicating that microorganisms could penetrate into the medium, the penetration distance was in the 
first 2–3 mm of the medium surface, rendering the bacteria more difficult to detect. The internalization of E. coli 
at different storage times and temperatures was shown in Fig. 5. The internalized area of all samples decreased 
rapidly with storage time, being constant stable after 60 min from inoculation. This might be due to the tempo-
rarily affect the growth of E. coli by cucumber exudate, which led to a rapid decrease in internalized E. coli. After 
a period of storage, the bacterial cells had adapted to the growth environment and could survive then stabilized. 
E. coli reached the maximum internalization distance after 30 min from inoculation at 37 °C without change 
with the extension of storage time. The internalization distance of E. coli declined with temperature decreased, 
and remained unchanged after 30 min. Less E. coli internalization distance and area was observed at refrigera-
tion temperatures (4 and 10 °C), but the viability of E. coli was weaker at 4 °C. The internalization is probably 
due to the fact that vascular bundles, xylem vessels function in transporting nutrients and water, thus provid-
ing access to E. coli to the internal tissues42,43. But the refrigeration temperatures were not suitable for bacterial 
growth, they could reduce the activity of E. coli. Results further proved that the decreased of the contaminated 
area on the cucumber slice and the luminescence signal were caused by the internalization of E. coli as well as 
the death of E. coli.

Conclusion
This study determined that the concentration of E. coli contaminated on the surface of the kitchen knife was 
around 0.5 log lower than the inoculation concentration. Consecutive cutting of cucumber slices with a con-
taminated knife would cause cross-contamination, which was a dynamic process. The maximum transfer area of 
E. coli was at the initial cutting site of cucumber slices. Once E. coli adhered to the vascular bundles and xylem 
tissues, it would spread along these tissues into the internal tissues of cucumber and the maximum internaliza-
tion distance was 2–3 mm. The contaminated area of E. coli on cucumber slices gradually decreased with storage 
time, which might be due to the death and internalization of E. coli. Quantifying and visualizing the relevant 
cross-contamination during cucumber cutting validated the transfer and internalization of bacterial and could 
provide a scientific basis for risk management strategies to reduce, prevent or eliminate cross-contamination in 
the kitchen as well as in the industrial environment.

Figure 3.   Fluorescence microscopy images of E. coli (× 100). Fluorescence microscopy image of live/dead 
bacteria on cucumber slices inoculated with E. coli after 30 min (a) and 2 h (b) from inoculation. Image-Pro 
plus 6.0.0 (https://​www.​xrays​can.​com/​softw​are-​image-​pro-​plus/, https://​www.​xrays​can.​com/).

https://www.xrayscan.com/software-image-pro-plus/
https://www.xrayscan.com/
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Figure 4.   BL images of longitudinal section of E. coli internalized from the cross-section of cucumber. (a) 
Bacterial internalization image of cutting cucumber horizontally (cut surface of cucumber is on the right, 
7.06 ± 0.25 log CFU/mL) with a bacterial knife and then cutting longitudinally. (b) The 3D surface chart of the 
same processed sample. The red color represented a strong signal and the blue color represented a weak signal. 
IndiGo software (https://​www.​nchso​ftware.​com/​accou​nting/​index.​html?​kw=​sage%​20sof​tware​&​gclid=​AIaIQ​
obChM​I3MvFj-​zr7wI​Vj2gq​Ch14f​AmLEA​EYASA​AEgJP​qPD_​BwE, https://​softw​areto​pic.​infor​mer.​com/).

https://www.nchsoftware.com/accounting/index.html?kw=sage%20software&gclid=AIaIQobChMI3MvFj-zr7wIVj2gqCh14fAmLEAEYASAAEgJPqPD_BwE
https://www.nchsoftware.com/accounting/index.html?kw=sage%20software&gclid=AIaIQobChMI3MvFj-zr7wIVj2gqCh14fAmLEAEYASAAEgJPqPD_BwE
https://softwaretopic.informer.com/


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11425  | https://doi.org/10.1038/s41598-021-90584-x

www.nature.com/scientificreports/

Received: 17 December 2020; Accepted: 14 April 2021

References
	 1.	 Pablos, C. et al. Novel antimicrobial agents as alternative to chlorine with potential applications in the fruit and vegetable process-

ing industry. Int. J. Food Microbiol. 20, 92–97. https://​doi.​org/​10.​1016/j.​ijfoo​dmicro.​2018.​07.​029 (2018).
	 2.	 Sneed, J., Phebus, R., Duncan-Goldsmith, D., Milke, D. & Johnson, D. Consumer food handling practices lead to cross-contami-

nation. J. Food Prot. 35, 36–48 (2015).
	 3.	 Zhang, S. Transfer and Survival of Salmonella Newport and Typhimurium on Fresh-Cut Tomato and Cucumber. Doctoral disser-

tation-Illinois Inst. Technol. 2017, 1–45. https://​www.​zhang​qiaok​eyan.​com/​acade​mic-​degree-​forei​gn_​mphd_​thesis/​02061​95617.​
html (2017).

	 4.	 Sun, Y. et al. Elucidating Escherichia Coli O157:H7 colonization and internalization in cucumbers using an inverted fluorescence 
microscope and hyperspectral microscopy. Microorganisms 7, 499–512. https://​doi.​org/​10.​3390/​micro​organ​isms7​110499 (2019).

	 5.	 Buchholz, A. L., Davidson, G., Marks, B. P. & Todd, E. C. D. Quantitative transfer of Escherichia coli O157:H7 during pilot-plant 
production of fresh-cut leafy greens. J. Food Prot. 75, 1184–1197. https://​doi.​org/​10.​4315/​0362-​028X.​JFP-​11-​489 (2012).

	 6.	 Buchholz, A. L., Davidson, G. R., Marks, B. P., Todd, E. C. D. & Ryser, E. T. Transfer of Escherichia coli O157:H7 from equipment 
surfaces to fresh-cut leafy greens during processing in a model pilot-plant production line with sanitizer-free water. J. Food Prot. 
75, 1920–1929. https://​doi.​org/​10.​4315/​0362-​028X.​JFP-​11-​558 (2012).

	 7.	 Zilelidou, E. A., Tsourou, V., Poimenidou, S., Loukou, A. & Skandamis, P. N. Modeling transfer of Escherichia coli O157:H7 and 
listeria monocytogenes during preparation of fresh-cut salads: impact of cutting and shredding practices. Food Microbiol. 45, 
254–265. https://​doi.​org/​10.​1016/j.​fm.​2014.​06.​019 (2015).

	 8.	 Stéfani, T. A. et al. Cross-contamination and biofilm formation by Salmonella enterica serovar enteritidis on various cutting boards. 
Foodborne Pathog. Dis. 15, 81–85. https://​doi.​org/​10.​1089/​fpd.​2017.​2341 (2018).

	 9.	 Severino, R. et al. Antimicrobial effects of modified chitosan based coating containing nanoemulsion of essential oils, modified 
atmosphere packaging and gamma irradiation against Escherichia coli O157:H7 and Salmonella Typhimurium on green beans. 
Food Control 50, 215–222. https://​doi.​org/​10.​1016/j.​foodc​ont.​2014.​08.​029 (2015).

	10.	 Sessa, M., Ferrari, G. & Donsì, F. Novel edible coating containing essential oil nanoemulsions to prolong the shelf life of vegetable 
products. Chem. Eng. Trans. 43, 55–60. https://​doi.​org/​10.​3303/​CET15​43010 (2015).

	11.	 López-Gálvez, F., Allende, A., Selma, M. V. & Gil, M. I. Prevention of escherichia coli cross-contamination by different commercial 
sanitizers during washing of fresh-cut lettuce. Int. J. Food Microbiol. 133, 167–171. https://​doi.​org/​10.​1016/j.​ijfoo​dmicro.​2009.​05.​
017 (2009).

	12.	 O’Beirne, D., Gleeson, E., Auty, M. & Jordan, K. Effects of processing and storage variables on penetration and survival of Escheri-
chia coli O157:H7 in fresh-cut packaged carrots. Food Control 40, 71–77. https://​doi.​org/​10.​1016/j.​foodc​ont.​2013.​11.​026 (2014).

	13.	 Zhou, B., Feng, H., Luo, Y. & Millner, P. D. Improved design and ultrasound-assisted sanitation of lettuce harvesting knives for 
minimizing Escherichia coli O157:H7 contamination. J. Food Prot. 75, 563–566 (2012).

Figure 5.   BL images of E. coli internalization on the longitudinal section of cucumber under different storage 
temperatures and times. (a) The first row of cucumber slices from left to right represented cut numbers of 1, 2, 
3; the second row represented 4, 5, 6; the third row represented 7, 8, 9. The scales are the same under the same 
temperature. All scales represent 1 cm. (b) The bar graph showed the contaminated area of E. coli internalized 
on the longitudinally cut cucumber slices under each storage condition. Different contaminated areas were 
indicated by different colors. Different letters represent statistically significant differences (p < 0.05). IndiGo 
software (https://​www.​nchso​ftware.​com/​accou​nting/​index.​html?​kw=​sage%​20sof​tware​&​gclid=​AIaIQ​obChM​
I3MvFj-​zr7wI​Vj2gq​Ch14f​AmLEA​EYASA​AEgJP​qPD_​BwE, https://​softw​areto​pic.​infor​mer.​com/). OriginPro 
8 software (https://​en.​freed​ownlo​adman​ager.​org/​users-​choice/​Origin_​8_​Free_​Downl​oad_​Full_​Versi​on.​html, 
https://​softw​areto​pic.​infor​mer.​com/).

https://doi.org/10.1016/j.ijfoodmicro.2018.07.029
https://www.zhangqiaokeyan.com/academic-degree-foreign_mphd_thesis/0206195617.html
https://www.zhangqiaokeyan.com/academic-degree-foreign_mphd_thesis/0206195617.html
https://doi.org/10.3390/microorganisms7110499
https://doi.org/10.4315/0362-028X.JFP-11-489
https://doi.org/10.4315/0362-028X.JFP-11-558
https://doi.org/10.1016/j.fm.2014.06.019
https://doi.org/10.1089/fpd.2017.2341
https://doi.org/10.1016/j.foodcont.2014.08.029
https://doi.org/10.3303/CET1543010
https://doi.org/10.1016/j.ijfoodmicro.2009.05.017
https://doi.org/10.1016/j.ijfoodmicro.2009.05.017
https://doi.org/10.1016/j.foodcont.2013.11.026
https://www.nchsoftware.com/accounting/index.html?kw=sage%20software&gclid=AIaIQobChMI3MvFj-zr7wIVj2gqCh14fAmLEAEYASAAEgJPqPD_BwE
https://www.nchsoftware.com/accounting/index.html?kw=sage%20software&gclid=AIaIQobChMI3MvFj-zr7wIVj2gqCh14fAmLEAEYASAAEgJPqPD_BwE
https://softwaretopic.informer.com/
https://en.freedownloadmanager.org/users-choice/Origin_8_Free_Download_Full_Version.html
https://softwaretopic.informer.com/


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:11425  | https://doi.org/10.1038/s41598-021-90584-x

www.nature.com/scientificreports/

	14.	 Wang, H. & Ryser, E. T. Quantitative transfer of Salmonella Typhimurium LT2 during mechanical slicing of tomatoes as impacted 
by multiple processing variables. Int. J. Food Microbiol. 234, 76–82. https://​doi.​org/​10.​1016/j.​ijfoo​dmicro.​2016.​06.​035 (2016).

	15.	 Scollon, A. M., Wang, H. & Ryser, E. T. Transfer of listeria monocytogenes during mechanical slicing of onions. Food Control 65, 
160–167. https://​doi.​org/​10.​1016/j.​foodc​ont.​2016.​01.​021 (2016).

	16.	 Shieh, Y. C., Tortorello, M. L., Fleischman, G., Li, D. & Schaffner, D. W. Tracking and modeling norovirus transmission during 
mechanical slicing of globe tomatoes. Int. J. Food Microbiol. 180, 13–18. https://​doi.​org/​10.​1016/j.​ijfoo​dmicro.​2014.​04.​002 (2014).

	17.	 Paul, P. A. Colonization of tomato seedlings by bioluminescent clavibacter michiganensis subsp. michiganensis under different 
humidity regimes. Phytopathology 102, 177–184. https://​doi.​org/​10.​1094/​PHYTO-​03-​11-​0090 (2012).

	18.	 Kassem, I. I., Splitter, G. A., Miller, S. & Rajashekara, G. Let there be light! bioluminescent imaging to study bacterial pathogenesis 
in live animals and plants. Adv. Biochem. Eng./Biotechnol. 3, 119–145. https://​doi.​org/​10.​1007/​10_​2014_​280 (2014).

	19.	 Xu, X. et al. Bioluminescence imaging of clavibacter michiganensis subsp. michiganensis infection of tomato seeds and plants. 
Appl. Environ. Microbiol. 76, 3978–3988. https://​doi.​org/​10.​1128/​AEM.​00493-​10 (2010).

	20.	 Kusumaningrum, H. D., Riboldi, G., Hazeleger, W. C. & Beumer, R. R. Survival of foodborne pathogens on stainless steel surfaces 
and cross-contamination to foods. Int. J. Food Microbiol. 85, 227–236. https://​doi.​org/​10.​1016/​S0168-​1605(02)​00540-8 (2003).

	21.	 Hoelzer, K. et al. Estimation of Listeria monocytogenes transfer coefficients and efficacy of bacterial removal through cleaning and 
sanitation. Int. J. Food Microbiol. 157, 267–277. https://​doi.​org/​10.​1016/j.​ijfoo​dmicro.​2012.​05.​019 (2012).

	22.	 Banning, N., Toze, S. & Mee, B. J. Escherichia coli survival in groundwater and effluent measured using a combination of propidium 
iodide and the green fluorescent protein. J. Appl. Microbiol. 93, 69–76. https://​doi.​org/​10.​1046/j.​1365-​2672.​2002.​01670.x (2010).

	23.	 Pérez-Rodríguez, F. et al. Modeling transfer of Escherichia coli O157:H7 and staphylococcus aureus during slicing of a cooked 
meat product. Meat Sci. 76, 692–699. https://​doi.​org/​10.​1016/j.​meats​ci.​2007.​02.​011 (2007).

	24.	 Chen, Y., Jackson, K. M., Chea, F. P. & Schaffner, D. W. Quantification and variability analysis of bacterial cross-contamination 
rates in common food service tasks. J. Food Prot. 64, 72–80. https://​doi.​org/​10.​1016/​S0260-​8774(00)​00093-5 (2001).

	25.	 Vorst, K. L., Todd, E. C. D. & Ryser, E. T. Transfer of Listeria monocytogenes during slicing of turkey breast, bologna, and salami 
with simulated kitchen knives. J. Food prot. 69(12), 2939–2946. https://​doi.​org/​10.​4315/​0362-​028X-​69.​12.​2939 (2006).

	26.	 Moore, G., Blair, I. S. & Mcdowell, D. A. Recovery and transfer of Salmonella Typhimurium from four different domestic food 
contact surfaces. J. Food Prot. 70, 2273–2280. https://​doi.​org/​10.​4315/​0362-​028x-​70.​10.​2273 (2007).

	27.	 Buchholz, A. L., Davidson, G. R., Marks, B. P., Todd, E. C. D. & Ryser, E. T. Quantitative transfer of escherichia coli o157:h7 to 
equipment during small-scale production of fresh-cut leafy greens. J. Food Prot. 75, 1184–1197. https://​doi.​org/​10.​4315/​0362-​028X.​
JFP-​11-​489 (2012).

	28.	 Kaminski, C. N., Davidson, G. R. & Ryser, E. T. Listeria monocytogenes transfer during mechanical dicing of celery and growth 
during subsequent storage. J. Food Prot. 77, 765–771. https://​doi.​org/​10.​4315/​0362-​028X.​JFP-​13-​382 (2014).

	29.	 Tamplin, R. M. Modelling transfer of listeria monocytogenes during slicing of ‘gravad’ salmon. Int. J. Food Microbiol. 118, 69–78. 
https://​doi.​org/​10.​1016/j.​ijfoo​dmicro.​2007.​06.​017 (2007).

	30.	 Sheen, S. & Hwang, C. A. Modeling the surface cross-contamination of Salmonella spp. on ready-to-eat meat via slicing operation. 
Food Nutr. 2, 916–924. https://​doi.​org/​10.​4236/​fns.​2011.​29125 (2011).

	31.	 Wang, H. & Ryser, E. T. Quantitative transfer and sanitizer inactivation of Salmonella during simulated commercial dicing and 
conveying of tomatoes. Food Control 107, 106762–106762. https://​doi.​org/​10.​1016/j.​foodc​ont.​2019.​106762 (2020).

	32.	 Gkana, E., Lianou, A. & Nychas, G. J. E. Transfer of Salmonella enterica serovar Typhimurium from beef to tomato through kitchen 
equipment and the efficacy of intermediate decontamination procedures. J. Food Prot. 79, 1252–1258. https://​doi.​org/​10.​4315/​
0362-​028X.​JFP-​15-​531 (2016).

	33.	 Perez-Rodríguez, F., Valero, A., Carrasco, E., García, R. M. & Zurera, G. Under-standing and modelling bacterial transfer to foods: 
a review. Trends Food Sci. Technol. 19, 131–144. https://​doi.​org/​10.​1016/j.​tifs.​2007.​08.​003 (2008).

	34.	 Maggio, F. et al. Interactions between L. monocytogenes and P. fluorescens in dual-species biofilms under simulated dairy processing 
conditions. Foods 10(1), 176–189. https://​doi.​org/​10.​3390/​foods​10010​176 (2021).

	35.	 Wang, S. Transcriptomic response of Escherichia coli O157:H7 and Salmonella enterica to oxidative stress. Diss. Abstr. Int. 72(1), 
132. https://​www.​proqu​est.​com/​books/​trans​cript​omic-​respo​nse-​esche​richia-​coli-​o157-​h7/​docvi​ew/​89915​4959/​se-2?​accou​ntid=​
30720(2010).

	36.	 Toivonen, P. M. A., Changwen, L. U., Bach, S. & Delaquis, P. Modulation of wound-induced hydrogen peroxide and its influence 
on the fate of Escherichia coli O157:H7 in cut lettuce tissues. J. Food Prot. 75, 2208–2212. https://​doi.​org/​10.​4315/​0362-​028X.​JFP-​
12-​208 (2012).

	37.	 Shi-Jiang, Y., Jie, L., Ji-Ning, Z. & Long-Ting, S. I. Effects of low temperature and poor light on physiological index in cucumber. 
J. Heb Normal Univ. Technol. 27, 12 (2013).

	38.	 Farber, J. M., Wang, S. L., Cai, Y. & Zhang, S. Changes in populations of listeria monocytogenes inoculated on packaged fresh-cut 
vegetables. J. Food Prot. 61, 192–195. https://​doi.​org/​10.​1016/​S1010-​5182(98)​80035-8 (1998).

	39.	 Yongjin, Q., Shuangqing, F. & Yumei, Z. Effect of heat treatment on chilling injury and physiological responses of cucumber during 
low temperature storage. J. China Agric. Univ. 8, 71 (2003).

	40.	 Erickson, M. C. Internalization of fresh produce by foodborne pathogens. Annu. Rev. Food Sci. Technol. 3, 283–310. https://​doi.​
org/​10.​1146/​annur​ev-​food-​022811-​101211 (2012).

	41.	 Mariani, C. et al. Biofilm ecology of wooden shelves used in ripening the french raw milk smear cheese reblochon de savoie. J. 
Dairy Sci. 90, 1653–1661. https://​doi.​org/​10.​3168/​jds.​2006-​190 (2007).

	42.	 Warning, A., Datta, A. K. & Bartz, J. A. Mechanistic understanding of temperature-driven water and bacterial infiltration during 
hydrocooling of fresh produce. Postharvest Biol. Technol. 118, 159–174. https://​doi.​org/​10.​1016/j.​posth​arvbio.​2016.​03.​018 (2016).

	43.	 Payvandi, S. et al. Mathematical model of water and nutrient transport in xylem vessels of a wheat plant. Bull. Math. Biol. 76, 
566–596. https://​doi.​org/​10.​1007/​s11538-​013-​9932-4 (2014).

Acknowledgements
This research was funded by the Collaborative Innovation Center of the Beijing Academy of Agricultural and 
Forestry Sciences (KJCX201915), the Special Training Program for Outstanding Scientists of the Beijing Academy 
of Agricultural and Forestry Sciences (JKZX201908), China Agriculture Research System (CARS-23), and the 
Efficient Ecological Agriculture Innovation Project of the Taishan Industry Leading Talent Program, Shandong 
Province (LJNY201705).

Author contributions
Y.S., X.Z. and X.X. were responsible for performing the experiments, collecting and analyzing the data, and writ-
ing the manuscript and funding acquisition. Y.M., H.G. and H.L. contributed to procuring experimental materi-
als, and performed some experiments. D.W. was responsible for conceptualization and writing the manuscript.

https://doi.org/10.1016/j.ijfoodmicro.2016.06.035
https://doi.org/10.1016/j.foodcont.2016.01.021
https://doi.org/10.1016/j.ijfoodmicro.2014.04.002
https://doi.org/10.1094/PHYTO-03-11-0090
https://doi.org/10.1007/10_2014_280
https://doi.org/10.1128/AEM.00493-10
https://doi.org/10.1016/S0168-1605(02)00540-8
https://doi.org/10.1016/j.ijfoodmicro.2012.05.019
https://doi.org/10.1046/j.1365-2672.2002.01670.x
https://doi.org/10.1016/j.meatsci.2007.02.011
https://doi.org/10.1016/S0260-8774(00)00093-5
https://doi.org/10.4315/0362-028X-69.12.2939
https://doi.org/10.4315/0362-028x-70.10.2273
https://doi.org/10.4315/0362-028X.JFP-11-489
https://doi.org/10.4315/0362-028X.JFP-11-489
https://doi.org/10.4315/0362-028X.JFP-13-382
https://doi.org/10.1016/j.ijfoodmicro.2007.06.017
https://doi.org/10.4236/fns.2011.29125
https://doi.org/10.1016/j.foodcont.2019.106762
https://doi.org/10.4315/0362-028X.JFP-15-531
https://doi.org/10.4315/0362-028X.JFP-15-531
https://doi.org/10.1016/j.tifs.2007.08.003
https://doi.org/10.3390/foods10010176
https://www.proquest.com/books/transcriptomic-response-escherichia-coli-o157-h7/docview/899154959/se-2?accountid=30720
https://www.proquest.com/books/transcriptomic-response-escherichia-coli-o157-h7/docview/899154959/se-2?accountid=30720
https://doi.org/10.4315/0362-028X.JFP-12-208
https://doi.org/10.4315/0362-028X.JFP-12-208
https://doi.org/10.1016/S1010-5182(98)80035-8
https://doi.org/10.1146/annurev-food-022811-101211
https://doi.org/10.1146/annurev-food-022811-101211
https://doi.org/10.3168/jds.2006-190
https://doi.org/10.1016/j.postharvbio.2016.03.018
https://doi.org/10.1007/s11538-013-9932-4


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11425  | https://doi.org/10.1038/s41598-021-90584-x

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Monitoring of transfer and internalization of Escherichia coli from inoculated knives to fresh cut cucumbers (Cucumis sativus L.) using bioluminescence imaging
	Materials and methods
	Material. 
	Bacterial inoculum preparation. 
	Kitchen knife inoculation. 
	Transfer of E. coli on the kitchen knife to cucumber during consecutive cuts. 
	Bioluminescence imaging of fresh-cut cucumber slices. 
	Distribution and internalization distance of E. coli on the cutting surface. 
	Cross-contamination of consecutive cuts during storage. 

	Survival of E. coli on cucumber slice. 
	Statistical analysis. 

	Results and discussion
	Evaluation of kitchen knife inoculation. 
	E. coli transferred from kitchen knife to cucumber. 
	BL images of E. coli transfer and distribution on cucumber slice after cutting. 
	Survival of E. coli on cucumber slices during storage. 
	BLI of E. coli internalization during storage. 

	Conclusion
	References
	Acknowledgements


