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Sporulation of Bacillus licheniformis is inhibited by broad-spectrum light.
This phenomenon is intensity dependent and is a near-ultraviolet and blue light

effect.

Light has a wide variety of effects on microor-
ganisms (3, 14, 20). The majority of studies with
bacteria, however, have centered around the
growth-delaying, mutagenic, and lethal effects
of ultraviolet radiation (10, 20). Except short-
wavelength visible radiation, which has been
studied because of its photoreactivating (5, 20)
and mutagenic (2, 5, 9) potential, very few in-
vestigations have been made to determine the
influence of visible and near-visible light on
procaryotes. Recently, it has been shown that
light with wavelengths longer than 400 nm af-
fects certain metabolic and physiological proc-
esses in bacteria. Tumbling movement and,
subsequently, cell paralysis occur when bacte-
ria are exposed to vigible light (18). In addition,
respiration, permeation, and adenosine 5’'-tri-
phosphate (ATP) production can be influenced
by light (1, 4, 13).

While the effects of light on bacteria were be-
ing studied, it was observed that the absolute
number of spores produced by Bacillus licheni-
formis ATCC 10716 continually exposed to
broad-spectrum irradiation was less than the
number of spores produced by comparable dark-
grown cultures. In these experiments bacteria
were grown overnight in nutrient broth at 37°C
under previously described conditions (15) and
spores (i.e., heat-resistant colony-forming
units) were determined by the method of Taber
and Freese (17). Broad-spectrum lighting was
provided by one of three types of fluorescent
lamps, whose electromagnetic spectra have
been described previously (see reference 16 for a
description of types A, B, and D). Sporulation
inhibition varied depending on the conditions of
lighting and other environmental parameters.
For one continuous broad-spectrum light source
(A) at an intensity of 1,980 wW/cm?, the light/
dark ratio of spores (per ml) averaged 0.42 +
0.15. Comparable results were obtained with
the other light sources (B, D). In additional
experiments, broad-spectrum light (A, 1,800
nW/cm?) was shown to inhibit sporulation in

Bacillus megaterium ATCC 19213, Bacillus
subtilis ATCC 6051, and Bacillus cereus CB,
with light/dark spore ratios, respectively, of
0.26 + 0.19, 0.13 + 0.12, and 0.58 + 0.35. In each
case data are averages of a minimum of three
experiments, +1 standard deviation.

One possible explanation for dark-grown cul-
tures producing more spores than cultures con-
tinually exposed to light is that dark-grown
cultures initially produce more cells than light-
grown cultures. This explanation was elimi-
nated by coordinately comparing the growth
and sporulation of B. licheniformis under con-
tinuous broad-spectrum irradiation. Figure 1
shows that dark-grown bacteria do show
slightly more growth than light-grown cul-
tures, as expected from previous studies (10,
11). The average (+1 standard deviation) light/
dark growth ratio at stationary phase was 0.77
+ 0.05 for three experiments. When, however,
the number of spores produced by the station-
ary-phase cultures in Fig. 1 at 7 h was deter-
mined as a function of the number of viable
cells present, the light-grown culture showed
0.074% sporulation (3.8 x 10* spores/5.3 x 107
cells), whereas the dark-grown cultures showed
0.19% sporulation (1.2 x 10° spores/6.5 x 107
cells). The light/dark spore ratios, corrected for
the number of available cells measured by via-
ble count and by optical density, respectively,
were 0.39 and 0.40. Thus, the difference in cell
numbers in light- and dark-grown cultures does
not account for the difference in spores pro-
duced by these cultures. Control experiments
have also shown that both the growth and spor-
ulation responses are not due to irreversible
effects of light on the growth medium itself.
Dark-grown cells in media pretreated with
light before inoculation show the same growth
pattern and amount of sporulation as dark-
grown cells whose media were not preexposed
to light.

The relationship between sporulation and
broad-spectrum light was further investigated
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Fi1c. 1. Bacterial growth under light and dark
conditions. Bacteria were dispersed in broth and
subdivided into two cultures for growth under con-
tinuous light (broad spectrum A, 1,850 uWicm?) or
dark conditions. Growth was measured as optical
density at 540 nm. Symbols: (®) dark growth; (O)
light growth.
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using variable intensities of irradiation (Fig.
2). The relationship between these parameters
is best defined by the equation S = ¢~™¢, where
S is the fraction of sporulation, e is the base of
the natural logarithms, m is the slope of the
line, and ¢ is the light intensity. For the experi-
mental conditions defined here, m has a value
(plus or minus standard error) of 5.52 (+0.45)
X 10~ cm?® uW-!.

To determine which specific regions of the
light spectrum were responsible for the inhibi-
tion of sporulation, cultures were exposed to
various narrow bandwidth fluorescent lights
having maxima at 371, 419.5, 550, 660, and 750
nm (15, 16), and the level of sporulation under
each light at 440 xW/cm? was measured. Pre-
liminary experiments had shown that a semi-
logarithmic plot of spore fraction versus inten-
gity of light was linear from 0 to 440 uW/cm? for
the 371-nm light and from 0 to 780 uW/cm? for
the 419.5-, 550-, 660-, and 750-nm lights, where
440 and 780 W/cm? were the maximum inten-
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sities tested for the 371-nm and other lights,
respectively. The results of correlating sporula-
tion inhibition with light wavelength are shown
in Fig. 3 and indicate that light inhibition of
sporulation is primarily associated with shorter
wavelengths of the near-ultraviolet and blue
regions of the spectrum. Longer wavelengths
either have no effect on sporulation or may
enhance sporulation slightly.

The inhibition of sporulation observed under
shorter wavelengths of light is not due to a
permanent block in sporulation. As shown in
Fig. 4, cells continuously exposed to 371-nm
light will eventually sporulate to the same ex-
tent as dark-grown cells; however, complete
sporulation of light-grown cultures takes a
longer period of time.

At the present time, neither the primary
physiological processes nor the photosensitizing
molecules involved in light delay of sporulation
have been identified. It is known that exposure
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Fi1c. 2. Effect of light intensity on sporulation in-
hibition. Bacteria were dispersed in broth and subdi-
vided into samples for growth under continuous light
(broad spectrum A) or dark conditions for 18 h.
Duplicate or triplicate samples were run for each
intensity in each experiment. Replicate samples
within each experiment were pooled before titration of
spores. Data are presented as the spore fraction, i.e.,
the number of spores produced by light-grown cul-
tures corrected for growth (optical density at 540
nm), divided by the number of spores produced by
dark-grown cultures corrected for growth. Data are
averages from different experiments (generally four):
vertical lines indicate 1 standard deviation.
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Fic. 3. Effect of light wavelength on sporulation
inhibition. Bacteria were dispersed in broth and sub-
divided into samples for growth under continuous
light at the indicated wavelengths at 440 uW/cm*
and in the dark. Duplicate samples were run for each
condition. Incubation was for 18 h, and replicate
samples within each experiment were pooled before
titration of spores. Spore fraction is defined as in Fig.
2. Data are an average of three experiments; vertical
lines indicate 1 standard deviation.

of bacteria to light similar to that used in these
studies decreases respiration and ATP levels (4,
10, 13). ATP is required both as an energy
source and as a precursor of regulatory nucleo-
tides for sporulation. Mutants with defective
enzymes in their citric acid cycle, as well as
cytochrome mutants, sporulate poorly as a re-
sult of their inability to produce enough ATP
(7, 12, 17). The effect of light on sporulation
might therefore be directly due to curtailed res-
piration and/or ATP production. Since the ac-
tivity of certain enzymes believed to be impor-
tant in coupling oxidative energy to transport is
decreased by light and permeation of specific
amino acids is inhibited (4, 12), an alternative
explanation would be that light acts on the
permeation system in such a way as to lower
the concentration of specific amino acids or
other metabolites required for sporulation in
either a structural or regulatory capacity. Cys-
tine (cysteine), a major constituent of the spore
coat, is present in spores in amounts that are
three to five times higher than those found in
vegetative cells (8).

The fact that delay of sporulation occurs only
at shorter wavelengths of light indicates that
the molecule(s) responsible for this phenome-
non must absorb light in this region of the
spectrum. Of the numerous molecules that
meet this criterion, special consideration must
be given to the quinones, flavoproteins, and
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Fic. 4. Production of spores by cultures exposed to
371-nm light. Bacteria were dispersed in broth and
subdivided into cultures for growth under continu-
ous light (371 nm, 500 uW/cm?) or dark conditions.
Data are expressed as spores per milliliter, since
growth inhibition (see Fig. 1) was not observed under
371-nm light. Symbols: (®) spores produced in dark;
(O) spores produced in light.

cytochromes as potential photosensitizers in
sporulation inhibition. Not only do these mole-
cules absorb light in the appropriate regions of
the spectrum, but also, they are known to be
destroyed both in vitro and in vivo by near-
ultraviolet and blue light (4, 6, 10, 11, 19), and
they make up essential parts of the respiratory
complex of the vegetative cell as well.
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