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ABSTRACT 

 

Enterohemorrhagic Escherichia coli (EHEC) is a food-borne 

pathogen causing serious threats to human. Recent studies have revealed that 

many outbreaks of EHEC were mediated by spoiled produce such as raw 

sprouts or lettuce. To investigate how the plant-derived EHEC cells adapt to 

fresh produces, EHEC #736 isolated from kimchi in Korea was cultivated 

with canola spouts (Brassica napus) and water dropwort (Oenanthe 

javanica). Planktonic bacteria in fresh produces were subjected to RNA 

sequencing to achieve bacterial mRNA profiles responding to contacts with 

canola sprouts and water dropwort. As a result, among a total of 4,882 

annotated coding sequences, 6.06% and 5.12% of total genes were 

significantly up- or down-regulated when exposed to canola sprouts and 

water dropwort respectively after 1 hour. Similarly, 5.90% and 4.53% of total 

genes were significantly up- or down-regulated when exposed to canola 

sprouts and water dropwort respectively for 3 hours. Genes with different 

expression (p<0.05) could be grouped mainly into five categories: translation 

and ribosome biogenesis, cell motility, carbohydrate transport, energy 

conversion and secondary metabolites biosynthesis/transport. In detail, 

multiple nutrition transport systems for carbohydrate, amino acid and nitrate 
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that are known to be prevalent in plants were activated in EHEC #736. This 

indicates the availability to EHEC #736 of a variety of factors released from 

fresh produces that may promote the growth of bacteria. Particularly, RNA-

Seq revealed that iron uptake related genes including Fur (Ferric-uptake 

regulator) regulons are differentially expressed when the bacteria were 

exposed to plants. It was further demonstrated that EHEC #736 ΔentB 

mutant defective in siderophore biosynthesis had growth defects in water 

dropwort, and the defective phenotype was complemented by the addition of 

ferrous ion. This indicates that iron uptake is essential for survival of EHEC 

in plant. Considering the importance of iron acquisition for bacterial survival, 

iron disrupting mechanism, such as treating gallium, a transition metal, 

might prevent fresh produce from bacterial contamination. 

 

 
Keywords: EHEC, fresh produce, transcriptome analysis, RNA-Seq, iron 
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Ⅰ. INTRODUCTION 

 

Enterohemorrhagic Escherichia coli (EHEC) is a virulent food-

borne pathogen causing outbreaks worldwide associated with serious 

health problems [1]. It causes life-threatening diseases such as bloody 

diarrhea, abdominal cramps and hemolytic uremic syndrome (HUS) in 

human, especially young children and the elderly [2-4]. It has been well 

known that EHEC is commonly found in the animal-based foods like 

beef, pork and poultry [5]. However, in recent years, fresh produces 

(e.g. lettuce, spinach, alfalfa sprouts) has also been reported as another 

notable source of EHEC outbreaks [6, 7]. Increasing number of 

outbreaks in fresh produce may be associated with increased 

consumption of fruits and vegetables [8]. Because of the growing 

consumption of fresh produces, the amount of global trades and the 

period of storage of such foods have been increased, making it easily 

contaminated by food-borne pathogens [9]. The increased consumption 

of fresh produce can also make fruit or vegetable farms developed 

nearby other agricultural areas, like swine farm or undeveloped land 

which are full of food-borne pathogens. This can also increase the 
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possibility of contamination of fresh produce by farm livestock’s or 

wildlife’s stool [10, 11]. As the number of consumers pursuing 

convenience has been increasing, more ready-to-eat fresh produces of 

which processes can be another source of contamination have been 

distributed in market [12]. 

A number of studies have shown that many food-borne 

pathogens can survive and replicate to relatively high levels in plants. 

This indicates that food-borne pathogens causing diseases in human can 

also utilize the plant-derived amino acid or carbon source to replicate 

itself [9, 13-15]. Until now, many researches have reported the 

persistence of food-borne pathogen in fresh produce and the 

interactions between these organisms and their host plants [16-19]. 

However, only little is known about the exact mechanism of such 

persistence. Additionally, fresh produce used in research of plant-

microbe interaction was biased toward lettuce, spinach and tomato 

which were related to food poisoning outbreaks [20, 21]. As variety of 

fresh produces people eat have potential to carry food-borne pathogens, 

it is needed to study other fresh produces, especially the one which is 

eaten raw, without sterilization. 
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Recently, transcriptomic analysis has been applied to improve 

our understanding of plant-microbe interactions. The transcriptomic 

analysis of EHEC on fresh produces enables the researchers to easily 

find genes that are differentially regulated during growth with fresh 

produce and understand complex plant-microbe interactions [19]. 

Furthermore, effective way for bacterial reduction in fresh produce can 

also be developed based on the information of genes essential to plant-

microbe interaction. 

EHEC #736, a strain isolated from kimchi in Korea (Incheon 

Institute of Health and Environment, Incheon, Korea) has virulence 

factors associated with illness to human; shiga-like toxin II, hemolysin, 

attaching and effacing (A/E) lesions. These virulence factors indicates 

that EHEC #736 has potential of causing severe disease in humans 

when they consume fresh produce contaminated with this harmful 

food-borne pathogen. 

Canola sprouts (Brassica napus) are fresh produces usually 

eaten in raw. In cultivation process, seeds are grown into sprouts at 

warm temperature and watered regulatory that is also conducive to the 

growth of food-borne pathogens such as Salmonella enterica and E. 
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coli O157:H7 [6, 17, 22]. In practice, a multistate outbreak of EHEC 

was occurred in the U.S. in 1997 because of alfalfa sprouts 

contamination [23]. Therefore, analyzing interactions between canola 

sprouts and food-borne pathogens can be valuable to understand 

mechanisms of bacterial contamination in sprouts full of nutrients. 

Water dropwort (Oenanthe javanica) is a genus of plants in the family 

Apiaceae cultivated in East Asia and eaten in raw. Though there’s been 

no research of food-borne pathogens in water dropwort, it is cultured in 

water, where the bacterial contamination can be occurred. Thus, it is 

needed to analyze contamination of food-borne pathogens in water 

dropwort. 

To gain insight into the interaction between fresh produce and 

EHEC, I analyzed the complete transcriptome of EHEC #736 when 

exposed to canola sprouts and water dropwort by using Next 

Generation Sequencing (NGS) technologies which have higher 

resolution than microarrays or related techniques [24]. This approach 

can provide not only understanding of essential factors of EHEC 

survival in fresh produce but also effective way for bacterial reduction 

in fresh produce. 
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Ⅱ. MATERIALS AND METHODS 

 

2.1. Preparation of canola sprouts and water dropwort. 

Canola sprouts, Brassica napus, and water dropwort, Oenanthe 

javanica, obtained from commercial market were used for all 

experiments described in here. In the case of water dropwort, only 15 

cm of stem were used as this part is thought to be the most easily 

contaminated by bacteria. Before inoculation, canola sprouts and water 

dropwort were washed by soaking plants in sterile water three times 

each for 10 minutes. 

 

2.2. Bacterial strains and growth condition. 

Enterohemorrhagic Escherichia coli (EHEC) isolate #736 and 

the isogenic mutant derivatives used in this study are described in Table 

1. EHEC #736 was isolated from Kimchi by Incheon Institute of Health 

and Environment (Incheon, Korea). Basically, all the strains were 

grown on Luria-Bertani (LB) agar plates at 37°C, and the following 

antibiotics were added if needed: kanamycin (25 μg/mL) and ampicillin 
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(100 μg/mL). Tryptone bile X-glucuronide (T.B.X., Oxoid, Cat. 

#CM0945, Cambridge, UK) selective medium was used to enumerate 

EHEC #736 populations. To determine the time point of inoculation 

onto canola sprouts and water dropwort, all strains were incubated in 

LB broth at 37°C with shaking (220 rpm) and the O.D.600 value was 

measured every 1 hr to draw the growth curve. FeSO4 and Ga(NO3)3 

(Sigma-Aldrich, MO, USA) dissolved in sterile water adjusted to pH7 

were added if needed. 

 

2.3. Construction of bacterial deletion mutants. 

Isogenic mutants of EHEC #736 were constructed by using the 

Lambda Red recombination technique [25, 26]. PCR products 

including kanamycin resistance gene were generated from pKD13 

using primers carrying 30 base pairs (bp) of nucleotide homologous to 

the regions flanking start and stop condons of the gene to be deleted. 

The nucleotide sequences of primers used are listed on Table 2. 

Wild type of EHEC #736 harboring Red helper plasmid 

pKD46-AmpR was incubated in 30mL of LB broth with ampicillin and 
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50mM of L-arabinose at 30°C with shaking (220rpm) until mid-log 

phase when O.D.600 reached 0.6. The cells were then pelleted by 

centrifugation (10,000 x g, 5 min, 4°C), resuspended with 80μl of cold 

sterile water. Generated PCR insert was then electroporated into the 

electrocompetent EHEC #736 transformants containing pKD46. 

Electroporation was performed using Biorad MicroPulser 

Electroporation System (Cat. #165-2100, CA, USA) following 

manufacturer’s instructions. Then, cells were recovered by 

resuspending with 1mL of super optimal catabolite (SOC) media and 

incubating at 30°C for 5 hours in 200rpm. Mutants were selected by 

plating on LB plate containing low concentration of kanamycin (25 

μg/mL) at 30°C to give mutants less stress [27]. Homologous 

recombination site was confirmed by PCR with primers listed in Table 

2. Curing step was performed by growing mutants at 42°C on LB-Kan 

plates. Then, to create unmarked deletion, FLP recombinase was used 

to remove resistance marker using the plasmid pCP20 [28]. 

 

2.4. In planta assay 
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To collect bacterial RNA for RNA-seq and qRT-PCR, 

overnight cultures of EHEC #736 were transferred into fresh LB and 

grown at 37°C, 220rpm for several hours until O.D.600 reached 1.0. 

Then cells were pelleted and resuspended twice with fresh M9 glucose 

media. Five grams of washed canola sprouts and water dropwort were 

inoculated with 15 mL of EHEC #736 cells (109CFU/mL) in autoclaved 

100ml flask. For the control experiment, only 20 mL of bacteria was 

grown in M9 glucose media without fresh produce. All cells were 

incubated at 37°C with shaking (220 rpm) in duplicate with different 

canola sprouts and water dropwort. 

To compare growth of the wild-type and mutant EHEC #736 

strains or to assess the gallium effect in bacteria inoculated in canola 

sprouts and water dropwort, 1% overnight culture of EHEC #736 was 

inoculated in prepared fresh produces at 37°C and 220rpm with 20ml 

total volume of M9 glucose media. 

 

2.5. RNA extraction and sequencing 

RNA was isolated from EHEC #736 cultured in M9 glucose 
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media or M9 containing fresh produces. RNAprotect bacterial reagent 

(Qiagen, Cat. #76506, Hilden, Germany) was treated to 100 μL of each 

collected sample before RNA extraction. Total RNA was isolated by 

using RNeasy mini kit (Qiagen, Cat. #74524, Hilden, Germany) 

according to the manufacturer’s instructions and residual DNA was 

removed with Ambion Turbo DNA-freeTM (Cat. #AM1907, Texas, 

USA). The quantity and quality of total RNA were examined by using 

Agilent 2100 Bioanalyzers (Agilent Technologies, CA, USA), and the 

RNA integrity number (RIN) were determined [29]. Only RNAs with a 

RNA integrity number (RIN) >9 were used in further experiments. 

Extracted total RNA was stored at -81°C until use. 

All RNA-sequencing and alignment processes were performed 

by Chunlab, Inc. (Seoul, South Korea) [30]. Five micrograms of total 

RNA from each sample was used as starting material. If needed, the 

concentrating process of RNA was processed to get high amount of 

RNA. The RNA was subjected to a subtractive hybridization/bead 

capture procedure based rRNA-removal technology by using Ribo-Zero 

kit (Epicentre Biotechnomogies, Wisconsin, USA). Purified RNA was 

used to construct mRNA-seq library by using the Illumina TruSeq RNA 
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Sample Preparation kit v.2 (Illumina, CA, USA). RNA sequencing was 

performed by two runs of Illumina Hiseq to generate single-end-reads 

which is 100 bp in length [31]. Sequencing reads were mapped to the 

EHEC #736 genome sequence by using the CLC Genomics Workbench 

6.5.1 tool (CLC bio, Arahus, Denmark). The relative transcript 

abundance was measured by Trimmed Mean of M-value (TMM) 

method [32] implemented in the edgeR Bioconductor package (version 

2.4.0.). The mapped results were visualized by CLRNAseq program 

(Chunlab, Seoul, South Korea). 

 

2.6. Quantitative real-time PCR (qRT-PCR) analysis 

Before qRT-PCR, cDNA was synthesized from isolated RNA 

by using RNA to cDNA EcoDry™ Premix (Clontech, Cat. #639546, 

CA, USA) following the manufacturer’s instruction. cDNA was used as 

template for qRT-PCR using 2X iQ CYBR Green Supermix (Biorad, 

Cat. #170-8880, CA, USA), and the CFX ConnectTM Real-time PCR 

Detection System (Biorad, CA, USA) with cycling once at 95 for 5 min 

followed by 40 cycles at 95°C for 15 sec, 56°C for 15 sec, and 72°C for 
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20 sec. The relative expression of target genes was normalized to that 

of GAPDH using Bio-Rad CFX ManagerTM 3.1. Software (Biorad, CA, 

USA). The primers used for the detection of genes are listed in Table 2. 

 

2.7. Heat map generation 

Heat map was drawn to analyze the global response patterns. It 

was visualized that the log2TMM values of relative gene expression of 

EHEC #736 co-cultured with canola sprouts and water dropwort. Heat 

map and hierarchical clusters were then generated by using Gitools 

v2.2.2. . 

 

2.8. Biofilm reduction assay of gallium 

One percent overnight seed culture of EHEC #736 was diluted 

in 200 μL of LB media in polystyrene 96-well plate (SPL, Cat. #30096, 

Seoul, Korea), and grown at 37°C for 48 hr without shaking. Diluted 

cultures were incubated in the presence of gallium if needed. In the test, 

gallium nitrate Ga(NO3)3, FDA-approved formulation of gallium was 

used. Considering no-observable-adverse-effect level (NOAEL) and 
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acceptable-daily-intake (ADI) values of gallium, Ga(NO3)3 was treated 

up to 1mM [33]. Biofilm mass was quantified by staining with 0.1% 

crystal violet for 5 min followed by washing with phosphate buffer (0.1 

M, pH 7.4).  All the dye associated with the attached biofilm was 

dissolved with 200 μL of 33% glacial acetic acid, and O.D.570 was used 

to quantify the total biofilm mass [34]. 
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Table 1. Bacterial strains examined in this study 

Strain or 
plasmid 

Genotype 
or relevant characteristics 

Source or 
reference 

Strains 

EHEC #736 Wild type Incheon Institute 
of Health and 
Environment 
(Incheon, Korea) 

 EHEC #736 ΔentB This study 

Plasmids 

pKD13 FRT Km
R 

FRT PS1 PS4 oriR6Kγ;Ap
R

 [25] 

pKD46 P
BAD

-gam-beta-exo oriR101 repA101
ts

;Ap
R

 [25] 

pCP20 cI857λP
R
flp oripSC101

ts

;Ap
R

 Cm
R

 [25] 

a, ApR, ampicillin resistant; KmR, kanamycin resistant. 
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Table 2. Oligonucleotides used in this study. 

Primer Sequence (5’-3’) 
Source or 

Reference 

Mutational analysis 

entB_Lambda_F 

AGG CTT ACG CAC TGC CGG AGT 

CTC ACG ATA TTC CTG TAG GCT 

GGA GCT GCT TCG 

This study 

entB_Lambda_R 

GAG AGT AGC TTC CAC CAG GCG 

TCG ATG GTC GGG TTA TTC CGG 

GGC TCC GTC GAC C 

This study 

entB_Confirm_F CGA AAA AAG CTG CGC TTA TC This study 

entB_Confirm_R GGT TAC CCA GAC ATT TTT ACC This study 

Lambda_Kan CAG TCA TAG CCG AAT AGC CT 
 

qRT-PCR 

fimH_F AGT ATA AAG GTC CTG TTC GGT A This study 

fimH_R ACA AGT CTA CAA CCA GAT TCT G This study 

736_3921_F GCG GTA ATG GTG CAG ATG TT This study 

736_3921_R CCA AAG CCA ACC TGA GTC AC This study 

736_4300_F GTA TCG AAA GGG CAA TCA AAA C This study 

736_4300_R CAA TGC GTT ATA GAC ATT CAG C This study 

736_0479_F AAG GCC GGA GAC AAA GAA GA This study 

736_0479_R CTG AAA TAC CTG AAC GCC GG This study 
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fepA_F TTA TAC TCG CTC GAA ATA TGG C This study 

fepA_R CAT CAC GTC ATC AAG ATC GAT A This study 

entB_F GAT TAT TAC CGG GGT ATA TGC C This study 

entB_R TAA TTC TTC AGT CAT CAC CAC C This study 

736_4601_F TTT ATG GTG CCT ATA TTC GGT G This study 

736_4601_R CTA AGT TTC CTA ATC CGC CAT T This study 

GAPDH_F TCC GTG CTG CTC AGA AAC G [20] 

GAPDH_R CAC TTT CTT CGC ACC AGC G [20] 
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III. RESULTS 

 

3.1. Growth of EHEC #736 in canola sprouts and water dropwort. 

Previously, a number of studies have revealed that food-borne 

pathogens can survive and replicate in plant as these bacteria can utilize 

plant material as their nutrition source [13-15]. Therefore, in order to 

figure out the factors contributing the survival of pathogenic 

Escherichia coli in plant, the transcriptome was analyzed to identify 

which genes of EHEC #736 are differently expressed under exposure to 

fresh produces such as canola sprouts and water dropwort. To assess the 

effect of fresh produces on the growth of EHEC #736, and to determine 

the time point for RNA extraction, the growth of EHEC #736 exposed 

to canola sprouts and water dropwort in M9 glucose media was tested. 

After inoculation of EHEC #736 into M9 glucose media containing 

fresh produces, much higher growth level was achieved in the presence 

of fresh produces (Fig. 1). Additionally, the growth of residual bacteria 

from the plants was not significant until 4 hr post infection. To study 

the gene expression profiles of EHEC #736 at different growth phase, 
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cells were collected and their RNA was extracted at 1 hr (mid-log phase) 

and 3 hr (stationary phase) post infection. 

  



 

23 

 

 

Figure 1. Growth of EHEC #736 in fresh produces. Growth of 

EHEC #736 with fresh produces in M9 glucose media was preceded. 

After inoculation, much higher growth was detected grown with fresh 

produces comparing to M9 glucose media. Additionally, residual 

bacteria were undetected for a period of time in fresh produces without 

inoculation. All these experiments were performed in duplicate. Control; 

M9 + EHEC #736, Sp(X); M9 + canola sprouts, Dr(X); M9 + water 

dropwort, Sp(O); M9 + canola sprouts + EHEC #736, Dr (O); M9 + 

water dropwort + EHEC #736. 
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3.2. Transcriptional response of EHEC #736 to canola sprouts and 

water dropwort. 

Complementary DNA libraries were constructed from the purified 

mRNA of EHEC #736 cells that were grown in the presence or absence 

of plants. Before sequencing, quantity and quality of total RNA were 

examined by using Agilent 2100 Bioanalyzers (Agilent Technologies, 

CA, USA) , and almost all RNA samples showed RIN value above 9. 

Though the RNA sample extracted from the cells exposed to water 

dropwort for 1 hr had low quantity (3.89μg), sequencing could be 

processed by concentrating RNA (Table 3). In RNA-Seq data, 

370,669,932 sequence reads were obtained from 6 different cDNA 

libraries in total. Of those, 346,237,164 (93.4%) sequence reads were 

mapped against the genome of EHEC #736 (Fig. 2). 

To confirm the expression level of genes, the transcriptome profile 

of the cells grown in M9 glucose media was compared to those of the 

cells grown with fresh produces at the same time point. Among several 

normalization methods, trimmed means of M-values (TMM) was used 

in this analysis as TMM showed lowest coefficients of variation value 

(Table 4) [35]. Differentially expressed genes (DEGs) below a p-value 
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of 0.05 and above a fold change of 5 were presented in Figure 3. As a 

result, 3.07% (150/4,882) and 2.99% (146/4,882) of the genes were up 

and down-regulated respectively in EHEC #736 exposed to canola 

sprouts for 1 hr. Similarly, 1.59% (78/4,882) and 3.52% (172/4,882) of 

the genes were up and down-regulated respectively in cells exposed to 

water dropwort for 1 hr. After 3hr of exposure to fresh produces, 2.45% 

(120/4,882) and 3.44% (168/4,882) of the genes were up and down-

regulated respectively in canola sprouts, and 3.07% (150/4,882) and 

1.45% (71/4,882) of the genes were up and down-regulated 

respectively in water dropwort. 

DEGs were categorized by clusters of orthologous groups (COG) 

designations (Fig. 4) [36]. The percentage of genes which were 

differentially regulated in each category was compared to the overall 

percentage of genes in each category. After 1 hr exposure to both of 

fresh produces, genes related to translation, ribosomal structure and 

biogenesis were up-regulated. It means that both cells in different 

growth environment are in different growth rate [37]. This different 

growth rate might be caused by different nutrient conditions. Though 

M9 glucose media has limited nutritive elements, canola sprouts and 
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water dropwort have abundant nutrients such as amino acids or 

carbohydrates which microorganisms can utilize. 

Cell motility is known to be essential for colonization in plant [38]. 

In this research, genes related to cell motility were down-regulated after 

exposure to both of fresh produces for 1 hr. Notable categories of genes 

which were down-regulated when exposed to both fresh produces for 3 

hr were secondary metabolites biosynthesis, transport and catabolism. 

There are another two notable categories that are up-regulated during 

exposure to fresh produces for 3 hr; energy production/conversion and 

carbohydrate transport/metabolism. 

 



 

27 

Table 3. The quantity and quality check of total RNA by using RNA electropherograms. 

No Sample Name 
Conc. 
(ng/μl) 

Volume 
(μl) 

Total amount 
(μg) 

rRNA Ratio 
[23S/16S] 

RIN Value Results 

1 Control_1hr 277.70 19 5.28 1.6 9.5 Pass 

2 Control_3hr 304.37 18 5.48 1.6 9.6 Pass 

3 Sprout_1hr 645.31 18 11.62 2.1 9.9 Pass 

4 Sprout_3hr 782.83 18 14.09 1.7 9.3 Pass 

5* Dropwort_1hr 204.61 19 3.89 1.6 9.7 Fail 

6 Dropwort_3hr 631.93 18 11.37 2.3 9.5 Pass 

* Though the sample 'Dropwort_1hr' failed QC because of low quantity, sequencing could be processed by concentration 

of RNA.
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Number of 

reads 

Control (Not-exposed) Canola sprouts Water dropwort 

1 hr 3 hr 1 hr 3 hr 1 hr 3 hr 

rRNA reads 120,176 106,774 59,860 62,820 62,696 63,862 

mRNA reads 39,100,064 27,918,382 48,775,096 22,604,304 42,737,088 18,143,366 

Intergenic 

reads 
26,722,770 14,708,226 22,311,400 16,012,496 24,309,470 10,957,430 

Unmapped 

reads 
3,697,876 3,825,564 4,255,474 3,634,540 6,195,480 2,823,834 

Total reads 75,115,592 51,424,586 81,823,274 46,590,658 80,316,546 35,399,276 
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Figure 2. Sequence read mapping statistics. The number of the sequence reads mapped to the reference 

genome. Each bar represents the total number of sequence reads obtained. The reads that mapped to the 

reference genome are shown in red and green. Those that failed to map to the genome are shown in purple.
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Table 4. Comparison of normalization methods for RNA-seq 

Normalization method 

Coefficients of 

variation (CV) 

RPKM RLE TMM 

0.4681 0.4374 0.4361 
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Figure 3. Differentially expressed genes compared to M9 control. 

Differentially expressed genes of cells exposed to canola sprouts and 

water dropwort compared to M9 glucose media. All of these graphs 

represent differentially expressed genes (DEG) in a different time point 

(1h and 3h). The x-axis shows log-scaled TMM values of M9 control, 

and the y-axis shows TMMs of fresh produces. Red dots stand for up-

regulated genes and blue dots stand for down-regulated genes. ( p-

value≤0.05, fold-change≥5) (A-B) DEG exposed to sprouts compared 

to M9 glucose media control in (A) 1h and (B) 3h. (C-D) DEG exposed 

to water dropwort compared to M9 glucose media control are shown in 

(C) 1h and (D) 3h. 
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Figure 4. Grouping into functional categories of differentially regulated genes in EHEC #736 when 

exposed to fresh produce compared to M9 glucose medium. The Categories of Orthologous Genes (COG) 

were used for grouping. Bars represent the percentage of genes with decreased or increased expression in a given 

categories after 1h and 3h of exposure. (A) COG grouping genes when exposed to canola sprouts and (B) water 

dropwort. ( p-value≤0.05 fold-change≥5) 
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3.3. Expression patterns of genes with known function. 

Many of the genes whose expression was up or down-regulated 

were involved in aspects of adhesion, amino acid metabolism, 

carbohydrate transport, iron acquisition, nitrogen metabolism and stress 

response (Fig. 5 and Table 5). 

It is known that food-borne pathogens, especially E.coli, can adhere 

to plant tissues and form biofilms, leading to persistence or resistance 

to disinfectants [18, 37, 39, 40]. Curli and fimbriae have a role in the 

attachment of E.coli to plants like sprouts or leaves [40]. In this study, 

genes related to curli (csgF, csgE) and fimbrial protein 

(EHEC736_3081-3084; staDEFG, fimCD, ydeS, fimH) were 

significantly down-regulated in cells cultured with plants for 1 hr. 

However, these genes were not significantly up-regulated after 3hr 

exposure.  

Analysis of transcriptional profiles of EHEC #736 revealed that 

several genes involved in arginine and proline metabolism showed 

significantly different expression level. For example, arginine 

succinyltransferase (AST) pathway is necessary for arginine catabolism 
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in E.coli [41]. The astCADBE operon (EHEC736_4299-4303), gene 

cluster involved in the AST pathway was all down-regulated after 1 hr 

exposure to fresh produces but significantly up-regulated after 3 hr of 

incubation with canola sprouts only. The Puu pathway metabolizes 

putrescine to succinic semialdehyde, a precursor of succinate [42]. In 

transcriptional profile data, puuB (EHEC736_4821), puuC 

(EHEC736_4822) and puuD (EHEC736_4824) related to Puu pathway 

also showed similar gene expression patterns as astCADBE. 

Bacteria can transport carbohydrate by four systems; 

phosphotransferase (PTS) system, ATP-binding cassette (ABC) 

superfamily proteins, sugar-specific porins and sugare-specific major 

facilitator superfamily (MFS) proteins [43]. In transcriptome data, 

putative PTS genes including sgcCBX (EHEC736_2836-8) were up-

regulated in response to fresh produces after 3hr incubation. mglB 

(EHEC736_0460) , ytfQRT (EHEC736_2736-8) and ytfF which encode 

galactose-specific ABC transporter systems were also up-regulated. 

Most organisms require iron as an essential element in a variety of 

metabolic cellular pathways and have various components for iron 

uptake [44]. Siderophore is one of the iron uptake systems in bacteria, 
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where a small iron chelator transports ferric ion [45]. Based on 

genomic data, it was found that EHEC #736 has enterobactin and 

yersiniabactin, siderphore produced by E.coli. Genes related to 

yersiniabactin synthesis (ybtSXQA; EHEC736_0188-0192, irp2; 

EHEC736_0193, irp1; EHEC736_0194, ybtUT; EHEC736_0195-6, 

ybtE) and transport (fyuA; EHEC736_0198) were down-regulated after 

3 hr incubation in the presence of plants. Genes encoding enterobactin 

biosynthesis protein (entD, entE, entBAH; EHEC736_3486-88) and 

transporter (fepA, fiu) showed same patterns at the same time. However, 

enterobactin gene cluster was significantly up-regulated after 1 hr of 

exposure to canola sprouts. 

In bacteria, nitrate can be used as an alternative electron acceptor in 

energy generation (dissimilative nitrate reduction) [46]. E.coli 

expresses two different membrane-bound respiratory nitrate reductases 

which are related to dissimilative nitrate reduction; nitrate reductase A 

(NRA) and nitrate reductase Z (NRZ) [46]. In transcriptomic data, 

genes related to NRA (narG; EHEC736_0062, narK; EHEC736_0063) 

was up-regulated in all conditions. Similarly, the narZYWV operon 

(EHEC736_4602-5), encoding NRZ was also up-regulated when 
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exposed to fresh produces for 3 hr. 

It was found that some genes involved in osmotic and oxidative 

stress were up-regulated significantly. ompC (EHEC736_4040), 

producing passive diffusion pores across the outer membrane [47], was 

significantly up-regulated at 1 hr post inoculation. Meanwhile, sodB 

encoding superoxide dismutase (antioxidant enzyme) [48] was up-

regulated after incubation for 3 hr. htpG (EHEC736_3389), heat shock 

protein 90-coding gene, was also up-regulated gene expression level. 
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Figure 5. Heat map representing genes specifically regulated by 

exposure to canola sprouts and water dropwort. In heat map, genes 

are clustered for similar functions; adhesion, amino acid metabolism, 

carbohydrate transport, iron acquisition, nitrogen metabolism and stress 

response. TMM values of each genes were calculated on the relative 

differences (log2) in transcription levels to the reference condition M9 

glucose media. Transcription values higher than in M9 glucose media 

are shown in red, transcription values lower are shown in green. 
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Table 5. Genes specifically regulated by exposure to fresh produces. 

Category Gene Locus_tag 
1h 3h 

Function 
Sp Dr Sp Dr 

Adhesion        

Curli csgF 
csgF -2.628 -2.846 1.217 -1.261 

curli production assembly/transport 
component CsgF 

 csgE csgE -2.466 -2.860 2.935 1.061 curli assembly protein CsgE 

 csgA EHEC736_3921 -1.025 -1.309 1.573 1.034 curlin major subunit 

Fimbriae staG EHEC736_3081 -2.811 -2.655 1.046 -0.354 fimbrial protein 

 staF EHEC736_3082 -2.747 -2.312 1.479 0.094 fimbrial protein 

 staE EHEC736_3083 -2.386 -2.743 0.604 -0.483 fimbrial protein 

 staD EHEC736_3084 -2.185 -2.466 1.356 -0.665 fimbrial protein StaD 

 fimC fimC -3.512 -2.870 -1.060 -2.289 fimbrial chaperone protein FimC 

 fimD fimD -3.753 -3.439 0.193 -1.873 fimbrial protein FimD 

 ydeS ydeS -3.372 -2.904 -1.087 -1.638 fimbrial protein ydeS 

 fimH fimH -3.779 -2.759 0.291 -0.398 fimbrial protein FimH 

Amino acid metabolism       

Arg and pro 
metabolism 

astC 
EHEC736_4299 -3.577 -3.644 6.573 0.777 acetylornithine aminotransferase 
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 astA EHEC736_4300 -3.214 -3.113 6.103 -0.368 arginine succinyltransferase 

 astD 
EHEC736_4301 -3.128 -2.844 5.520 -0.601 

succinylglutamate-semialdehyde 
dehydrogenase 

 astB EHEC736_4302 -3.165 -2.544 5.601 -0.270 succinylarginine dihydrolase 

 astE EHEC736_4303 -2.931 -2.280 5.755 -0.123 succinylglutamate desuccinylase 

 puuB EHEC736_4821 -1.530 -2.332 1.812 -0.372 gamma-glutamylputrescine oxidoreductase 

 puuC EHEC736_4822 -1.799 -2.370 2.005 -0.767 aldehyde dehydrogenase 

 puuD 
EHEC736_4824 -1.760 -2.445 2.687 0.678 

gamma-glutamyl-gamma-aminobutyrate 
hydrolase 

Carbohydrate transport       

PTS system sgcC EHEC736_2836 0.546 1.053 4.462 1.902 permease 

 sgcB EHEC736_2837 0.005 0.010 4.401 3.115 PTS sugar transporter subunit IIB 

 sgcX 
EHEC736_2838 0.260 0.421 2.554 3.232 

Zn-dependant exopeptidase domain-
containing endoglucanase 

   Galactose 
transport 

mglB 
EHEC736_0460 0.530 -0.996 4.851 4.655 

methyl-galactoside ABC transporter 
substrate-binding protein 

    ytfQ 
EHEC736_2736 -0.216 -0.279 5.774 5.583 

sugar ABC transporter periplasmic sugar-
binding protein 

 ytfR 
EHEC736_2737 0.116 -0.075 3.661 2.895 

sugar ABC transporter ATP-binding 
protein 

 ytfT 
EHEC736_2738 0.457 -0.039 3.959 1.827 

branched-chain amino acid transport 
system / permease domain-containing 
protein 

 ytfF yjfF 0.246 0.237 3.540 0.496 sugar ABC transporter permease 
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Iron acquisition        

Yersiniabactin 
cluster 

ybtS 
EHEC736_0188 1.047 0.863 -3.777 0.395 salicylate synthase 

 ybtX EHEC736_0189 1.497 1.030 -3.481 -0.115 MFS transporter, signal transducer 

 ybtQ EHEC736_0190 1.027 0.229 -3.379 -0.025 ABC transporter permease 

 ybtA EHEC736_0192 0.454 0.998 -5.591 -4.332 AraC family transcriptional regulator 

 irp2 EHEC736_0193 0.850 0.679 -4.892 -1.328 high-molecular-weight protein 2 

 irp1 
EHEC736_0194 0.097 0.541 -4.059 -0.925 

HMWP1 nonribosomal peptide/polyketide 
synthase 

 ybtU EHEC736_0195 -0.068 0.770 -3.321 -0.413 thiazolinyl imide reductase 

 ybtT 
EHEC736_0196 0.029 0.497 -3.751 -0.581 

yersiniabactin synthetase, thioesterase 
component 

 ybtE ybtE -0.105 0.656 -3.460 -0.723 (2,3-dihydroxybenzoyl)adenylate synthase 

 fyuA EHEC736_0198 1.915 0.082 -5.188 -1.384 pesticin receptor 

Enterobactin 
cluster 

entD entD 3.457 0.549 -5.016 -5.326 4'-phosphopantetheinyl transferase 

 
fepA fepA 3.710 -0.124 -7.129 -5.623 

outer membrane receptor for ferric 
enterobactin (enterochelin) and colicins B 
and D 

 entE entE 2.421 0.724 -6.609 -3.965 enterobactin synthase subunit E 

 entB EHEC736_3486 3.008 2.051 -7.610 -3.633 2,3-dihydroxybenzoate--AMP ligase 

 entA EHEC736_3487 2.777 2.053 -6.423 -3.752 2,3-dihydroxybenzoate-2,3-dehydrogenase 

 entH EHEC736_3488 2.536 1.925 -6.051 -3.974 acyl-CoA esterase 
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   Siderophore 
receptor 

fiu fiu 3.773 -0.041 -4.275 -4.340 catecholate siderophore receptor Fiu 

Nitrogen metabolism      

 narG EHEC736_0062 2.075 5.288 0.772 6.024 nitrate reductase A subunit alpha 

 narK EHEC736_0063 2.653 6.739 0.856 4.348 nitrate transporter 

 narU EHEC736_4601 -4.607 -1.553 4.582 2.895 nitrite extrusion protein 2 

 narZ EHEC736_4602 -3.683 -1.919 3.925 2.499 nitrate reductase A subunit alpha 

 narY EHEC736_4603 -3.160 -1.482 3.601 2.265 nitrate reductase A subunit beta 

 narW 
EHEC736_4604 -3.637 -1.618 4.055 2.538 

nitrate reductase molybdenum cofactor 
assembly chaperone NarJ 

 narV 
EHEC736_4605 -3.450 -1.594 3.547 2.168 

respiratory nitrate reductase, gamma 
subunit 

Stress regulation        

 ompC EHEC736_4040 6.855 3.556 -3.678 -1.431 outer membrane porin protein C 

 sodB EHEC736_4391 -0.120 -1.663 4.820 5.536 superoxide dismutase 

 htpG EHEC736_3389 3.836 3.104 0.262 0.862 heat shock protein 9 

* Sp; canola sprouts, Dr; Water dropwort, Significantlly DEGs are in bold (p-value≤o.o5 in edgeR) 

<5  <2   0   >2  >5 

■  ■  ■  ■  ■ 



 

46 

3.4. qRT-PCR for DEGs of EHEC #736 exposed to canola sprouts 

and water dropwort. 

To confirm reliability of transcriptomic data, 10 genes were 

subjected to quantitative RT-PCR (qRT-PCR). These genes were 

selected on behalf of 6 major groups specifically regulated by exposure 

to canola sprouts and water dropwort; adhesion, amino acid metabolism, 

carbohydrate transport, iron acquisition, nitrogen metabolism and stress 

response. Though the expression ratios of transcription levels between 

control and experimental groups were quite different in qRT-PCR and 

RNA-Seq, the pattern of up- or down-regulation in qRT-PCR coincided 

well with those of RNA-Seq. This suggests that the RNA-seq results 

are biologically significant (Figure 6.).
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Figure 6. Relative expression levels of selected genes specifically 

regulated by exposure to canola sprouts and water dropwort. 

Representative genes of six major groups specifically regulated by 

exposure to canola sprouts and water dropwort were selected and 

verified by qRT-PCR at the same condition with RNA-sequencing.  
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3.5. Transcriptional response of genes related to iron metabolism. 

As iron is involved in many biological processes and necessary for 

the survival, bacteria have several iron transport systems [49]. For 

ferrous ion transport, pathogenic bacteria has ATP or GTP dependent 

inner membrane transporter [50, 51]. TonB-ExbB-ExbD dependent 

transporter for ferric-siderophores, transferrins and haem also exists 

[51]. EHEC #736 has FeoB-family, transporting free Fe2+ into the 

cytoplasm in a GTP-dependent manner, and EfeUOB which is also 

involved in Fe2+ uptake [52]. Besides, EHEC #736 gets ferric ion by 

ferric-siderophores. These require specific transport systems such as 

TolC, outer membrane channel protein, or TonB-ExbB-ExbD, energy 

transduction system [51]. EHEC #736 has not only these specific 

transport systems, but also specific siderophore receptors such as 

FepABCDG, FhuABCD or YbtPQ to get siderophore as iron source 

[49]. 

Considering genes specifically regulated by exposure to fresh 

produces, numerous genes related to biosynthesis of siderophore for 

iron acquisition showed similar expression patterns (Table 5) [45]. As 

EHEC #736 has its own iron uptake systems as described above, 
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expression pattern of genes related to iron acquisition was analyzed. As 

shown in Figure 7, genes related to iron acquisition were slightly up-

regulated at 1 hr post inoculation but down-regulated at 3 hr post 

inoculation. These gene expression patterns were similar to those 

related to synthesizing siderophores, meaning that when exposed to 

fresh produces, genes involved in iron acquisition were all differently 

regulated. 
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51 

Figure 7. Heat map representing genes related to iron acquisition. 

Genes function as iron acquisition in EHEC #736 is represented in heat 

map. TMM values of each gene were calculated on the relative 

differences (log2) in transcription levels to the reference condition M9 

glucose media. Transcription values higher than in M9 glucose media 

are shown in red, transcription values lower are shown in green. 
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3.6. Enterobactin is required for EHEC #736 survival in water 

dropwort 

In nutritional aspects, fresh produces such as sprouts or water 

dropwort have a small amount of iron that microorganisms can utilize 

as an iron source [53, 54]. Based on transcriptomic data, I could figure 

out that genes related to iron uptake, especially synthesizing 

siderophore, were differently expressed when exposed to fresh 

produces. It can be a sign that EHEC #736 can utilize iron of fresh 

produces for their survival in fresh produces. To confirm that 

siderophore production is required for EHEC #736 survival in fresh 

produces, I examined growth of an EHEC #736 ΔentB that is unable to 

synthesize enterobactin, the siderophore [55]. When checking growth 

of planktonic ΔentB on canola sprouts and water dropwort, it was found 

that ΔentB had significantly lower level of population than wild-type 

when they were incubated with water dropwort. Meanwhile, ΔentB did 

not show significant growth defect in canola sprouts. Because canola 

sprouts are more nutrient-rich fresh produces than water dropwort, 

especially iron [53, 54], EHEC #736 may be able to transport abundant 

iron of canola sprouts not only by siderophore but also by other iron 
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uptake system such as FeoB-family or EfeUOB involved in Fe2+ uptake 

[52]. To determine if the growth defects of ΔentB were due to inability 

to uptake ferric ion in water dropwort, 10μM of ferric nitrate was added 

to media containing water dropwort for complementation test. As a 

result, ΔentB restored growth defects to WT (Fig. 8). Particularly, when 

comparing viable cells in M9 glucose media with ferric nitrate, cells 

showed almost similar growth level as WT grown in water dropwort. 

As M9 glucose media basically does not have any ferric ion as nutrition 

elements, it seems that ferric ion is important growth-promoting factor 

[56]. 
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(A)  

(B)       
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Figure 8. Growth of EHEC #736 ΔentB in fresh produces. (A) 

EHEC #736 ΔentB defective in synthesis of enterobactin showed 

growth defect when exposed to water dropwort. M9; M9 glucose media, 

Sp; Canola sprouts, Dr; Water dropwort. (B) This growth defect was 

restored by adding 10μM of ferric nitrate. 
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3.7. Gallium disrupts iron metabolism of EHEC #736 on water 

dropwort and has antibiofilm activity. 

Because it is discovered that ΔentB is required for energetic growth 

in some fresh produces, disruption of iron metabolism of bacteria can 

be an effective way to prevent the fresh produce from bacterial 

contamination. The transition metal gallium, having an ionic radius 

nearly identical to iron, can be a “Trojan horse” to disrupt bacterial iron 

metabolism in fresh produce as many biologic systems cannot 

distinguish between Ga3+ and Fe3+ [57]. To see the destructive ability of 

gallium to bacterial ferric ion uptake system, effects of gallium on 

growth of EHEC #736 in M9 glucose media containing water dropwort 

was examined. By adding 1mM of Ga(NO3)3, the antimicrobial action 

of gallium against EHEC #736 was confirmed (Fig. 9). 

As high concentration of iron promotes bacterial biofilm development 

[58], iron-withholding defenses may also prevent bacterial colonization 

in fresh produce. To assess the biofilm reduction ability of gallium, 

EHEC #736 was incubated for 48 hr with or without gallium. As a 

result, biofilm was reduced approximately 60% compared to the 

negative control (Fig. 10). 
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Figure 9. Effect of gallium nitrate on EHEC #736 growh in fresh 

produce.  Ga(NO3)3 inhibits EHEC #736 growth not only in M9 

glucose media but also in water dropwort. This data are the mean of 2 

experiments. M9; M9 glucose media, Dr; Water dropwort, Ga; Gallium 

nitrate. 
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Ga(NO3)3    0μM  10μM  100μM 1mM 

(A)    

(B)  

 

Figure 10. Gallium nitrate prevents EHEC #736 biofilm formation. 

Ga(NO3)3 inhibits EHEC #736 biofilm formation in LB rich media. 

Biofilm was stained by 0.1% crystal violet. O.D.570 was measured after 

48 hours incubation. (A) The plate images of biofilm reduction assay. 

(B) Quantification of remaining biofilm measured by O.D.570 values. 

Each columns represents the mean of triplicate assays within standard 

deviation. 
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Ⅳ. DISCUSSION 

 

Many researchers have reported the interactions between 

human pathogens and vegetables such as lettuce or alfalfa sprouts [18, 

20, 21, 23, 59, 60]. This study reports the complete transcriptome of 

EHEC #736 grown with canola sprouts and water dropwort by RNA-

Seq analysis. Previously, response of E. coli O157:H7 to lettuce lysate 

was studied by microarray [21]. Transcriptional profile of Salmonella 

spp. co-cultured with alfalfa sprouts was also studied by RNA-Seq [37]. 

Both studies showed similarities to this research, although some of 

gene expression patterns varied. This means that studying the 

transcriptional profile by RNA-Seq has become relevant for the 

understanding of bacteria-plant interactions and survival strategy of 

bacteria in fresh produces. 

It is thought that EHEC #736 could use nutritional contents 

eluted from fresh produce as growth level was higher in the cells 

exposed to fresh produces (Fig. 1). It can also be found in 

transcriptomic data. A great number of genes were up- or down-
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regulated in canola sprouts or water dropwort comparing to M9 glucose 

medium. In particular, genes transporting or metabolizing extracellular 

nutrients (ex. Arginine, proline, carbohydrate, nitrate, iron) showed 

significantly different expression (Fig. 5). These genes are ultimately 

essential for active bacterial growth. As a result, it can be told that 

EHEC #736 utilize nutrient contents of fresh produces for their active 

growth. Furthermore, the result shows that EHEC #736 might 

proliferate well when exposed to fresh produces in external 

environment. 

The first step for colonization in plant is attachment of bacteria 

to plant tissue [38]. Many study showed that curli and long aggregative 

fimbriae, which mediate binding to epithelial cells in animal, were 

transcribed during attachment of E. coli O157:H7 to salad and of 

Salmonella spp. to alfalfa sprouts [18, 59]. In this study, however, 

genes encoding not only curli but also fimbrial protein did not show up-

regulated patterns after 1 hr incubation with plants (Fig. 5). It might be 

because the bacterial RNA samples were extracted from planktonic 

cells, not plant-attached cells. In fact, planktonic cells expressed their 

genes related to attachment lately, after 3 hr of exposure to canola 
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sprouts. In experimental procedure, the agitation (220rpm) might 

promote exudation of nutrients from fresh produce so that bacteria do 

not have to colonize in plant in search of abundant nutrient. If the 

exposure time gets longer, the nutrition eluted from fresh produces 

might be depleted. Then, the expression patterns of genes related to 

adhesion ability might be up-regulated to get new nutrition directly 

from fresh produces. 

To survive on plant, pathogens have to adapt harsh conditions 

such as oxidative stress, osmotic pressure, water stress and irregular 

distribution of nutrients on fresh produces [61]. In this study, it was 

figured out that EHEC #736 showed a more transcribed set of genes 

required for arginine and proline metabolism when exposed to canola 

sprouts. As arginine or proline are generally found in plants, especially 

in sprouts [62], it was not surprising that ast or puu operon were more 

expressed in presence of fresh produce. Up-regulation of several genes 

involved in carbohydrate metabolism may also have similar basis. 

Carbohydrate composes approximately 5% of the water dropwort, and 

is especially abundant in petioles and stems [53]. Sprouts also have 

carbohydrate which bacteria can utilize as a carbon source [62]. 
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Therefore, those carbohydrates might be used as plant metabolite in the 

survival of EHEC #736. Plants uptake nitrate as a source of nitrogen by 

roots and bacteria residing nearby roots of plant utilize nitrate as an 

electron source [63]. Therefore, EHEC #736 might get electrons from 

the fresh produces by the expression of respiratory nitrate reductases. 

Stress response genes were found to be more transcribed in presence of 

canola sprouts and water dropwort. For example, genes including 

superoxide stress and osmotic stress were up-regulated in fresh produce. 

Because the injury of plant material is known to induce biochemical 

and signaling pathways in wound response such as production of an 

oxidative burst generating reactive oxygen [64], this up-regulation is 

quite reasonable as sliced water dropwort was used in this experiment. 

Although, canola sprouts were not cut or disrupted, it was thought that 

the sprouts were also damaged during freezing (-81°C) and thawing. 

Iron is essential for bacterial growth but as metals are toxic 

when present at high concentrations, genes function as metal 

transporters must be tightly regulated [49]. As a result, iron transport 

systems in E. coli are regulated by Fur (Ferric-uptake-regulator) protein. 

For evaluation of RNA-Seq analysis, genes related to synthesis and 
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transport of siderophores, ferric ion chelator, were up-regulated at 1 hr 

and down-regulated at 3 hr (Fig. 5). This transcriptional pattern was 

also shown in genes related to other iron transport system and might be 

explained by the fact that iron uptake is needed for bacterial survival on 

fresh produces at the initial stage. It can also be proven by the 

assumption that iron is transported into the cells. Because iron is 

thought be abundant in the media at the early stage of infection, and 

transported a lot into the cells, genes detected in RNA-Seq might be 

down-regulated by Fur mentioned above. This phenomenon is also can 

be explained by the expression of other gene. sodB encoding iron-

containing superoxide dismutase is known to be positively regulated by 

Fur in indirect way [65]. In RNA-Seq, sodB was up-regulated, meaning 

that Fur activated the expression of sodB. It indicates that plenty of iron 

was existed in the cells when it was exposed to fresh produces in a 

short time.  

It was reported that siderophore biosynthesis is required for 

plant colonization by Salmonella spp. in previous study [66]. In this 

work, EHEC #736 △entB, disrupted in enterobactin synthesis, was 

found to have a reduced population when exposed to water dropwort. 
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Comparing to the whole part of sprouts in nutritional aspects, part of 

stem and root of water dropwort which were used in this experiment 

has less iron [53, 54]. It means that water dropwort is iron limited 

environment than canola sprouts which may affect the expression of 

iron acquisition system for pathogen’s survival in water dropwort. 

Therefore, EHEC #736 △entB, which cannot uptake ferric ion by 

enterobactin, seems to have growth defect in iron limited water 

dropwort. Actually, △entB restored growth defects to WT levels by the 

addition of ferric ion. It was quite interesting that the growth level of 

EHEC #736 was constant in M9 media complemented with ferric ion, 

regardless of the presence of fresh produce. It can be explained that 

iron is an essential element for bacterial growth and development 

regardless whether bacteria are in harsh environments or not. 

Considering the importance of iron acquisition for bacterial 

survival especially in water dropwort, iron disrupting mechanism might 

prevent fresh produce from bacterial contamination. As transition metal 

gallium has function as a competitive inhibitor of iron activity in 

biological metabolism [67], it might disrupt iron acquisition mechanism 

of food-borne pathogens contaminated in fresh produces.  It was 
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figured out that gallium nitrate has slight antimicrobial and antibiofilm 

activity. Because gallium was approved by FDA as a treatment of 

hypercalcemia, meaning it has low toxicity for human [33, 57], it is 

thought that gallium can be a good candidate for preventing food-borne 

pathogens contamination on fresh produces. However, though gallium 

can be used as a safe reduction method of food-borne pathogens, it does 

not seem to have the powerful antimicrobial activity. It might be 

supplemented by using gallium with other methods having strong 

antimicrobial activity such as treating with EDTA [68]. 
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V. CONCLUSION 

 

The complete transcriptome of EHEC #736 exposed to canola 

sprouts and water dropwort gave insight into the overall interaction 

between fresh produce and EHEC. In RNA-Seq results, genes related to 

nutrient transport and metabolism, which are needed for survival on 

harsh condition for food-borne pathogens, especially on fresh produce, 

showed significantly different expression. In particular, iron is an 

essential element for survival of EHEC in fresh produce. That is, 

disrupting bacterial iron metabolism in fresh produce can prevent 

bacterial contamination, and transition metal gallium can be a good 

solution. 
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국문 초록 

 

 장출혈성대장균 (Enterohemorrhagic Escherichia coli 이

하 EHEC)은 주요 식중독 유발균으로서 인간에게 감염하여 출

혈성 설사 혹은 용혈성 요독성 증후군(Hemolytic Uremic 

Syndrome)과 같은 심각한 질병을 일으킬 수 있다. EHEC의 주

된 감염 경로는 오염된 동물성 식품 섭취가 대부분이지만, 최

근에는 EHEC에 오염된 식물성 식품 섭취를 통한 식중독 발병

률이 점차 증가하고 있다. 하지만 식물성 식품 내 EHEC의 감

염 기작이 구제척으로 밝혀지지 않아 이에 관한 연구가 필요

한 실정이다. 본 연구는 식물성 식품인 배추김치로부터 분리된 

EHEC #736이 유채 새싹 혹은 물 미나리에 접촉하 을 때 전

사체 분석을 통한 식물성 식품 내 EHEC의 적응 메커니즘을 

규명하여 식물성 식품의 EHEC 저감화 방안을 모색하 다. 유

채 새싹 및 물 미나리로부터 나오는 잔여균의 향이 최소인 

시간을 기준으로 하여, EHEC #736을 인위적으로 유채 새싹 및 

물 미나리에 1시간, 3시간 동안 접촉시켰을 때 발현되는 박테
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리아의 RNA를 sequencing하 다. 식물성 식품과 접촉하지 않

은 박테리아의 RNA와 비교한 결과, 운동성, 에너지 생성, 2차 

대사 산물과 탄수화물 흡수에 연관 된 유전자들의 발현량이 

유의적인 차이를 나타냈다. 특히, 철 이온을 흡수하는 데 관여

하는 시데로포어 합성 관련 유전자들이 특이적으로 발현량의 

차이를 보 다. EHEC #736 내 철 이온을 흡수하는 데 관여하

는 다른 유전자들에서도 역시 비슷한 발현 양상을 관측할 수 

있었다. 시데로포어 중 하나인 엔테로박틴 합성 능력이 결여된 

돌연변이 균주의 식물성 식품 접촉 환경 내 성장 저해를 확인

함으로써, EHEC이 식물성 식품 내 철 이온을 흡수하여 성장을 

촉진함을 알 수 있었다. 이는 나아가 갈륨 처리를 통한 EHEC

의 식물성 식품 내 철 흡수를 방해하여 균의 번식을 억제하는 

식중독균 저감화를 기대할 수 있었다. 종합하면, 식물성 식품 

내 EHEC의 전사체 발현 변화 연구를 통해 식물성 식품 내 

EHEC의 감염 중 철 이온 흡수가 중요한 기작임을 확인할 수 

있었다. 
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주요어 : 장출혈성 대장균, 식물성 식품, 전사체학, 철 이온, 갈
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