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Brevibactevium sulfuveum is capable of carotenoid synthesis when grown under illumi-
nation, but not in the dark. The carotenogenesis consists of two steps, an initial photo-
chemical reaction and a series of metabolic reactions (dark reactions) which lead to
carotenoid synthesis de novo. Inhibition experiments with chloramphenicol showed that
the dark metabolic reactions include the process of de novo synthesis of carotenogenic
enzymes.

These results show B. sulfureum to be a typical photochromogen.
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In the previous paper,? we reported that colonies of Brevibacterium sulfureum developed a
rich yellow pigment when grown under illumination, but were entirely unpigmented in the
dark, and we proposed on the basis of this observation that the organism should be classified
as a photochromogen, a term proposed by Runyon in 1959 for mycobacteria.® It is known
that carotenoids can be photoinduced in a number of bacteria.® Considerable progress has
been made in biochemical studies of photochromogenesis, and it has been demonstrated that
the mechanism of photoinduced carotenoid synthesis consists of two main reactions. The
first is photochemical, while the second is independent of light and has the characteristics of
inducible systems. However, previous investigations on the mechanism of photochromogenici-
ty in Actinomycetes and related organisms have dealt exclusively with mycobacteria and no
attention has been paid to the other bacteria belonging to this group. Therefore, it is of
interest to investigate the mechanism of pigmentation of B. sulfureum, as an example of the
coryneform group of bacteria.

The purpose of this paper is to describe the main features of the photochromogenic response
and the results of experiments on the mechanism of carotenogenesis in B. sulfureum.

Experimental

Microorganism B. sulfurvewm strain No. AU31 was kindly supplied by Dr. U. Shimizu, The
Research Institute of Chemobiodynamics, Chiba University. Stock culture was maintained on nutrient
agar slant. ‘

Medium and Cultivation of Organism Nutrient broth was used in all experiments. The cultivation
of bacteria was carried out at 27° with rigid light exclusion unless otherwise specified. When the organism
was transplanted, a photographic red lamp had to be used. After two cycles of cultivation on slants in the
dark, the bacteria were inoculated into 100 ml of medium placed in a 500 ml shaking flask and incubated
for 12 hr. The bacterial suspension thus preincubated was inoculated (ODy4=0.1) into 100 ml Erlenmeyer
flasks containing 20 ml of the medium and shake-cultured for a designated time. To prepare samples for
column chromatography, the bacteria were incubated in the medium (3 liters) in a jar (6 liter) for 72 hr
under continuous illumination (4200 lux) with aeration (1.5 liters of air/min) and agitation (250 rpm).

Photoinduction: Photoinduction of bacteria was performed by illumination with 30 W white fluores-
cent lamps.

Extraction of Pigments After incubation for a designated time, the bacterial cells were harvested
by centrifugation, washed twice with water and lyophilized. The dry cell mass was weighed and extracted
with acetone—methanol (1:3 v/v) until no more pigment was visible. The extracts were evaporated to
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dryness and the residue was dissolved in methanol. Insoluble material was removed by filtration. The
filtrate was concentrated in vacuo and dissolved in methanol (10 ml). The optical density of the pigment
extract was measured at 440 nm with a Hitachi 340 spectrophotometer. The amount of pigments in the
cells was expressed in terms of OD,,,/g dry weight of bacteria.

Column Chromatography: The bacterial cells were extracted as described above. The extracts were
concentrated % vacuo and extracted with n-hexane. The n-hexane extract was concentrated and poured
onto the top of asilica gel 60 (Merck) column (2 by 30 cm).  The column was developed with benzene (200 ml)
and benzene-methylethylketone (5: 1 v/v, 100 ml; 3: 1 v/v, 150 ml) to give three fractions. The first fraction
eluted from the silica gel column with benzene (1st 50 ml) was rechromatographed on a similar column to
yield a colorless oil that was identical with phytoene? in terms of the absorption spectra (absorption maxima :
275, 285, 297 nm). The second fraction eluted with benzene (50—200 ml) was rechromatographed on a
Woelm alumina (grade I) column (1 by 10 cm). The column was developed initially with #-hexane and then
with increasing concentrations of acetone (1—40%) in #-hexane, from which fractions A, B and C were
obtained. Fraction A was identical with phytofluene” in terms of the absorption spectrum (absorption
maxima: 330, 348, 367 nm). Fraction B had an absorption spectrum (absorption maxima: 876, 399, 424 nm)
identical with that of {-carotene.” Fraction C had an absorption spectrum (absorption maxima: 440, 470,
502 nm) identical with that of Iycopene.” The third fraction eluted from the silica gel column with benzene-
methylethylketone (3: 1 v/v) was rechromatographed on a Woelm alumina column to give a yellow syrup
that was identical with neurosporene” in terms of the absorption spectra (absorption maxima: 417, 438,
467 nm). Meanwhile, the #-hexane extract was chromatographed on a Woelm alumina column (1 by 15 cm),
which was initially eluted with 19, acetone in n#-hexane. The acetone concentration was then increased to
1009%, and a yellow fraction was obtained from the acetone eluate as a single band. The fraction had an
absorption spectrum [absorption maxima: 340, 428 (shoulder), 449, 478 nm] identical with that of f-carotene.

Results

Tentative Identification of Carotenoids Synthesized

As reported in our previous paper,® the extract of light-exposed cells of B. sulfureum
exhibited absorption maxima at 417, 439 and 470 nm in the visible light absorption spectrum.
Upon silica gel and alumina column chromatography of the extracts, several pigments were
eluted from the columns, many of which appeared in only trace amounts or in mixtures. For
the purpose of this work, tentative identification of only a few of these compounds was at-
tempted, and the presence of phytoene, phytofleune, neurosporene, lycopene, {-carotene and
p-carotene was revealed. Thus, the pigments that accumulated in the cells under illumination
appeared to be a mixture of carotenoids.

Photoinduction of Carotenoid Synthesis

The bacteria were incubated either under continuous illumination (4200 lux) or in the
dark. As shown in Fig. 1, the amount of carotenoids accumulated in the light-exposed cells
increased roughly in line with the bacterial growth after an initial lag period, and reached
a plateau a short time after the bacterial growth had ceased. However, no carotenoids were
produced in the dark-incubated cells throughout their growth. It is of interest that the growth
curve displays an inflection when the bacteria are incubated in nutrient broth, and the curve
of pigment formation also displays an inflection at the same time of incubation (Fig. 1).

The bacteria actively growing in the dark were shifted to 0—5°, exposed to light (10000 lux)
for a certain time and shifted back to 27°. Subsequently, the illuminated bacteria were
incubated in the dark for 24 hr, and the pigments were extracted and assayed colorimetrically.
The amount of carotenoids produced was proportional to the light dose below saturation, as
shown in Fig. 2. When the illuminated bacteria were allowed to stand for 24 hr in an ice
bath, where bacterial growth did not take place, no carotenoid was formed. However, incuba-
tion in the dark and at higher temperature (27°) resulted in carotenoid production. The data
clearly show that light triggers caroteniod synthesis by this organism.

On the other hand, when the actively growing dark-incubated cells were placed in an atmos-
phere of nitrogen and shake-cultured under continuous illumination, little or no carotenoid
was synthesized.
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Fig. 1. Growth and Carotenoid Synthesis of B.
sulfureum under Illumination
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—QO~, carotenoids formed; -—-@---, bacterial growth. The Fig. 2. Dependence of Carotenoid Synthesis
orgainsm were incubated under illumination (4200 lux) in of B. sulfureum on the Duration of Light
nutrient brqth at 2?°. The bacterial growth is shown in Exposure
terms of optical density at 560 nm. The cells were harvested
at the indicated time and extracted with acetone-methanol After incubation for 12 hr in the dark, the cultures
(1:3). The extracts were concentrated in vacuo and dissolved were exposed to light (10000 lux) for a certain time in
in methanol. ODy,, of the methanol solution was measured. an ice bath. The cultures were then incubated at 27°

in the dark for 24 hr.

Carotenoid Synthesis after Photoinduction

The actively growing dark-incubated cells were exposed to light (5000 lux) in an ice bath
for 60 min followed by incubation in the dark at 27°.  The time course of carotenoid production
as a function of time of dark-incubation following light exposure is shown in Fig. 3. After
a lag period of about 15 min the rate of carotenoid production became maximal for 4 hr and
then tapered off. If the dark-grown cells were exposed to light after the maximal growth
had been attained, only a small amount of carotenoids was produced in the cells. We can
now conclude that the photoinduction is followed by a series of dark metabolic reactions which
lead to the synthesis of carotenoids de novo. That this is indeed the case is demonstrated
by experiment shown in Fig. 4.
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Fig. 3. Time Dependence of Carotenoid Chloramphenicol during Dark Incubation of
Synthesis of B. sulfureum after Photoin- the Photoinduced B. sulfureum
duction After incubation for 12 hr in the dark, the cultures were
After incubation for 12 hr in the dark, the cultures exposed to light (10000 lux) for 60 min in ice bath, then
were exposed to light (5000 lux) for 60 min in an ice incubated at 27° in the dark for 24 hr. Chloramphenicol
bath, then incubated in the dark for a designated (5 ug/ml)was added at various times during the first 4 hr
period. of the incubation.
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Chloramphenicol was added at certain times during the first 4 hr of dark incubation
following photoinduction, and the amount of carotenoids synthesized after 24 hr of dark
incubation was assayed. If chloramphenicol was added immediately after photoinduction,
carotenoid production of this organism was completely inhibited. When the addition was
delayed, increasing amounts of carotenoids were synthesized. The carotenoid synthesis
after photoinduction was sensitive to the addition of chloramphenicol up to 60 min. The
results of this experiment can be interpreted as follows. When the dark-grown cells were
illuminated, derepression of the genetic site resulted. The derepression led to the synthesis
of enzymes necessary for carotenogenesis. When the cells given initial illumination were
incubated in the dark, a repression of further synthesis of carotenogenic enzymes sets in after
60 min. Consequently, we can conclude that the dark metabolic reactions following pho-
toinduction involve de novo synthesis of carotenogenic enzymes.

As mentioned above, the synthesis of carotenogenic enzymes continued for about 60 min
after photoinduction. On the other hand, the synthesis of carotenoids continued for about
4 hr after photoinduction, as shown in Fig. 3. Thus, there is a time lag between the enzyme
synthesis and the carotenoid synthesis, and this may be explained by assuming that the con-
tinuing synthesis of carotenoids is due to residual enzyme activity and not to a continuing
enzyme synthesis.

Thus, the pigmentation of B. sulfuremm was characterized as photoinduced caroteno-
genesis.

Discussion

The results of the present investigation revealed that carotenogenesis in B. sulfureum
consists of two steps, a photochemical reaction and a series of dark metabolic reactions.

The photochemical reaction was fast and temperature-independent. As shown in Fig. 2,
a brief exposure to light was enough to photoinduce carotenogenesis in this organism. Once
exposed to light, the organism was able to produce carotenoids after a prolonged delay, at
least after 24 hr, when the illuminated cells were stored at 0—5°, indicating that the effect
of the photochemical event was maintained in a stable state. However, it seems that the
stability of the effect of the photochemical event varies with the organism. Rilling reported
with a Mycobacterium sp.% that the effect was so stable that the organism was able to produce
carotenoids after delay of as much as three months when stored at —15°.  With Streptomyces
canus,® on the other hand, the effect was extremely unstable, so photoinduction was carried
out during bacterial growth at higher temperature, since no detectable carotenoid was formed
when the photoinduction was carried out in an ice bath followed by incubation in the dark
at 27°.

As emphasized in the cases of previously known photochromogenic bacteria,® the photo-
chemical step required both light and oxygen. As in the known photochromogenic bacteria,
oxygen was essential to the photoinduction of B. sulfureuwm, which suggests that the photo-
chemical event may be a photooxidative reaction with a metabolite presented in the dark-
grown cells. The photooxidative reaction presumably resulted in the generation of a new
compound, which could then serve as an inducer of carotenogenic enzyme synthesis. An
alternative interpretation might be possible, which is that exposure to light resulted in the
photooxidation of the repressor substance present at the genetic site of carotenoid synthesis.
In such a case, the effect of the photochemical event might be irreversible, and the regeneration
of the repressor would be achieved only after bacterial growth accompanied by carotenoid
synthesis had occurred. In view of the observations with Stm. canus, the latter possibility
seems to be unlikely. In either case, however, derepression of the genetic site can take place
as a result of a photochemical event.

We will next consider the dark metabolic reactions which lead to the synthesis of caro-
tenoids de novo.
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In the previously known photochromogenic bacteria® and fungi,® it was demonstrated
that the dark metabolic reactions involved the de novo synthesis of carotenogenic enzymes
via the classical scheme of transcription and translation. Since carotenoid synthesis occurs
with a difinite lag period after exposure to light (Fig. 3) and since it never appears without
bacterial growth, it may be suggested that the de novo synthesis of carotenogenic enzymes
takes place during this lag period, followed by the carotenoid synthesis. This was confirmed
by the results of the inhibition experiment with chloramphenicol (Fig. 4), indicating that the
same mechanism as observed in the previously studied microorganisms®® was operating in
the bacteria investigated here.

In previous papers,’»¥ we reported that a number of bacteria belonging to Actinomycetes
and related organisms exhibited pigmentation in response to light exposure, and proposed
that, in the absence of any biochemical evidence, photochromogenicity might not be a specific
phenomenon in particular species of bacteria including certain strains of mycobacteria,,
Myxococcus xanthus$®® and Micrococcus roseus,’”) but a common, widely distributed pheno-
menon in various species of bacteria. As mentioned in the beginning of this paper, however,
previous investigations on the mechanism of photochromogenicity in Actinomycetes and related
organisms have dealt exclusively with mycobacteria and no attention has been paid to other
bacteria of this group. Asshown here, B. sulfureum is the first photochromogen in the coryne-
form group of bacteria for which the mechanism of photoinduced carotenogenesis has been
elucidated.
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