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Genome-wide transcriptional
response of Escherichia coli
O157:H7 to light-emitting diodes
with various wavelengths

Shehzad Abid Khan?, Min-Jeong Kim3 & Hyun-Gyun Yuk***

We investigated the physiological and transcriptomic response of Escherichia coli at the early
stationary phase to light-emitting diodes with different wavelengths. The growth and metabolic
changes of E. coli0157:H7 were examined under the influence of 465, 520, and 625 nm illuminated
light. Under 465 nm illumination, the growth of E. coli 0157:H7 was significantly retarded

compared to 520 nm and 625 nm illumination and non-illuminated control. Metabolic changes

were examined under these illumination and non-illuminated conditions based on transcriptomic
reads. Transcriptomic response under 520 nm and 625 nm remained almost similar to control except
few up-and down-regulated genes. Carbohydrates metabolic transcriptomic reads were greatly
down-regulated under 465 nm illumination compared to 520 nm and 625 nm illumination and non-
illuminated control showing depletion of glucose as a sole energy source during the exponential
phase. Fatty acid degradation such as fad regulon-related genes was up-regulated in cells under

465 nm illumination revealing the shifting of cells to use fatty acid as a new carbon energy source
during the early stationary phase. Exposure of E. coli0157:H7 cells to 465 nm illuminated light down-
regulated virulence factor genes such as hlyA, hlyB, hlyC, stx1A, stx2B, paa, and bdm. Under the stress
of 465 nm illumination, expression of stress and flagellar motility-related genes were up-regulated
causing consumption of energy and reduction in cell growth. Also, oxidative phosphorylated
transcriptomic reads were up-regulated under 465 nm illumination probably due to the production of
ROS that might involve in the reduction of cell growth during the early stationary phase. These results
indicate that pathogenic E. coli 0157:H7 respond differentially to a different wavelength of the light-
emitting diodes used in this study.

Indoor plant production with artificial light emitting diodes is of great interest these days with consideration of
the production of organic vegetables in a clean precise control environment and combat of land resources and
environmental factors'. Different kinds of vegetables such as tomatoes, potatoes, chilies, cabbages, and lettuces
have been grown successfully in indoor factories’. Light, temperature, humidity, air, and nutrition are the most
essential factors for plant growth. Indoor plant factories under control environments have a higher potential for
production and advantages compared to traditional horticulture. As climate change has already been reported
to be involved in great food production loss**. Additionally, climate change with natural disasters has a negative
impact on major agricultural crop production such as maize crop production in Northeast China reduced by
half from 1997 to 2017%. It is estimated that these extreme weather changes may lead to severe food shortages
and hunger for 170 million people by 2080>.

In order to meet food shortage, indoor plant production is considered the best alternative approach that needs
artificial lights for the photosynthesis of plants. Among artificial lights, light emitting diodes (LED) consider the
best option having several advantages such as lack of low-pressure mercury lamps (LPM), small size, long life,
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non-thermal and can also be used efficiently to increase nutritional values, and control the microbial population
in plants and vegetables”®. The effect of LEDs with different wavelengths has been studied previously to investigate
their effects on vegetables and fruits. Such as 660 nm LEDs were effective for the predominant accumulation of
carotenoid (f-cry) in Satsuma mandarins’®. Furthermore, blue (465 nm) and red (625 nm) LEDs on pea seedlings
increased the concentration of chlorophyll and f-carotene contents'.

Fresh-cut produce production has increased to 64.8% in Korea during the last decade'!. Similarly, the meal
kits industry is also flourishing worldwide, a growth of 300% was noticed in the United State (US) in 2017 valued
at 4.65 billion US dollars'!. Both fresh-cut produce from indoor plant factories and meal kits contain various
vegetables that usually consume without processing. Escherichia coli O157:H7 is known as the most common
pathogen in fresh produce and cause diseases in human such as hemorrhagic colitis, bloody diarrhea, and
hemolytic uremic syndrome'2 From 2008 to 2020 a total of 515, 165, and 235 cases of foodborne outbreaks from
fresh produce were reported due to enterohemorrhagic E. coli (EHEC) in the US, the United Kingdom (UK),
and Canada, respectively'>~"°. Until now, no outbreak has been reported at the indoor plant factories, however,
with the advancement and necessity of indoor plant factories, chances of contamination of vegetables due to E.
coli O157:H7 have also increased.

To reduce foodborne diseases, especially the inactivation of E. coli O157:H7 in fresh produce, a sanitizing
step is essential. Washing baby leaves, vegetables or soft fruits could change their shape and appearance because
of their fragile structure and would lead to the loss of their commercial value. Fresh produce might have high
microbial growth without washing steps after the post-harvesting period'®!”. One method to kill microbes is
ultraviolet (UV) light used with LPM that interferes with DNA replication and leads to microbial cell death's.
However, UV irradiation is not encouraged in the food industry because of its serious physical and chemical
hazards'. LED emerge as a potential alternative to other treatments and use in the surface treatment of fresh pro-
duce. Studies have shown that UV-LEDs have the ability to control microbial growth in different products of fruits
and vegetables®. Based on composition and semiconductor material, LED can be designed to emit the desired
wavelength!®. The antibacterial effect of LEDs with different wavelengths was investigated against foodborne
pathogens and found blue (461 nm) and green (521 nm) LEDs were effective in controlling these pathogens**2.

The inhibition effects of LEDs of different wavelengths against E. coli O157:H7 have been investigated previ-
ously on fresh produce®. Studies showed that intracellular molecules in bacteria absorb light wavelengths that
affect their growth?’. However, the genome expression changes based on transcriptomic sequences of E. coli
0157:H7 under treatment of different wavelengths have not been reported previously. Transcriptomic sequences
provide useful insight to examine the changes in genomic and metabolic features of a single microbial species
while comparing various environments including different wavelength stress. Therefore, in this study, we exam-
ined the growth of E. coli O157:H7 under the stress of different wavelength light, extracted their total RNAs, and
sequenced them to understand their response to long-term exposure to blue, green, and red LED illumination
at the molecular level.

Results

Effect of LED illumination on microbial growth. Three different LEDs (blue, green, and red) were
found to have intensity peaks at 465, 520, and 625 nm wavelengths, respectively (Table 1). Since LED illumina-
tion for a long time could increase the temperature of the growth medium, the temperature of TSB was moni-
tored for 4 h during LED illumination to select the optimum temperature condition for cell growth under LED
illumination. Regardless of wavelength, LED illumination resulted in about a 0.5 °C increase in TSB tempera-
ture, compared with the set temperature of the incubator (data not shown). Thus, the temperature for cell growth
under LED illumination was adjusted to 24.5 °C to eliminate the temperature effect on cell growth.

The average growth curves for E. coli 0157:H7 cells grown under dark condition or each LED illumination
as fitted to the Baranyi model (Fig. 1). The coefficient of determination (R? values) for the fitted growth curves
were greater than 0.99 (data not shown). The growth pattern of E. coli O157:H7 was altered by LED illumination
with different wavelengths. The cell growth under dark condition (control) was similar to that of 520 nm, while
the growth patterns of cells during 465 and 625 nm LED illumination were different from that of control cells
in TSB at 25 °C. The growth parameters of non- and LED-illuminated E. coli O157:H7 were calculated based on
the fitted growth curves (Table 2). There were no significant (P<0.05) differences in LPD values between control
and 520 nm, and control and 625 nm, respectively, whereas cells grown under 465 nm illumination had longer
lag phases than the others. Similarly, lower GR and higher DT were observed in cells grown under 465 nm illu-
mination than those of control cells. In addition, cells under 465 nm illumination reached significantly (P<0.05)
lower MPD compared to that of the control. Unlike 465 nm, no significant differences in DT and MPD values
between the control and cells are grown under 625 nm illumination. These results indicate that cell growth was
highly influenced by 465 nm LED illumination, while LEDs of other wavelengths did not. On the basis of the

Color Range of wavelength (nm)* | Range of luman (Im) | Voltage (v) | Electric current (mA)
Blue 460-470 (465) 200-300 9-11 1050
Green 515-525 (520) 600-800 9-11 1050
Red 620-630 (625) 500-600 8-10 1200

Table 1. Specification of high intensity light-emitting diodes (LED). SThe wavelength in the parentheses is the
highest peak wavelength of each LED.
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Figure 1. Growth survival of E. coli O157:H7 under the influence of different wavelengths light. Cells growth
under dark condition was served as control.

Illumination LPD (h) GR (h) DT (h) MPD (log CFU/ml)
Control 3.9+1.0% 0.6+0.1° 1.3£0.2° 9.5+£0.2°

465 nm 7.9+ 1.0° 0.3+0.1° 2.2+0.3 9.0+0.1°

520 nm 5.5+0.4° 0.5+0.1% 1.6+0.4° 9.1+0.2

625 nm 2.6+0.6° 0.4+0.0% 1.7£0.1° 9.3+£0.1%°

Table 2. Growth parameters of non- and LED-illuminated E. coli O157:H7 in TSB at 25 °C. Different letters
for the same column indicate significant difference (P <0.05) difference. LPD lag phase duration, GR specific
growth rate, DT doubling time, MPD maximum population density.

growth curves, the early stationary phase was determined as 17 h for non-illuminated control and cells under
625 nm illumination, whereas it was reached at 18 h and 29 h for cells under 520 nm and 465 nm illumination,
respectively. The collected cells at the early stationary phase were subjected to RNA-seq analysis.

Changes in transcriptome. The PCA was performed to examine the similarities and differences in tran-
scriptomic reads among samples under 465, 520, and 625 nm illumination and control (Fig. 2A). The maxi-
mum gene variations in these 4 groups were 56.8% (PC1) and 33.3% (PC2) with an acceptable separation and
cluster formation, illustrating that the genes of E. coli O157:H7 reacted differently to 465 nm, 520 nm, 625 nm
illumination, and control. Moreover, transcriptomic reads of cells treated under 520 nm and 625 nm illumina-
tion were closer to those of control, while they were totally different from transcriptomic reads of cells treated
under 465 nm illumination, exhibiting that 465 nm illumination might induce great transcriptome changes
in E. coli O157:H7 cells compared with non-illuminated control and 520 nm and 625 nm illumination. The
DEGs under illumination conditions were also compared with control with an adjusted fold change (FC)>2
and P<0.05 (Fig. 2B). Under 465 nm LED illumination, a higher proportion of genes were over-expressed (513
genes) and under-expressed (495 genes) compared to 520 nm (88 up-regulated; 62 down-regulated genes) and
625 nm (13 up-regulated; 15 down-regulated genes) LED illumination in comparison with control. Additional
gene expression levels under 465 nm illumination and control were compared and visualized as scatter plots
with an adjusted FC>2 and P<0.05 (Fig. 2C). Scatter plot presents the significance and differences in transcrip-
tomic reads. Additionally, the transcriptional response of E. coli 0157:H7 under different LED illumination was
assessed (Table 3). The results showed significant up-or down-regulation of genes in E. coli O157:H7 cells. The
highest number of genes in which the expression was significantly affected was caused after exposure of E. coli
0157:H7 to 465 nm LED illumination, however, for the control, 520 nm and 625 nm illumination, the number
of genes significantly up-or down-regulated was quite similar. The 465 nm LED illumination also significantly
downregulated genes related to virulence factors (hlyA, hlyB, hlyC, hlyE, stx1A, stx2A, paa) and flagellar proteins
(csgF, ¢sgC, fimC, fimD) in comparison with the control, 520 nm and 625 nm LED illumination.

Transcriptomic analysis of E. coli 0157:H7 under LED-illumination based on pathways from
the KEGG database. To examine the metabolic features of E. coli 0157:H7, the strain was cultivated under
LED-illumination and non-illuminated conditions, and the transcriptome was analyzed. The functional genes
relative activities were calculated through the relative abundance of E. coli O157:H7 mRNA reads from the total
number of mRNA reads of E. coli O157:H7. The mRNA reads of E. coli O157:H7 were functionally assigned to
each KEGG metabolic category (Fig. 3). The KEGG distributions of the E. coli O157:H7 mRNA reads under
465 nm LED illumination were different from non-illuminated control and 520 nm and 625 nm LED illumina-
tion. The mRNA transcripts at the primary level were predominantly assigned to the metabolic category under
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Figure 2. Principal component analysis (PCA) of genes expression of E. coli O157:H7 treated under different
wavelength of lights. Cells growth under dark condition was served as control. Unit variance scaling is applied to
rows; SVD with imputation is used to calculate principal components. X and Y axis show principal component

1 and principal component 2 that explain 56.8% and 33.3% of the total variance, respectively. N =4 data points
(A), Distribution of differentially expressed genes (DEGs). The X-axis is the comparison of different groups (B,
465 nm; G, 520 nm; R, 625 nm; C, control) and the Y-axis is the number of DEGs (B) and Scatter plot to show
the distribution of DEGs. The gray color represents non-DEGs and genes scattered along X-Y axis indicate the
genes which were overabundant under blue 465 nm illuminated light and Control (C).
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all of the four conditions (Fig. 3A). At the secondary level, mRNA transcripts in the case of non-illuminated
control and 520 nm and 625 nm LED illumination were predominantly assigned to the carbohydrate metabo-
lism category, however, in case of 465 nm LED illumination, the mRNA transcripts were equally predomi-
nantly assigned to carbohydrate metabolism and translation categories as well (Fig. 3B). In case of 465 nm LED
illumination, mRNA reads for carbohydrate metabolism were decreased, resulting in the delayed growth of E.
coli O157:H7. In the case of non-illuminated control and 520 nm and 625 nm illumination, the second-most
abundant mRNA reads were assigned to membrane transport category and significantly higher than the mRNA
reads under 465 nm illuminated E. coli O157:H7 (Fig. 3B). In the case of non-illuminated control and 520 nm
and 625 nm LED illumination, the second-most abundant mRNA reads were assigned to the membrane trans-
port category and significantly higher than the mRNA reads under 465 nm LED illuminated E. coli O157:H7
(Fig. 3B). In addition, mRNA reads of E. coli O157:H7 at the tertiary level showed the subcategories of carbo-
hydrate metabolism and environmental information processing categories (Fig. 3C). Environmental informa-
tion processing genes mainly involved in ABC transporters and PTS system pathway, which are involved in
carbohydrate metabolism and respond to environmental system conditions were down-regulated under 465 nm
LED illumination. In almost all of the categories at the tertiary level, mRNA reads in the case of 465 nm LED
illumination were significantly decreased as compared to non-illuminated control and 520 nm and 625 nm LED
illumination.

The metabolic features of E. coli O157:H7 were further examined by mapping mRNA reads of cells under
different LED-illuminated and non-illuminated lights to the KEGG pathways (Fig. 4). The KEGG metabolic
transcriptomic analysis showed that some metabolic pathways of E. coli O157:H7 under 465 nm LED illumi-
nation were also up-regulated such as those involved in translation and energy metabolism. However, many
other genes, such as metabolic pathways involved in carbohydrate metabolism and membrane transport, were
down-regulated in comparison with non-illuminated control and 520 nm and 625 nm LED illumination. A
variety of transcriptomic reads related to oxidative phosphorylation (Fig. 5A), fatty acid degradation (Fig. 5B),
and flagellar assembly (Fig. 5C) were up-regulated in cells under 465 nm LED illumination as compared to
transcriptomic reads of E. coli O157:H7 under non-illuminated control. Such as in oxidative phosphorylation
genes nuoA to nuoN encoding an NADH: ubiquinone oxidoreductase was up-regulated, however, cytochrome
o oxidase complex encoding genes cyoBCDE were down-regulated upon exposure of cells under 465 nm LED
illumination. Several dehydrogenase genes were also down-regulated upon exposure to 465 nm LED illumina-
tion, for example, succinate dehydrogenase encoding genes sdhABCD and fumarate reductase encoding genes

Gene symbol | Gene description Control (log2) | 465 nm (log2) | 520 nm (log2) | 625 nm (log2)
Virulence factors

hlyA Hemolysin protein A 5.78+0.65 4.76 £2.65* 5.78+1.03 5.74+2.74
hlyB Hemolysin protein B 3.43+0.44 2.67+0.02% 3.38+0.83 3.1413.5
hlyC Hemolysin protein C 5.24+2.69 4.26+2.43* 5.16+1.01 5.04+3.41
hlyD Hemolysin protein D 3.55+0.04 3.13+1.27 3.34+1.10 3.25+0.96
hlyE Hemolysin protein E 7.08+5.14 6.72+3.74 7.62+3.85* 7.55+3.42*
stx1A Shiga-like toxin 1 subunit A 8.73+£4.86 8.07+4.76* 8.65+6.04 8.57+4.02
stx1B Shiga-like toxin 1 subunit B 9.42+4.60 9.49+5.93 9.63+7.20 9.32+4.05
stx2A Shiga-like toxin II subunit A 3.39+1.68 2.75+0.80 3.46+1.61 3.22+1.31
stx2B Shiga-like toxin II subunit B 6.79+3.76 6.20+2.89% 7.07+£4.93 6.95+4.18
paa Bacterial adherence 5.75+3.30 4.39+1.50* 5.98+3.71 5.92+2.74
bdm Biofilm-dependent modulation protein | 6.77+0.95 6.23+2.21* 6.39+4.05 6.56+4.99
Flagellar protein

csgF Curli assembly protein D 4.29+4.17 2.04+0.40 3.57+3.38 3.61+3.40
csgC Curli assembly protein C 2.75+£3.26 0.26+0.47 3.00+3.66 3.37+3.97
fimC Chaperone protein C 2.76£2.01 1.61+£0.97 0.70+0.48 1.20+0.19
fimD Outer membrane usher 1.87+1.36 0.76 £1.87* 2.21+1.65 2.11+2.67
Fatty acid degradation

fadL long-chain fatty acid transporter 5.97+4.57 6.12+1.59 4.75+2.21 5.28+3.47
fad] 3-hydroxyacyl-CoA dehydrogenase 521+1.73 6.53+3.35% 4.85+2.63 5.22+1.36
fadl 3-hydroxyacyl-CoA dehydrogenase 4.82+1.61 5.64+2.90% 4.11+2.06* 4.24+2.52
fadH 2,4-dienoyl-CoA reductase (NADPH) -0.19+2.14 3.05+1.07 0.41+0.77 0.01+2.37
fadE long-chain-acyl-CoA dehydrogenase 3.68+0.15 4.97+2.93 3.41+1.37 3.78+1.36
fadD acyl-CoA synthetase 4.66+2.11 5.73+2.84* 410+2.13 439+1.23
fadB oxidation complex 1.44+1.94 2.92+0.98 1.43+0.39 1.77£1.04
fadA 3-ketoacyl-CoA thiolase FadA 3.50+1.37 3.77+0.70 2.86+1.46 3.35+1.70

Table 3. Genes up- and/or down-regulation in E. coli O157:H7 under 465 nm, 520 nm and 625 nm LED
illuminated and non-illuminated control cells. *Indicate significant difference (P <0.05) between 465 nm;
520 nm and 625 nm illuminated light in comparison with control.
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Figure 3. Escherichia coli O157:H7 transcriptional expression (RPKM, read numbers per kilobase of each
coding sequence, per million mapped reads) of representative KEGG functional categories at the primary (A)
secondary (B) and tertiary (C) levels treated under different wavelength of lights. Cells growth under dark
condition was served as control.

frdABCD. These genes involve in reducing ubiquinone to ubiquinol, which donates an electron to terminal
oxidases, cytochrome o, or the cytochrome d complexes that oxidase ubiquinol and reduce molecular oxygen to
water. The down-regulation of electron transport chain (ETC) components illustrated that cells under 465 nm
illumination were not healthy enough for aerobic respiration compared to non-illuminated healthy control
cells (Fig. 5A). It seems that cells consume fatty acids as sole carbon and energy sources with various chains.
E. coli cells uptake fatty acids and degrade via the -oxidation pathway or use fatty acids for the biosynthesis of
membrane phospholipids. Enzyme fad regulon involve in catalysis of these degradation pathway that activate
and transport of long chain fatty acid and degrade into acetyl CoAs (Table 3, Fig. 5B). In the present study, genes
fadl, fad], fadl, fadH, fade and fadD involved in acetyl CoAs production were significantly up-regulated to 6.12,
6.53, 5.64, 3.05, 4.97 and 5.73 log2, respectively, under 465 nm LED illumination compared to 520 nm (4.75, 4.85,
4.11, 0.41, 3.41 and 4.10 log2, respectively) and 625 nm (5.28, 5.22, 4.24, 0.01, 3.78 and 4.39 log2, respectively)
illuminated and non-illuminated control cells (5.97, 5.21, 4.82,—-0.19, 3.68 and 4.66 log2, respectively) (Table 3,
Fig. 5B). The motility encoding genes were up-regulated in cells under 465 nm LED illumination compared to
control cells (Fig. 5C). As the flagellum master regulator gene fIhD, genes fli, and flg are involved in the regulation,
biosynthesis, and assembly of flagellum, and motor complex protein motB was upregulated in E. coli O157:H7
upon exposure to 465 nm illumination.

Discussion

Exposure of E. coli 0157:H7 cells to different wavelengths of LEDs induced transcriptional changes as described
in the present study. Previously, the effect of LEDs was investigated against pathogenic bacteria, and found
blue (461 nm) and green (521 nm) LEDs were effective in controlling these pathogens®?2. In the present study,
three different LED-illuminated lights were used to examine their effects on bacterial growth, and found E. coli
0157:H7 cells respond differentially to 465 nm illuminated light as described by Ghate et al.!. These findings
could be elaborated by the photodynamic treatment mechanism involved in bacterial inactivation. The photo-
dynamic treatment induces the excitation of photosensitizer molecules that produce reactive oxygen species
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Figure 4. Transcriptional expression of the metabolic pathways of E. coli O157:H7 treated under different
wavelength of lights. Cells growth under dark condition was served as control. The KEGG metabolic pathways
were generated using the genome of strain E. coli O157:H7; their transcriptional expression levels are
quantitatively depicted using line thickness and color changes, according to their read numbers per kilobase of
each coding sequence, per million mapped reads (RPKM) values.

(ROS) when absorbing wavelengths between 400 and 500 nm?"*%. The ROS then oxidize the cell membrane
constituents and cause cytotoxic effects?.

Based on transcriptional differences in E. coli O157:H7 under the influence of different LEDs illuminated
light affected the growth spectrum (Fig. 1). Therefore, transcriptomic reads of E. coli O157:H7 grown under
these conditions were compared. A significant number of DEGs were observed for E. coli O157:H7 grown under
465 nm illumination compared to 520 nm and 625 nm illumination and non-illuminated control (Fig. 2). From
E. coli O157:H7, growth spectrum under different LED-illuminated light, we assumed LED lights affected on
DNA, proteins or lipids. Based on transcriptomic reads of E. coli O157:H7 under illuminated and non-illuminated
conditions, KEGG metabolic categories were analyzed (Fig. 3). However, no significant differences in RPKM
values were observed for amino acid and lipid metabolism (Fig. 3B). Therefore, protein and lipid oxidation are
not sufficient to elaborate different growth levels of E. coli O157:H7 grown under different stress conditions.
Based on KEGG analysis, biological, metabolic, and cellular processes have the largest number of DEGs.

Metabolic processes of E. coli O157:H7 at the initial stationary phase could be identified based on KEGG path-
ways, which show an interacting molecules network (Fig. 4). In bacterial cells, ATP-binding cassette (ABC) trans-
porters proteins contain two transmembrane domains (TMDs) and two nucleotide-binding domains (NBDs)?.
The NBDs involve in binding and hydrolyzing ATP and structural changes in TMDs for conduit opening to
transport substrates?’. In E. coli cells, 5% of the total genome is represented by the largest protein family of ABC
transporters containing 80 diverse systems?. In our study, transcriptomic reads encoding ABC transporters
systems under influence of 465 nm illuminated light were down-regulated compared to others such as genes
involved in oligopeptide transport system (oppB, oppC, oppF), lipoprotein-releasing and transport system (lolA,
lolB, I0lC, lolD), histidine transport system (hisP) and lysine/arginine/ornithine transport system (argO). These
extracellular binding proteins facilitate the transportation of substrates into the cell®. The down-regulation of
these ABC transporter genes might change the importing function of the membrane to uptake nutrients for cell
growth under exposure to 465 nm illuminated light and could be the reason for suppressed growth of E. coli
0157:H7 cells compared to cells grown under 520 nm and 625 nm illumination and non-illuminated control.

Additionally, a series of enzymes are involved in the reduction and oxidation of glucose to acetyl-CoA and
finally into carbon dioxide with the production of energy. The pathway converts NAD" and FAD into NADH
and FADH,, respectively, with the production of one GTP. Then in the oxidative phosphorylation pathway, this
NADH and FADH, produce ATPs®. In our study, based on transcriptomic reads, genes involved in the glucose
metabolic pathway mainly glycolysis, TCA cycle, pentose phosphate, pentose and glucuronate interconversions,
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Figure 5. Down-regulated (blue) and up-regulated genes (Orange) of E. coli O157:H7 under the influence of
blue (465 nm) illuminated light in comparison with the control in the pathway of oxidative phosphorylation
(A), fatty acid degradation (B) and flagellar assembly (C). Pathway analysis of the selected genes was performed
using the KEGG database.

fructose and mannose, galactose, ascorbate and aldarate, and starch and sucrose metabolism genes were signifi-
cantly down-regulated in E. coli O157:H7 grown under 465 nm illumination compared to 520 nm and 625 nm
illuminated and non-illuminated control, that showed the less production of NADH and FADH, and energy
depletion during carbohydrate metabolism in exponential phase (Fig. 3).

However, fatty acid metabolism produced a high amount of energy than other carbon sources because of its
availability as a high reduction and less oxygenation state and plays a vital role in bacterial adaptation during the
stationary phase®!. Genes related to fatty acid metabolism and degradation were upregulated in E. coli O157:H7
grown under 465 nm illumination compared to 520 nm and 625 nm illumination and non-illuminated control.
These genes are involved in the -oxidation cleavage of long-chain fatty acids into acetyl CoAs. Firstly, an outer
membrane-associated protein fadL and inner membrane acyl-CoA synthase fadD activate acyl-mechanism
involve in the transportation of long-chain fatty acids across the bacterial cell membrane, and then fadE con-
verts acyl-CoA to enoyl-CoA?*2. A tetrameric complex made up of two copies of fadB and fadA completes the
final stages of fatty acid degradation, which include hydration, oxidation, and thiolytic cleavage. The -oxidation
pathway functions in a cyclic manner, shortening the input acyl-CoA by two carbon atoms to produce acetyl-CoA
after each cycle. The results showed that E. coli O157:H7 under influence of 465 nm illuminated light, might use
fatty acids as an alternative energy source to survive.

Also, under the stress of 465 nm illuminated light, E. coli O157:H7 might use a flagellar motility system for
survivability and adaptation to favorable conditions. Bacteria use flagellar motility in response to environmental
stimuli such as pH, temperature, various chemicals, redox potential, and osmolarity that enable bacterial cells to
adopt favorable environments for growth and survival®®. For motility, E. coli cells consume enough cellular protein
and energy for the biogenesis of the flagellar motility system®**. Expression of motility-related genes effect on
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Figure 6. Experimental setup to check the growth of E. coli O157:H7 under the influence of different
wavelengths light.

reduction of bacterial growth as flagellar motility consumes enough amount of nutrient contents and cellular
protein required for bacterial rotation®**. In our study, we observed the transcriptomic reads of E. coli 0157:H7
under 465 nm illumination related to flagellar motility greatly upregulated in comparison with non-illuminated
control (Fig. 5C). This upregulation of motility related genes might be responsible for bacterial growth reduction,
down-regulation of carbohydrates metabolic genes and upregulation of fatty acid degradation genes.

Besides this, transcriptomic data also showed that LED lights also affect the quorum sensing (QS) capability of
E. coli O157:H7. Bacterial cells communicate through QS and monitor cell density population based on signaling
molecules concentration in the surrounding environment and express genes accordingly’®*. The autoinducers-2
(AI-2) signal molecule is an inter-species signaling system encoded by the luxS gene that inter-converts AI-2
molecules to 4,5-dihydroxy-2,3-pentanedione (DPD)***°. Our study showed that transcriptomic reads of the
luxS greatly down-regulated under 465 nm illuminated light compared to others. Pathogenic strains use QS to
regulate virulence factors and the down-regulation of the luxS gene demonstrated that communication between
cells under 465 nm illuminated light might decrease and virulence potential as well.

Conclusion

In conclusion, 465 nm illuminated blue light greatly reduced the growth of E. coli O157:H7 in comparison with
520 nm and 625 nm illuminated and non-illuminated control. The results of DEGs showed that a few genes of E.
coli O157:H7 respond differentially under 520 nm and 625 nm illuminated light compared to non-illuminated
control groups. Gene expression of E. coli O157:H7 greatly changed under 465 nm illuminated light, specifi-
cally, genes related to glucose metabolism were significantly down-regulated, causing up-regulation of fatty acid
degradation and oxidative phosphorylation genes during the early stationary phase. Additionally, the motility-
related genes were also up-regulated to adapt to favorable niches and survive under the stress of 465 nm LED
illumination. Overall these results could help to understand the response of E. coli O157:H7 under the wavelength
of different LEDs. Comparative analysis of different wavelengths with the non-illuminated control group based
on transcriptomic reads revealed that metabolic activities of E. coli O157:H7 were significantly affected under
illuminated conditions.

Materials and methods

Bacterial strain and culture conditions. E. coli 0157:H7 (C7927; apple cider isolate) obtained from Dr.
Kun-Ho Seo at Konkuk University, Republic of Korea was used in this study as a model strain since it was isolated
from fresh produce. A frozen culture of E. coli O157:H7 was activated by incubation for 24-h at 37 °C in 10 ml
sterile tryptone soya broth (TSB; Oxoid, Basingstoke, Hampshire, UK). The culture was centrifuged at 3500xg
for 10 min at 4 °C and washed twice with phosphate-buffered saline (PBS; Biosesang, Seongnam-si, Korea). The
cells in the resultant pellet were resuspended in 1 ml of PBS and serially diluted to approximately 10* CFU/ml
using PBS. The last serial dilution of 10* CFU/ml was made in 10 ml sterile TSB for LED illumination.

Light-emitting diode (LED) illumination. High-intensity LEDs (10-W) with wavelengths of 465, 520,
and 625 nm were purchased from Shenzhen Getian Opto-Electronics Co., Ltd. (Shenzhen, Guangdong, China).
The specification of each LED was described in Table 1. LEDs (8 by 8 mm) were attached to a heat sink and a fan
to reduce heat transfer to the cell suspension. Each LED system was surrounded with an acrylonitrile butadiene
styrene (ABS) housing to prevent the penetration of external light during LED illumination which is illustrated
in Fig. 6. For LED illumination, the 10 ml of cell suspension in TSB was transferred into a sterile petri dish
(57 mm diameter) with 8 mm in depth and placed directly below the LED bulbs at a distance of 80-150 mm
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to adjust Photosynthetic Photon Flux Density (PPFD) of 300 pumol/m?s which is the optimum condition for
LED illumination to lettuce in the plant factory***!. The PPFD of each LED in the system was measured using a
PPFD meter (PAR-100, J&C Technology, Gimcheon-si, Korea) at the same distance. The temperature of TSB in
each LED system was monitored with a Fluke 5.4 thermocouple thermometer (Everett, WA, USA) during LED
illumination for 4 h.

Growth kinetics of E. coliO157:H7 under LED illumination.  Ten milliliters of cell suspension in TSB
was illuminated by 465, 520, and 625 nm LED for 24-30 h at the set temperature of 24.5 °C. Cell growth under
LED illumination was monitored periodically by sampling at appropriate time intervals, diluting in 0.1% (wt/
vol) peptone water (PW; Oxoid), and plating on tryptic soya agar (TSA; Oxoid). The cells grown under dark
conditions (non-illuminated) at the set temperature of 25 °C served as a control in this study. The number of
viable cells expressed as log CFU/ml was plotted against time. The growth curves were generated by fitting the
data to the equation of Baranyi and Roberts (1994) using DMFit (https://browser.combase.cc/DMFit.aspx) and
the growth parameters, namely, lag phase duration (LPD), specific growth rate (GR), doubling time (DT) and
maximum population density (MPD), were calculated. Based on the growth curve, the time for the early station-
ary phase of cells under each LED illumination was also determined and the cells were collected for tolerance to
each stress condition and RNA-seq analysis.

Transcriptomic analysis of LED-illuminated E. coli 0157:H7. Transcriptomic analysis was carried
out in triplicate of LED-illuminated and non-illuminated control cells to better understand differences in the
transcriptional response of E. coli O157:H7 among 465, 520, and 625 nm LEDs and non-illuminated control
cells. Non-illuminated and illuminated E. coli O157:H7 cells for early stationary-phase were stabilized with an
RNA protect Bacterial Reagent (Qiagen, Hilden, Germany) and total RNA was isolated using a RNeasy Mini
kit (Qiagen) with a gDNA Eliminator spin column (Qiagen), according to the manufacturer’s instructions. The
concentration and the purity of extracted RNA were determined using a NanoVue Plus Spectrophotometer (GE
Healthcare, Little Chalfont, Buckinghamshire, UK) and the integrity was confirmed by agarose gel electropho-
resis.

For library construction and sequencing, samples of total RNA were performed in triplicate in Macrogen
Inc. (Seoul, Republic of Korea). Briefly, rRNA in total RNA was depleted with an Epicenter Ribo-Zero rRNA
Removal Kit (Bacteria) (Illumina Inc., San Diego, CA, USA) and then sequencing libraries were constructed
by a TruSeq Stranded Total RNA Sample Prep Kit (Illumina Inc.) according to the manufacturer’s instruc-
tions. Genomic data were generated on a HiSeq 4000 system (Illumina Inc.) using a paired-end protocol and a
read length of 2 x 100 bp. The quality of the raw sequences was verified using FastQC software (version 0.11.7;
Babraham Bioinformatics, Cambridge, UK). Before analysis, the raw paired-end reads were trimmed and qual-
ity filtered using a Trimmomatic program*® (version 0.38) and was generated by removing adapter sequences,
low-quality bases (base quality length <3 and sliding window size 4 and quality score 15), and short reads
(<36 bp). After quality control, the trimmed reads were mapped onto the E. coli O157:H7 reference genome
(GenBank: GCF_000008865.2, NCBI: asm886v2) using a Bowtie program (version 1.1.2; http://bowtie-bio.sourc
eforge.net/index.shtml). The number of mapped reads to each gene was counted with an HTseq program (ver-
sion 0.10.0; http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html) to measure the expression.
The differentially expressed genes (DEGs) assay was analyzed with reads per kilobase of transcript per million
mapped reads (RPKM) method. Statistical analysis was performed with the fold change (FC), independent T-test,
and hierarchical clustering. The conditions of |FC|>2 and independent T-test raw P-value <0.05 were selected.
Hierarchical clustering analysis was carried out with Euclidean distances and complete lineage as measures of
similarity of each gene in each sample. Principal component analysis (PCA) was performed by following the
method described by Curiel et al.**.

Transcriptomic functional analyses of LED-illuminated E. coli 0157:H7 based on KEGG path-
ways. Functional genes of the LED-illuminated E. coli O157:H7 were identified from genomes using Prokka
with default parameters* and were functionally annotated using BlastKOALA (http://www.kegg.jp/blastkoala/)*.
In each KEGG category, the transcriptional expression of the genes is shown as the sum of the read numbers per
kilobase of each coding sequence per million mapped reads (RPKM) values of mRNA reads, assigned to each
KEGG functional category. In addition, based on the KEGG Orthology (KO) numbers of the functional genes,
metabolic pathways of the LED-illuminated cells and non-illuminated control cells of E. coli O157:H7 were
generated in iPath v3 module (https://pathways.embl.de/)*’. The transcriptional levels of the KEGG pathways of
E. coli O157:H7 under LED illumination and non-illumination were represented relatively using different line
thicknesses and color brightness based on the sum of the RPKM values of all the functional genes.

Statistical analysis. All experiments were repeated in triplicate and data were presented as means + stand-
ard deviation. SPSS version 25 (Statistical Package for Social Sciences, SPSS Inc, Chicago, USA) was used for
statistical analysis. Significance was verified by one-way ANOVA followed by Duncan’s multiple range posthoc
test. Significance was set at P<0.05.

Data availability

The datasets generated and/or analysed during the current study are publicly available in the NCBI Sequence
Read Archive (SRA) under Accession Numbers SRX18394425 to SRX18394436, (NCBI BioProject accession
number PRJNA905884).
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