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Photo-inactivation of bacteria with UV and blue light 

M. Hospes and K. J. Hellingwerf 

Abstract 

Light -especially, the UV part of the spectrum- can have both lethal and sub-lethal 
effects on organisms, depending on the applied emission wavelength and intensity and 
therefore, it is a stress factor for microorganisms. Many bacteria have photoreceptor 
proteins to sense the light conditions of their environment. E. coli express blue light 
photoreceptor YcgF and B. subtilis YtvA. Here, we report that for E. coli blue light at 
high intensities (>170 µEinstein m-2s-1) leads to a small inhibition of the growth rate at 
15°C. This growth inhibition is much smaller than the inhibition reported previously. 
Also, we observe growth inhibition by 395 nm light, which is temperature dependent. 
The growth inhibition by blue and 395 nm light is larger for B. subtilis compare to 

E. coli. Further, B. subtilis is more sensitive for blue light than for 395 nm. We have 
also tested two UV-C lamps, emitting at 207 and 254 nm, respectively, for disinfection 
use. This has been done by measuring the survival of E. coli and B. subtilis cells on agar 
surfaces after illumination; by measuring the effect of illumination on the growth of E. 

coli and B. subtilis liquid cultures, and by analyzing the survival of B. subtilis spores 
after illumination and the effect of illumination on the germination of these spores. In 
all experiments performed, 254 nm light has larger inactivation effects on the cells and 
spores than 207 nm light. 
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Introduction 

Sunlight can be a harmful source of radiation, capable of damaging microorganisms.32 
Especially, the UV part of the sunlight spectrum is harmful.32, 33, 149 Blue light can be 
taken as a sign for the presence of harmful intensities of UV light. In accordance with 
this, it has been observed that blue/UV light is a stress factor for microorganisms.150 To 
protect themselves against this type of radiation, specific pigments are synthesized 
and/or bacteria migrate to less intense illuminated areas, using phototaxis responses.150 
Many bacteria have photoreceptor proteins to sense the light conditions of their 
environment.3, 151 

YcgF is a blue light photoreceptor from E. coli and consists of a BLUF and an 
EAL (like) domain,28 and presumably has a role at lower temperatures29-31 when the σS 
dependent general stress response is also activated.152, 153 Blue light activation of YcgF 
causes it to bind YcgE.29 YcgE is a repressor of the ycgZ-ymgABC operon and is 
released from its target operon by binding of YcgF upon blue light irradiation.29 
Tschowri and colleagues have reported that blue light irradiation reduces growth of 
E. coli at low temperatures29. At 16°C the growth rate of E. coli irradiated with blue 
light is lower than when E. coli is growing in the dark. To investigate the role of YcgF 
in this blue light effect at low temperature, we have compare the growth of wild type 
E. coli, a knock out mutant of ycgF, and a complemented strain in which the ycgf 
function is restored. 

Bacillus subtilis also activates its general stress response at low temperature.154, 

155 The general stress response of B. subtilis is regulated by σB (see reviews156, 157). 
Environmental stress such as salt, ethanol or blue light activates the general stress 
response via stressosomes in this organism which exist of RsbR, RsbS and RsbT 
proteins.26, 156, 158 The RsbR paralog YtvA is the blue light photoreceptor in this 
pathway.26 A significant light dependent activation of the general stress response by 
YtvA is not detected unless the cells are simultaneously exposed to another stress, like 
salt stress, or when YtvA is overexpressed.26 The activation of the general stress 
response provides non-growing and non-sporulating cells with multiple-stress 
resistance.159, 160 The minimal growth temperature for B. subtilis is 11°C and at 15°C the 
dedicated stress sigma factor σB is activated.155 

To investigate whether blue (470 nm) light also inhibits growth in B. subtilis, 
we compare growth of blue light illuminated cultures and cultures kept in the dark. 
Furthermore, we used also another light source, with a wavelength of 395 nm, to 
analyze the wavelength dependence of the light effect on growth rate. The wavelength 
of 395 nm is at the transition from UV to visible light and both 395 nm and 470 nm are 
wavelengths often used in in vivo spectroscopy studies of flavin containing 
photosensory receptors -like LOV and BLUF domains- and cryptochromes.150, 161 

UV light can have both lethal and sub-lethal effects, depending on the applied 
emission wavelength and intensity.33, 162 The lethal effect of UV light on 
microorganisms has been exploited to develop disinfection methods.33, 44 In addition to 
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the studies using visible and UV-A light, we have tested two UV-C lamps, emitting at 
207 and 254 nm, respectively, for the use in disinfection protocols. This has been done 
by measuring the effects of these UV lamps on both growth of E. coli and B. subtilis 
cells exposed to the UV light in liquid culture and on an agar surface. Also the effects of 
these UV lamps on B. subtilis spores were measured. 

B. subtilis cells generally form spores when nutrient limitation sets in (for 
review see references135, 163). Spores are metabolically inactive and can survive for long 
periods of time without nutrients. They germinate into vegative cells again when 
nutrients become available. Germination is followed by outgrowth of new cells. Spores 
are very resistant towards many stresses, including, heat, toxic chemicals, and UV 
radiation.164 This resistance is caused by the chemical composition of the spore coat, the 
low water content of the spores, and molecules such as small acid-soluble proteins 
(SASP) and dipicolinic acid (DPA) inside the spores.164 SASPs protect DNA by binding 
to it. DPA, which is present in the spore core, lower the spores water content and act as 
photosensitizer.165. Spores are 5 to 50 fold more resistant to UV light than vegetative 
cells 166. Spores lack enzyme- and metabolic-activity and cannot repair damage to macro 
molecules such as DNA, be it that they can repair DNA damage during germination and 
outgrowth 164, 167, 168. If the damage is too severe for repair the (germinating) spore dies 
168-170. 

Materials and methods 

Bacterial strains and growth condition 

In all experiments wild type E. coli K12 MG1655and B. subtilis 168 1A700 were used 
if not indicated otherwise. In the blue light experiments also E. coli K12 MG1655 
∆ycgF, E. coli K12 MG1655 ycgF complemented (see below), E. coli K12 MC410029, 
B. subtilis PB19826, and B. subtilis PB56526 strains were used. Spores were produced as 
describe by Kort et al.

171. 
Cells were grown in LB, MOPS (10 mM glucose, 10 mM NH4Cl)171 or 

Evans172 medium. Agar plates consist of LB, MOPS or Evans medium, plus 10 g l-1 
(bacto-)agar. Plates were incubated at 37°C. 

Genetic manipulation of E. coli 

An in-frame deletion of ycgF in E. coli K12 MG1655 was created via standard double 

recombination gene excision using the vector pKO3. The pKO3-∆ycgF knockout 
plasmid was generated by amplifying 581 base pairs upstream of ycgF using the primer 
set 5’-GCGGCCGCTCCAGTCGGCAAAGAAG-3’; 5’-GAATTCCATGTTCCTGCG 
ATTTGCTA-3’ and 523 base pairs downstream of ycgF using the primer set 
5’-GAATTCTTTCAGGGAGATCTGTTTGC 3’; 5’-GTCGACGGCTCCAGTCATCT 
TCCGTA-3’.  These two PCR fragments were individually cloned into the pCR-
BluntII-TOPO plasmid (Invitrogen), transformed into E. coli TOP10 (Invitrogen), 
amplified, and purified.  The purified TOPO plasmid containing the upstream flanking 
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DNA sequence was cut with EcoRI and NotI and the plasmid containing the 
downstream flanking sequence was cut with EcoRI and SalI. These two cut fragments 
were then gel purified and subcloned into the SalI and NotI sites of pKO3 by triple 
ligation to create the knockout plasmid. The resultant deletion strain encodes a truncated 
version of ycgF containing the first 31 codons of the gene fused to the last 24 codons. 

The complemented strain was constructed by PCR amplifying ycgF plus ~500 
base pairs immediately upstream of the gene using the primer set 
5’-TCTAGAAAGTTTGGCACAAAGCGACT-3’; 5’-CTGCAGTCATGTGAAAGA 
ATGTGCTG 3’. This PCR product was then cloned into pCR-BluntII-TOPO plasmid 
(Invitrogen) and the resultant plasmid was transformed into E. coli TOP10 (Invitrogen), 
and then amplified and purified. The sequence of ycgF plus promoter was confirmed as 
correct. ycgF and its promoter sequence were then cut from pCR-BluntII-TOPO using 
XbaI and PstI, and subcloned into the XbaI and PstI sites of the plasmid pR6Kan 
(Epicentre). This plasmid carries an R6K origin of replication, which is not functional in 
E. coli K12, and a kanamycin resistance marker.  The pR6Kan-ycgF complementation 

plasmid was transformed into the E. coli K12 MG1655 ∆ycgF deletion strain via 
electroporation and single-copy chromosomal integrants were selected via selection on 
LB-kanamycin. 

Illumination of bacterial cultures 

For 470 and 395 nm illumination light-emitting diodes were used. Light intensities were 
measured with a model LI-250 light meter equipped with a quantum light sensor (LI-
COR, Lincoln, NE). The indicated light intensities were measured at the position where 
the erlenmeyers were placed in the incubator, and have therefore not been corrected for 
losses by reflection. The two UV-C lamps were supplied by Ushio Europe BV. One 
lamp emits predominantly at 207 nm. Figure 2.1 shows the emission spectrum of this 
lamp. The second UV-C lamp is a low-pressure mercury arc lamp and emits mainly at 
254 nm. 

Growth curve measurements under 470 and 395 nm illumination 

Overnight cultures were grown in LB medium in the dark, starting from a single colony 
from an LB plate. The overnight cultures were diluted and distributed over different 
Erlenmeyer flasks. The Erlenmeyer flasks were placed in a shaking water bath at 
200 rpm and illuminated with 470 or 395 nm light. Dark controls were wrapped tightly 

Figure 2.1. Emission spectra of the 
UV-C lamp with predominantly 
emission at 207 nm. 
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in tinfoil. Samples for OD600 measurements were taken at various time points. Samples 
from dark controls were taken with minimal red (λ > 600 nm) background illumination. 

As confirmation that the correct strains had been grown, we checked the 
cultures under the microscope and plated a small amount of each culture out on LB 
plates. The LB plates were incubated for 3 days at room temperature. The cells under 
the microscope were identified as E. coli or B. subtilis cells and all LB plates contained 
only E. coli or B. subtilis colonies. 

The presence or absence of ycgF is verified for E. coli K12 MG1655, E. coli 

K12 MG1655 ∆ycgF, and E. coli K12 MG1655 ycgF complemented strain by PCR with 
the forward- and reverse-primer set 5'-GCGGCCGCTCCAGTCGGCAAAGAAG-3' 
and 5'-GTCGACGGCTCCAGTCATCTTCCGTA-3'. With intact ycgF, this primer set 
will produce a PCR product of 2149 base pairs. If the gene is deleted, the PCR product 
will be 1045 base pairs.173 We have used this PCR reaction to confirm -after the blue 
light growth experiments- whether the gene is present or not. To this end cultures were 
plated on LB plates and incubated for 3 days at room temperature. From these plates 
colonies were picked for PCR. The PCR results confirm that the cultures of the E. coli 
strain K12 ∆ycgF after four days of growth are still lacking the ycgF gene and that in 
the E. coli k12 MG1655 and the complemented ycgF cultures the ycgF gene is present. 

Illumination of cells on agar surfaces with UV light 

Cells from an LB culture are diluted and plated out on agar plates. Open plates are 
illuminated for a short period of time with UV light. As a control, plates are used that 
are not illuminated. The plates are incubated at 37°C for 20 hours. Survival was 
monitored by determining the number of colonies appearing on the plates. The 
following equation is used to calculate the survival (�): 

� = ��
��

     Equation 2.1 

�� is number of colonies on illuminated plates and �� is number of colonies on non-
illuminated plates. 

Growth curve measurements after UV illumination 

Fresh MOPS (B. subtilis) or Evans (E. coli) medium was inoculated from an overnight 
culture in the same medium. In the exponential phase the culture is divided over several 
petri dishes. The cultures in open petri dishes are illuminated for a defined period. From 
each petri dish 6 wells (96-wells plates) are filled with 200 µl of this culture. 96-wells 
plates are placed at 37°C under shaking and OD595 is measured every 5 minutes. Non-
illuminated cultures in petri dishes serve as a control. From the culture left in the petri-
dishes dilutions are made, which are plated out on Evans/MOPS plates for survival 
calculations. 
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B. subtilis spores 

Diluted spore suspensions in petri dishes in H2O are illuminated for a defined period. 
After illumination LB agar at 55°C was added to the petri dishes and mixed. The dried 
plates with solidified agar are incubated at 37°C. The survival is measured as described 
above. 

For spore germination and outgrowth measurements, 100 µl of the illuminated 
spore suspension was added to 100 µl 2 fold concentrated LB medium (containing 20 
mM glucose, 2 mM fructose, 20 mM L-asparagine, 2 mM KCl) in 96-wells plates. 96-
wells plates are placed at 37°C under shaking and OD595 is measured every 5 minutes. 
Non-illuminated spores serve as a control. 

Results 

Light effect on bacterial growth 

We started these experiments with measuring growth of WT E. coli K12 MG1655 and 
the corresponding deletion mutant ∆ycgF at 16°C, as shown in Figure 2.2. All cultures 
were grown for 4 days, either in blue light (at 100 µEinstein m-2s-1) or in the dark. For 
dark conditions erlenmeyer flasks were wrapped in aluminum foil and placed aside 
illuminated cultures. We calculated the specific growth rate through fitting the 
exponential part of the growth curves with the formula: 

��� = ����     Equation 2.2 

Growth is measured via optical density (OD) at 600 nm. Time (�) is measured in hours. 
� is the amplitude, which is the ��� at � = �. This ��� is different than the starting 
OD600, because the cultures have a lag phase before exponential growth start. The 
specific growth rate is represented by �. The specific growth rates obtained are shown 
in table 2.1. 

We observe no difference in growth rate -nor in growth yield- for WT in blue 
light, as compared to the dark (see Fig. 2.2). The exponential phase starts after a lag 
phase of 4 hours and continues for 20 hours. In the exponential phase cells have a 
doubling time of 4.7 hours. The ycgF deletion mutant shows a slightly lower growth 

Figure 2.2. Growth curve of E. coli 
cultures at 16°C. Lines/markers represent 
non-illuminated WT K12 MG1655 cultures 
(black), continuous illuminated cultures 
with 470 nm light (red) and cultures of 
K12 MG1655 ∆ycgF non-illuminated 
(green), and continuous illuminated with 
470 nm (blue). The markers represent the 
average of three cultures. 
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rate (doubling time 4.9 h) as WT, and also no difference between blue light illuminated 
cultures and cultures kept in the dark. 

To be sure that the temperature was not too high for a blue light effect at low 
temperature, we repeated the experiment at 14°C. In this experiment we also measured 
the growth rate of a complemented ycgF strain in which the gene ycgF has been re-
introduced. The growth rate at 14°C is lower than at 16°C, which is in agreement with 
expectation. For WT and the ∆ycgF strain the doubling time is around 6.5 hours. Again, 
we observe no difference in growth (rate) between cultures in the dark and illuminated 
with blue light for WT and the ∆ycgF strain. The complemented ycgF strain grows 
slightly slower and its exponential phase of growth is shorter, as compared to WT and 
∆ycgF. The doubling time of the complemented strain is 6.9 hours. However, also in 
this strain there was no significant difference between growth under blue light and in the 
dark. 

Table 2.1. Specific growth rate for dark and blue illuminated cultures of E. coli 

E. coli strain tempe-

rature 

Dark 470 nm illuminationa 

Growth rate Standard error Growth rate Standard error 

MG1655b d 16°C 0.15 0.0029 0.15 0.0026 
∆ycgFd 16°C 0.14 0.00064 0.14 0.00080 

MG1655b e 14°C 0.11 0.00076 0.11 0.00089 
∆ycgFe 14°C 0.11 0.0022 0.10 0.00042 

Complementedc e 14°C 0.10 0.00079 0.10 0.0048 
MG1655b e 16°C 0.13 0.0021 0.13 0.0051 
MC4100b f 16°C 0.13 0.00087 0.13 0.00053 

a Intensity of 100 µEinstein m-2s-1 

bMG1655 and MC4100 are E. coli WT K12 strains. 
cIn the ycgF complemented strain the ycgF gene has been re-introduced. 
dIn triplicate; eIn duplo; fIn quartet 

 

One possible explanation why we do not observe an effect of blue light on the 
growth could be that our K12 strain MG1655 reacts differently on blue light than the 
strain used by Tschowri and colleagues.29 To investigate this we compared our strain 
K12 MG1655 with the strain K12 MC4100 from reference29. In this third experiment, 
the doubling time of MG1655 is slightly higher than we measured in the first 
experiment, 5.4 hours compare to 4.7. This slightly higher doubling time is likely 
caused by very small differences in temperature. A decrease of two degrees already 
leads to an increase in doubling time of 1.8 hours. The MC4100 strain has the same 
doubling time of 5.4 hours as our WT strain. Furthermore, we did not observe 
differences in the cultures of the MC4100 strain in the dark and illuminated with blue 
light (see table 2.1). The difference in growth for the two WT strains is that MC4100 
starts earlier with exponential growth, but its growth also stops earlier, compared to 
MG1655. 
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Table 2.2. Growth rate for dark and blue (470 nm) illuminated cultures of E. coli and B. subtilis 

tempe-

rature 

E. coli B. subtilis 

Intensity 
µEinstein 

m-2s-1 

Growth rate h-1 Intensity 
µEinstein 

m-2s-1 

Growth rate h-1 

Dark Illuminated Relativea Dark Illuminated Relativea 

37°C 253 1.28 1.37 1.07     
37°C 237 1.21 1.20 0.99 177 0.66 0.64 0.97 
37°C 166 1.36 1.44 1.06 173 0.73 0.73 0.99 
37°C 202 1.34 1.38 1.03     
25°C 201 0.52 0.56 1.07 144 0.19 0.17 0.86 
25°C 182 0.56 0.57 1.01 207 0.19 0.15 0.77 
15°C 179 0.069 0.067 0.97     
15°C 182 0.066 0.062 0.94 171 0.043 0.017 0.41 
15°C 179 0.079 0.076 0.97 204 0.042 0.013 0.30 
15°C 182 0.081 0.077 0.95     

a Relative growth rate for continuous illuminated cultures compare to cultures in the dark. 

 

To further investigate the effect of visible light on bacterial growth as a 
function of temperature, we included another prokaryote, B. subtilis. In these 
experiments we use light with a higher intensity compared to the experiments described 
above. The growth rate of E. coli and B. subtilis (strain 168 1A700) cultures in the dark 
and continuous illuminated by 470 nm light is shown in table 2.2. Also, the relative 
growth rate for continuous illuminated cultures compare to cultures in the dark is listed 
in this table. We observe for E. coli a small inhibition of the growth rate at 15°C by blue 
light illumination with intensities above 170 µEinstein m-2s-1. B. subtilis is more 
sensitive to blue light than E. coli. Blue light has already an effect at 25°C on B. subtilis. 
At 15°C the relative growth rate under blue light illumination is decreased to 0.3-0.4 of 
the growth rate in the dark. For E. coli this is only around 0.96. 

Table 2.3. Growth rate for dark and 395 nm illuminated cultures of E. coli and B. subtilis 

tempe-

rature 

E. coli B. subtilis 

Growth rate h-1 Growth rate h-1 

Dark Illumi-

nated 

Relativea Standard 

errorb 

Dark Illumina

ted 

Relativea Standard 

errorb 

37°C 1.31 1.29 0.98 0.017 0.36 0.35 0.96 0.040 
25°C 0.41 0.37 0.89 0.004 0.17 0.17 0.98 0.014 
15°C 0.092 0.086 0.94 0.022 0.021 0.0039 0.18 0.068 

a Relative growth rate for continuous illuminated cultures compare to cultures in the dark. 
b Standard error for relative growth rate 

 

We included also light of another wavelength (395 nm). In table 2.3 is shown 
the growth rate of E. coli and B. subtilis cultures in the dark and continuous illuminated 
by 395 nm light. All growth rates are the average of the growth rate from two 
independent cultures. The table includes the relative growth rate for continuous 
illuminated cultures. In contrast to blue light, 395 nm light inhibits growth of E. coli 
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cultures at all three temperatures with the largest inhibition at 25°C. Illumination with 
395 nm has a large effect on growth of B. subtilis at 15°C and a small effect at 37°C. 

B. subtilis is more sensitive to blue light than E. coli. Therefore, B. subtilis is 
suitable to investigate if a blue light photoreceptor is involved in the regulation of this 
growth inhibition. The genome of B. subtilis contains one blue light photoreceptor 
protein from the currently known photoreceptor families, namely YtvA. To study a 
possible function of YtvA in growth inhibition by blue light, we measured the growth 
inhibition by blue light for two B. subtilis strains, strain pB198 and its ytva deletion 
mutant PB565. Both strains are transcriptional fusion strains of B. subtilis which report 
σB activity through β-galactosidase activity.26 We measured the growth of these two 
B. subtilis strains at 16°C in the dark and from cultures that are illuminated with 470 nm 
light. We calculated the specific growth rate from the exponential part of the growth 
curves. The obtained growth rates are shown in table 2.4. In addition, the β-
galactosidase activities were measured at three time points during the experiment and 
expressed in Miller units as described previously.174 

Table 2.4. Growth rate and σB activity for dark and blue illuminated cultures of B. subtilis 

B. subtilis 

strain 

Intensity 
µEinstein m-2s-1 

Growth rate σB activity Miller units 

µ 
h-1 

Relativeb Growth timec 

28 h 52 h 75 h 

PB198 102 0.093 0.83 3.3 10.8 17.5 
PB198 0 0.112 1.00 2.3 3.9 6.5 
∆ytvA 1a 152 0.087 0.88 1.2 6.3 16.7 
∆ytvA 1a 0 0.099 1.00 0.0 1.6 4.1 
∆ytvA 2a 114 0.092 0.94 2.9 9.5 19.0 
∆ytvA 2a 0 0.098 1.00 0.9 2.9 5.7 

a∆ytvA strain (pB565) is derived from strain PB198. Cultures 1 and 2 are grown from two 
independent colonies. 
bRelative growth rate compare to the dark condition. 
cAt 28 hours of growth the cultures are grown exponential; around 52 hours the cultures reach 
the stationary phase; After 75 hours the experiment is ended. 

 

We observe a difference in growth rate in blue light, as compared to the dark 
for strain PB198 and its ytva deletion strain. The growth inhibition by blue light is for 
∆ytva strain smaller than for strain PB198. However, this difference is small and in the 
dark strain PB198 has a slightly higher growth rate compare to ∆ytva. The growth 
inhibition by blue light for these two B. subtilis strains (pB198 and PB565) is smaller 
than the growth inhibition measured earlier for B. subtilis strain 168 1A700 (see above). 
This may be caused by differences between the strains, by the lower light intensity, 
or/and by differences in temperature (16°C instead of 15°C) used in the experiment with 
pB198 and pB565. The σB activity increases during the experiment with high activity in 
the stationary phase. For all samples the σB activity is higher for the cultures illuminated 
with blue light compare to their corresponding samples from the cultures kept in the 
dark. For PB198 strain, the growth from a single culture in the dark en with blue light 
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illumination is measured; the ∆ytva strain is measured in duplo. These experiments has 
to be repeated to determine standard error, however the trend is clear. Blue light inhibits 
in both strains pB198 and ∆ytva strain the growth rate. The β-galactosidase results show 
that blue light illumination increase σB activity independent from YtvA. 

Cell survival 

As is well-documented in literature, illumination with UV light for only a few seconds 
can already kill bacterial cells.33 In most of these studies a low-pressure mercury arc 
lamp is used, which emits predominantly at 254 nm. We have tested two UV lamps, the 
common used mercury lamp and a UV-lamp whit emission predominantly at 207 nm 
(see Fig. 2.1). Their disinfection efficiency is measured by illumination of E. coli and 
B. subtilis cells on an agar surface. Cells from an overnight culture are diluted and 
plated out on Luria Broth (LB) agar plates. The plates are briefly illuminated with UV 
light for a period ranging from 2 to 1200 s, with a distance of 8 or 20 cm between the 
lamp and the plates. For the 207 nm lamp, the light intensity is 28.1 and 11.8 J s-1m-2 at 
a distance of 8 and 20 cm, respectively. The other lamp with 254 nm radiation has light 
intensities of 46.8 and 23.4 J s-1m-2 at a distance of 8 and 20 cm, respectively. As a 
control, plates with cells are used that are not illuminated. After 20 hours of incubation 
at 37°C, colonies are counted. From these data the survival is calculated. Also, agar 
plates of defined medium have been used. For B. subtilis MOPS medium175 was 
selected; a medium that is often used for B. subtilis. However, for E. coli MOPS 
medium is rather uncommon. Therefore, we used Evans medium172 for E. coli. Cells 
grow slower on these defined medium plates than on plates with LB. Therefore, the 
MOPS and Evans plates were incubated for 6 days. Nevertheless, already after 3 days of 
incubation most of the cells had grown into visible colonies. We have also compared 
these two UV lamps with light of 395 nm. As described above, 395 nm light inhibits 
growth of both E. coli and B. subtilis cells. 

Disinfection by UV illumination can be described by the parameters of 
inactivation kinetics (reviewed in Hijnen et al.33). Inactivation is defined by reduction in 
the survival of the cells due to UV dose. Inactivation of microorganisms is usually 
described by the log survival which has a linear relationship with the UV dose. In our 
experiments the UV dose depends on illumination time and light intensity. This can be 
described by the next equation: 

� !� = −�#     Equation 2.3 

In which � is the survival, # the UV dose which is defined by illumination time times 
light intensity, and the �-value is the rate constant of the inactivation. However, in 
many actual results it can be observed that a very low rate of inactivation of cells at low 
UV dose is followed by a log-linear relationship at longer times. This ‘shoulder’ in the  
inactivation curve can be described mathematically as followed: 

� !� = (−�#) − $    Equation 2.4 
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In which $ is the y-intercept. Furthermore, also at longer illumination times often a 
deviation from the log-linear relationship is observed; a phenomenon which is called 
“tailing”. We also observed tailing in our data set. The actual background behind this 
process is not known, therefore, we used the linear part of the inactivation curve to 
calculate the rate of inactivation. 

 

 

Figure 2.3. Survival of E. coli 
and B. subtilis cells on LB agar 
plates after illumination with UV 
light. A) Illumination with 
207 nm light of E. coli with 11.8 
(●) and 28.1 J s-1m-2 (■) light 
intensities and of B. subtilis with. 
11.8 (▼) and 28.1 J s-1m-2 (▲). B) 
Illumination with 254 nm light of 
E. coli with 23.4 (●) and 46.8 J s-

1m-2 (■) light intensities and of 
B. subtilis with. 23.4 (▼) and 
46.8 J s-1m-2 (▲). C) Illumination 
with 395 nm light of E. coli (●) 
and B. subtilis (▼).Fitted lines are 
best fits through the data with 
equation 2.4. The line styles are 
dashed (low light intensity) and 
solid (high intensity) for E. coli 
and dash-dotted (low intensity) 
and dotted (high intensity) for 
B. subtilis. 
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Table 2.5. Parameters of the inactivation kinetics 

E. coli 

Medium of 

agar plate 

207 nm radiation 254 nm radiation 

Intensity 
J s-1m-2 

k 
mJ-1m2 

Shoulder 
J m-2 

Intensity 
J s-1m-2 

k 
mJ-1m2 

Shoulder 
J m-2 

LB 11.8 3.7 665 23.4 36 82 
LB 28.1 4.1 0 46.8 >3.9 0 

Evans 11.8 1.6 14 23.4 37 57 
Evans 28.1 4.0 40 46.8 >39 0 

B. subtilis 

Medium of 

agar plate 

207 nm radiation 254 nm radiation 

Intensity 
J s-1m-2 

k 
mJ-1m2 

Shoulder 
J m-2 

Intensity 
J s-1m-2 

k 
mJ-1m2 

Shoulder 
J m-2 

LB 11.8 1.9 463 23.4 36 71 
LB 28.1 5.9 0.25 46.8 >32 0 

MOPS 11.8 1.0 510 23.4 2.6 100 
MOPS 28.1 0.60 99 46.8 5.8 75 

 

Figure 2.3 shows the survival of E. coli and B. subtilis cells after illumination 
with 207 nm, 254 nm, and 395 nm radiation. For 395 nm light the percentage of 
survival is at least 28 %. Through the high survival rate with 395 nm light, this survival 
is difficult to fit with the formula for the inactivation kinetics. The survival curves 
obtained after illumination with the other wavelengths have been fitted with 
equation 2.4. The fit is shown in figure 2.3 and the parameter values are listed in 
table 2.5. UV dose can be calculated from the light intensity and the illumination time. 
Therefore we tried to fit both light intensities for the same wavelength together. 
However, the high light intensity has a lower survival of bacterial cells with the same 
UV dose than the low light intensity. Therefore, we have fitted the different light 
intensities separately. This effect of light intensity on survival is also observed in the k-
values in table 2.5. 

The light of 254 nm light at an intensity of 46.8 J s-1m-2 is so strong that after a 
few seconds almost all bacterial cells are killed. We did not measure for periods less 
than 2 s, because then the illumination time cannot be measured accurately anymore in 
our setup. The low survival already after 2 s gives problems with an accurate 
determination of the k-value. Therefore, for these latter data we only determined a 
minimum value. 

After illumination with light of 395 nm for 300 s (data not shown), the survival 
is still above 0.28. So, 395 nm light is not effective in the inactivation of bacterial cells. 
The most effective disinfection method has no shoulder and has a high k-value. For 
254 nm light with 46.8 J s-1m-2, using LB plates, no shoulder in the survival of E. coli 
and B. subtilis is observed. For B. subtilis on MOPS plates illuminated with 46.8 J s-1m-2 
254 nm light, a shoulder of 75 J m-2 is measured. Radiation of 207 nm of 28.1 J s-1m-2 
has no shoulder for the survival of E. coli and a small shoulder for B. subtilis. This is 
true only for the cells on LB plates; E. coli cells on Evans plates have a shoulder of 
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40 J m-2 and B. subtilis on MOPS plates a shoulder of 99 J m-2. At lower intensity of 
254 nm and 207 nm light the length of the shoulder increases, except for E. coli on 
Evans plates illuminated with 207 nm light. The k-values of the 207 nm light range 
from 0.6 and 5.9 mJ-1m2, whereas the k-value for 254 nm radiation can reach up to 
values of 39 mJ-1m2. However, the lamp emitting 254 nm has a higher intensity than the 
207 nm lamp. Comparing the 207 nm light of 28.1 J s-1m-2 with 23.4 J s-1m-2 254 nm 
light, leads to the observation that 254 nm light still has higher k-values than 207 nm 
light with a slightly higher intensity. In summary, the most effective light in killing 
E. coli and B. subtilis is 254 nm light, as compared to 207 nm light. 

In addition to these radiation-inactivation experiments, also measurements 
were performed of the re-activation of growth of the cells, a few days after the radiation 
treatment. After 68 hours incubation, only a few new colonies on LB plates were 
visible. This number was so small that it was negligible (i.e., < 1.0 % of the total 
number of colonies at that illumination time). 

Figure 2.4. Inhibition of growth after 10 s illumination with 207 nm and 254 nm light for E. coli (A) and 
B. subtilis (B). Lines represent non-illuminated culture (solid bold line), illumination with 207 nm at 
intensities of 11.8 J s-1m-2 (dashed line) and 28.1 J s-1m-2 (dash-dotted line), and illumination with 254 nm at 
intensities of 23.4 J s-1m-2 (solid light line) and 46.8 J s-1m-2 (dotted line). 

Bacterial growth after UV-C illumination 

From the survival measurements on agar plates it can be concluded that cells exposed to 
UV-C light for a longer time period will die. Measuring growth rate for bacterial 
cultures, continuously illuminated with UV-C light, is therefore not meaningful. To 
determine the effect of UV-C light on the growth rate, we illuminated cultures during 
their exponential growth phase for a short time period, with light of 207 nm and 
254 nm. E. coli cells were grown in Evans medium and B. subtilis in MOPS medium. 
When the cultures were growing exponentially, they were divided over small petri 
dishes and illuminated. After illumination the growth at 37°C was measured by OD595. 
A small part of the culture was diluted and plated out on plates as an assay of the viable 
count for measuring the survival. 

The growth curves of E. coli and B. subtilis cultures after illumination are 
shown in figure 2.4. There are large differences in the growth curves between these two 
organisms. Both bacteria show exponential growth after illumination; however E. coli 
continued with exponential growth until it reached the stationary phase. The growth 
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curve of B. subtilis is multi-phasic. It starts with exponential growth, followed by a 
decrease in OD. After this decrease, the OD increases exponentially, followed by an 
increase with a lower rate, to finally reach a plateau value. The decrease in OD is clearly 
visible after illumination with 254 nm light. This decrease is likely caused by lysis of 
cells. The decrease in OD starts after approximately 1 hour, which indicates that (dead) 
cells stay intact for a while. For the growth curve of B. subtilis, after illumination with 
207 nm light, the decrease in OD is not so clear. Presumably, the loss of cells due to 
lysis is compensated by the growth of other cells. Therefore, fewer cells have died after 
illumination with 207 nm light, compared to 254 nm light. Another characteristic of the 
growth curve of B. subtilis is that between the phase of exponential growth and the 
stationary phase, the cells have a lower growth rate for several hours. This change in 
growth rate can be caused by depletion of a nutrient in the medium. 

Table 2.6. Parameters of growth 

207 nm radiation 

 E. coli B. subtilis 

Intensity 
J s-1m-2 

Illumina-

tion time 
s 

Growth 

rate µ 
h-1 

Fraction 

grown 

Survival 

on plate 

Growth 

rate µ 
h-1 

Fraction 

grown 

Survival 

on plate 

11.8 2 0.46 0.94 0.63 1.13 0.42 1.55 
11.8 5 0.44 0.99 0.78 0.79 0.77 0.85 
11.8 10 0.46 0.95 0.65 0.89 0.91 1.50 
11.8 20 0.45 1.00 0.89 0.79 0.89 1.20 
28.1 2 0.44 0.95 1.04 0.99 0.86 0.75 
28.1 5 0.44 0.99 0.92 0.84 0.74 0.75 
28.1 10 0.42 0.98 0.59 0.78 0.76 0.80 

254 nm radiation 

 E. coli B. subtilis 

Intensity 
J s-1m-2 

Illuminati

on time 
s 

Growth 

rate µ 
h-1 

Fraction 

grown 

Survival 

on plate 

Growth 

rate µ 
h-1 

Fraction 

grown 

Survival 

on plate 

23.4 2 0.47 1.00 0.82 1.03 0.88 0.60 
23.4 5 0.46 0.97 0.43 0.83 0.24 0.70 
23.4 10 0.42 0.95 0.12 0.70 0.12 0.75 
46.8 2 0.46 0.92 0.37 1.00 0.07 0.60 
46.8 5 0.42 0.98 0.08 0.55 0.09 0.20 
46.8 10 0.23 1.01 0.04 0.44 0.14 0.05 

-a - 0.43 0.94 1.00 1.08 0.87 1.00 
a Control culture which is not illuminated. 

 

We have fitted the linear part of the growth curves with equation 2.2. The first 
part of the growth curves of E. coli gives a good fit with this formula for exponential 
growth. For B. subtilis we split the OD in two groups of cells: Cells that grow 
exponentially and cells that are dead or too much damaged for further growth. To fit the 
exponential phase with equation 2.2 gives a growth rate for the first group of cells (and 
very low amplitude). The ratio between the measured OD at time point zero and 
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amplitude gives the fraction of cells that have grown. From the viable count of the 
plates the survival can be calculated. In table 2.6 we listed the results of this analysis 
from the growth curves of E. coli and B. subtilis. 

The growth rate of E. coli for all cultures is between 0.42 and 0.47 h-1, except 
after exposure to the highest radiation dose applied here (i.e., after illumination for 10 
seconds with 46.8 J s-1m-2 254 nm radiation). This latter culture has a growth rate of 
0.23 h-1. The slow growth of this culture is also visible in figure 2.4A. The amplitudes 
are equal or a little bit lower than the measured OD at time point zero. This indicates 
that almost all cells have been growing. The fraction of growing cells is larger than 
0.92. On the other hand, an effect of illumination is clearly observed in the survival 
calculated from the plates made from these cultures. The largest decrease in survival is 
observed after illumination with 254 nm light. 

In contrary to E. coli, short illumination with UV light has large effects on the 
growth of B. subtilis cultures. Illumination with both wavelengths leads to a decrease in 
the growth rate. This decrease after illumination with 254 nm light is larger than for 
207 nm light. Also the amplitude is much lower after illumination with 254 nm light 
compared to 207 nm light. This leads to a calculated fraction of growing cells lower 
than 0.1 after illumination with 46.8 J s-1m-2 254 nm light. Also the survival counted on 
plates shows the strongest decrease after illumination with 254 nm light. The survival 
on plates is higher than the fraction of grown cells in the culture. This is likely due to 
the fact that the colonies on plates are counted the next day. This suggests that in the 
cultures there is a relative large fraction of living cells that are slowly or not growing in 
the first hours after illumination. Light of 254 nm has a larger effect on growth rate and 
survival compared to 207 nm light. However, in our experiments the lamp emitting 
254 nm has a higher intensity than the 207 nm lamp. Comparison of 254 nm radiation 
with 23.4 J s-1m-2 intensity to 28.1 J s-1m-2 207 nm light shows that 254 nm light causes 
higher cell death. For the growth rate less difference is observed for these two light 
sources. That light can inhibit growth is also shown with illumination of 470 nm and 
395 nm light (see above). 

 

Figure 2.5. Survival of B. subtilis spores after 
illumination with 207 nm light with 11.8 (●) 
and 28.1 J s-1m-2 (■) intensities and 254 nm 
light with. 23.4 (▼) and 46.8 J s-1m-2 (▲) 
intensities. Fitted lines are best fits through the 
data with equation 2.4. The line styles are 
dashed (11.8 J s-1m-2 207 nm), dash-dotted 
(28.1 J s-1m-2 207 nm), solid (23.4 J s-1m-2 
254 nm), and dotted (46.8 J s-1m-2 254 nm). 
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Table 2.7. Parameters of inactivation for B. subtilis spores 

207 nm radiation 254 nm radiation 

Intensity 
J s-1m-2 

k 
mJ-1m2 

Shoulder 
J m-2 

ratio k 

cell/spore 
Intensity 

J m-2 
k 

mJ-1m2 
Shoulder 

J m-2 

ratio k 

cell/spore 

11.8 0.21 150 9 23.4 1.1 0 32 
28.1 0.43 36 14 46.8 2.6 0 12 

 

B. subtilis spores 

We have also investigated the inactivation of B. subtilis spores by UV light, by 
measuring their survival and germination, followed by exponential growth of the 
resulting vegetative cells. First we measured the survival of spores by illumination a 
spore suspension in H2O. After illumination, LB agar at 55°C was added, which 
initiates spore germination. Colonies are counted after 4 days of incubation at 37°C. The 
resulting survival curve is fitted with equation 2.4. These results, with the fitted lines, 
are shown in figure 2.5. In table 2.7 the k-values and the length of the shoulders 
calculated from these fits are presented. 

For 254 nm light no shoulder in the survival of spores is observed. For 207 nm 
light a shoulder in the survival is present; however, this shoulder is smaller after 
illumination with 28.1 J s-1m-2 intensity compared to vegetative cells. The k-value for 
inactivation of spores is higher for 254 nm light as compared to 207 nm light. The light 
of 254 nm with 23.4 J s-1m-2 intensity has more than a 2 fold higher k-value compared to 
the 28.1 J s-1m-2 207 nm radiation. We also calculated the ratio of the k-value between 
B. subtilis cells and spores. Spores are 9 to 32 fold more resistant against UV light. 

Secondly, we analyzed the germination of spores that leads to outgrowth and a 
population of exponentially growing cells. These processes were measured via the OD 
of the culture at 595 nm, after short UV-C illumination of a spore suspension. The 
results of these measurements are shown in figure 2.6. Germination initially causes a 
drop in OD595, because cells have a lower OD595 than spores.176 The OD increases when 
the cells start to divide. Illumination with UV light leads to a delay in the initiation of 
growth. As a quantitative measure for this delay we use the time that the cultures need 
to reach OD595 of 0.04 (start OD595 = 0.01). These delay times are listed in table 2.8. 
The delay is larger after illumination with 254 nm light than after use of 207 nm light. 

Figure 2.6. Germination and outgrowth of 
B. subtilis spores measured by OD595 after 
illumination for 20 s with 207 nm and 254 nm 
radiation. Lines represent non-illuminated 
culture (solid bold line), illumination with 
207 nm at intensities of 11.8 J s-1m-2 (dashed 
line) and 28.1 J s-1m-2 (dash-dotted line), and 
illumination with 254 nm at intensities of 
23.4 J s-1m-2 (solid light line) and 46.8 J s-1m-2 
(dotted line). 
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After the germination vegetative cells start to grow exponentially. We 
calculated the specific growth rates of the exponentially growing cells (see table 2.8). 
They range from 1.5 to 2.5 h-1. The growth rate increases with increasing illumination 
time. This may seem contradictionary, but a high growth rate might be correlated with a 
long delay time. Likely, in the cultures with a short delay time, spores still germinate 
when other cells already start to grow exponentially. The germination of spores has a 
negative effect on the OD595 and therefore on apparent growth rate. This is in line with 
the large drop in OD595 for cultures with a long delay time (see Fig. 2.6). The depth of 
the drop in OD595 can be used as measure for germination of spores. However, in our 
data this suggests that with increasing illumination time also more spores germinate. 
This is likely not what happens. More plausible is that in cultures with shorter delay 
times the germination is still going on when the OD595 already started to increase. 

Table 2.8. Specific growth rate (µ) and delay time of inactivation for B. subtilis after germination 

207 nm radiation 254 nm radiation 

Intensity 
J s-1m-2 

Illumination 

time 
s 

µ 
h-1 

Delay 

timea 
h 

Intensity 
J m-2 

Illumination 

time 
s 

µ 
s-1 

Delay 

timea 
h 

11.8 5 1.49 2.9 23.4 5 1.55 2.9 
11.8 10 1.52 2.7 23.4 10 1.75 3.5 
11.8 20 1.51 2.9 23.4 20 1.81 3.3 
11.8 30 1.61 3.0 23.4 30 2.42 5.6 
11.8 60 1.89 3.7 23.4 60 2.13 5.5 
11.8 120 2.26 4.5 23.4 120 2.50 5.1 
11.8 300 1.98 6.4 46.8 5 2.24 4.4 
28.1 5 1.54 2.7 46.8 10 2.10 5.7 
28.1 10 1.69 3.1 46.8 20 2.02 7.0 
28.1 20 2.19 3.7 -b - 1.52 2.7 

a Delay time is measured by time to reach OD595 of 0.04. 
b Control culture which is not illuminated. 

 

Discussion 

470 nm and 395 nm light 

Tschowri and colleagues measured growth inhibition for E. coli by blue light (at 
100 µEinstein m-2s-1) at 16°C.29 They observed a lower growth rate and final yield for 
cultures illuminated with blue light compared to cultures in the dark. However, no 
experiment was performed with an ycgf deletion mutant to prove that this blue light 
effect is regulated by YcgF. Therefore, we repeated these experiments with WT strain 
K12 MG1655, two genetically modified strains and the WT strain K12 MC4100. We 
have not observed any blue light effects on the growth rate or final growth yield of these 
four strains at low temperature, including strain K12 MC4100. However, at higher light 
intensities (>170 µEinstein m-2s-1), we observed a very small inhibition of the growth 
rate at 15°C. This growth inhibition is much smaller than the inhibition reported by 
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Tschowri and colleagues.29 Due to this very small inhibition of the growth rate at high 
intensities of blue light, we did not measure the growth of ∆ycgF strain and the 
complemented ycgF strain under these high blue-light intensities. 

The blue-light photoreceptor YcgF presumably has a role at low 
temperatures.29-31 It regulates the expression of the ycgZ-ymgABC operon, which is 
conserved in various enteric bacteria. The very small inhibition by high intensity of blue 
light at low temperature that we observe, may be regulated by photoreceptor YcgF. The 
photocycle of the BLUF domain of YcgF has a slow ground state recovery.177 A long 
living signaling state is correlated with a high sensitivity for light. Indeed, from 
unpublished data is observed an YcgF dependent blue light phenotype in biofilm 
formation with half-saturation at around 5 µEinstein m-2s-1.173 The blue light inhibition 
on growth rate that we report in this chapter occurs with light intensities above 
170 µEinstein m-2s-1. Such high intensity is uncommon for light dependent process 
regulated by a photoreceptor with a slow recovery. 

Alternatively, the small inhibition by blue light can be also caused by rather 
non-specific radiation damage. This is supported by the observed growth inhibition by 
395 nm light and by UV light. The growth inhibition by 395 nm light is also 
temperature dependent. At 37°C, this growth inhibition is not significant. The growth 
rates at 25°C and 15°C are ~0.89 and ~0.93 of the growth rate from not illuminated 
cultures. That the inhibition is larger at 25°C than at 15°C, which might be due to the 
very low growth rate at 15°C. 

In contrast to E. coli, B. subtilis is more sensitive to blue light than to 395 nm 
light at 25°C. At 15°C, both wavelengths cause large inhibition of the growth rate of 
B. subtilis. The general stress response is activated at low temperatures.155 The 
activation of the general stress response provides non-growing and non-sporulating 
cells.159, 160 Light-dependent activation of the stress response by YtvA is not detected 
unless the cells are simultaneously exposed to another stress or YtvA is 
overexpressed.26 Maybe, the combination of blue light and cold stress is also sufficient 
to induce blue light dependency in the general stress response. Therefore, we measured 
the growth rate with B. subtilis transcriptional fusion strain PB198 and its ytva deletion 
mutant pB565. These transcriptional fusion strains report σB activity, which we use to 
determine if growth rate inhibition by blue light is correlated with σB activity. We have 
observed growth inhibition by blue light at low temperature (16°C) for both strains. 
This shows that blue light is able to slow down growth independent from YtvA. Also, 
the stress response is increased by blue light independent from YtvA. YtvA is the only 
known blue light photoreceptor from B. subtilis. This indicates that blue light effects the 
growth via non-specific radiation damage. This radiation damage likely increases the σB 
activity. 
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UV-C light 

UV light is more harmful for cells than visible light. In the survival experiments, we 
observe that the lethality of the UV dose is dependent on time and intensity of the 
illumination (radiation) treatment. The same UV dose is more lethal when the exposure 
time is short and the intensity is high instead of longer exposure time and lower 
intensity. The most effective illumination for killing bacteria has inactivation kinetics 
with no shoulder and a high k-value. In the survival experiments 254 nm light has 
higher k-values and shorter shoulders, compared to 207 nm light. This suggests that the 
cells do not contain important photosensitizers for the wavelength region of 207 nm. 
Indeed, in most reports the effectiveness of UV-C light as disinfectant is ascribed to 
absorption by DNA.32, 33, 149, 178 DNA absorbs maximally around 260 nm32, which is 
very close to the 254 nm light. 

Light of 254 nm is also more lethal for growing cells in liquid cultures 
compared to 207 nm light. In contrast to the growth rate after UV light illumination, the 
inhibition of growth rate in liquid cultures is not so different for both wavelengths. 
Illumination with both 207 nm and 254 nm light leads to a decrease in growth rate. For 
B. subtilis cultures the decrease in growth rate was larger than for E. coli. Also a drop in 
OD595 after illumination was clearly observed for B. subtilis cultures and not for E. coli 
clutures. All in all, the B. subtilis cells in liquid cultures were more sensitive for UV-C 
radiation than E. coli cells. 

Spores are more resistant against UV light illumination than vegetative cells.166 
We observe 9 to 32 fold more resistance for B. subtilis spores. We also measured the 
germination and outgrowth of spores. The growth rate after germination of spores was 
difficult to analyze, because in the germination and outgrowth of spores two different 
processes partly overlap in time. However, we observe that illumination with UV-C 
light leads to a delay in the initiation of growth. This delay is larger after illumination 
with 254 nm light compared to illumination with 207 nm light. We cannot conclude 
which effect UV-C light has on growth rate after germination. The growth rate in our 
experiments was correlated with the delay time, such that a longer delay time leads to a 
higher growth rate. Comparing illumination with 207 nm and 254 nm light for the delay 
time in germination and the survival of spores shows that 254 nm light has the largest 
effect on spores. This is consistent with the effect of these wavelengths on vegetative 
cells. 
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