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thus closing the feedback loop. Their hypothesis suggests
that biophotons originate from a delocalized coherent
field within living matter. When a bioregulatory system
is stressed, this is equivalent to a partially disintegrated
system with a malfunctioning negative feedback. Gu and
Popp review the theoretical research on the non-linear
response of photon emission to external perturbation.
The last part of this multi-author review deals with
photon emission in relation to disease. Phagocytes
(macrophages and polymorphonuclear leucocytes) take
an essential part in the defensive attempts of the host. In
their article, Lilius and Marnila review the phagocyte
activities from individuals under stress or disease. They
conclude that photon emission capacity of phagocytes
reflects remarkably well the pathophysiological state of
the host. But what defence costs has the host to pay?
Producing oxygen radicals is dangerous. Cells are unable
to completely prevent these compounds from escaping
their membranous compartments. Then the question
arises as to how, in the diseased state, the chronically
adapted cells behave with respect to photon emission. An
interesting example is the photon emission of tumors and
tumor cells. In the final contribution van Wijk and van
Aken review the publications on photon emission in the
field of tumor biology.

The assembly of the six contributions in this review offers
the reader for the first time a more complete impression
of photon emission in the field of stress. In the last decen-
nium the study of stress has moved to center stage in cell
and molecular biology. In the past few years HSP’s have
been the focus of investigations in many areas of cell
biology. Several experimental data indicate that the in-
creased production of oxygen-derived free radicals and
other active oxygen species are directly or indirectly in-
volved in the regulation of the expression of genes coding
for stress proteins > 1°.
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We are beginning to discern the richness of information
which can be retrieved from measurements of photon
emission. This review on photon emission may offer new
insights into the areas of stress and disease.
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The effect of stress factors on the spontaneous photon emission from microorganisms

R. N. Tilbury

Department of Chemistry, Victoria University of Wellington, P.O. Box 600, Wellington (New Zealand)

Abstract. The results of recent work on the photon emission from three yeasts and a bacterium is presented. Both
visible region and ultraviolet photon emission is observed; however, no luminescence is observed in the absence of
oxygen. The visible region emission is attributed to excited carbonyl groups and excited singlet oxygen dimers formed
during the decomposition of lipid hydroperoxides. Possible sources of the ultraviolet photon emission are also
examined. The use of microorganisms in the study of ultraweak photon emission and its relation to oxidative,
temperature and chemical stress is reviewed and the applications and (or) functions of this photon emission are also
discussed.
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Introduction

Ultraweak luminescences emitted by living organisms at
photon fluxes below ca. 10* photons cm ™2 s~ ! have been
detected for a wide variety of organisms which are not
normally classified as bioluminescent. Reviews by Slaw-
inska and Slawinski 7** 72 and by Cadenas ® provide use-
ful overviews of this field, while Popp’s multi-author
review >° [Experientia 1988)] on biophoton emission gives
detailed accounts of various aspects of these lumines-
cences.

Two apparently distinct types of ultraweak photon emis-
sion have been reported in the literature, one in the visi-
ble region and the other in the ultraviolet region of the
spectrum. The visible region luminescence is well estab-
lished and it is generally argued that its source is excited
singlet oxygen and excited triplet state carbonyls. These
species are formed in vivo by processes such as lipid
peroxidation, phagocytosis, enzymatic reactions and in-
teractions of oxygen radicals (especially the superoxide
anion) with some metabolites. These processes are often
linked with oxidative stress. The uitraviolet (UV) lu-
minescence has still not gained wide acceptance despite
its having a longer history than the visible region emis-
sions.

In the 1920s Gurwitsch?® 29 claimed that dividing cells
emit a very weak UV luminescence which was termed
mitogenetic radiation due to its alleged ability to stimu-
late cell division when incident on nearby cells. A review
of mitogenetic radiation by Quickenden and Que Hee *®
discusses some of the curious features of its history. The
controversy surrounding mitogenetic radiation may ac-
count for the lack of acceptance of the ultraweak UV
luminescence. In addition, many of the modern studies of
ultraweak photon emission have not been designed to
detect UV light. In some cases *3:22:6° the photomulti-
plier tubes used were sensitive mainly in the visible re-
gion of the spectrum, and in others 3342 ¢7 the cuvettes
used did not transmit UV light. Some recent stud-
ies 23357374 which have employed detectors sensitive
in both the UV and visible region of the spectrum, have
not carried out spectral determinations or have only
monochromated the visible region of the spectrum and
hence the extent of any UV component can not be esti-
mated in these cases.

This paper will review the spontaneous ultraweak photon
emission from microorganisms with particular reference
to the effects of temperature, chemical and oxidative
stress.

Early work on photon emission from microorganisms

Very weak ultraviolet photon emission was the subject of
frequent reports (over 500 papers) in the 1920s and 1930s
under the heading of mitogenetic radiation, which largely
originated with the work of Gurwitsch % 2°, Gurwitsch
claimed that dividing cells emit very weak UV light which
can itself stimulate division in other cells if incident upon
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them at an appropriate stage of their life cycle. The early
method for measuring mitogenetic radiation from an
emitting or ‘sender’ organism was by its ability to stimu-
late cell division in a variety of biological detectors such
as yeast cultures, bacterial cultures and plant meristems.
With biological detectors, the number of cells or cell
divisions of the detector organism was compared to that
of a control that was not exposed to the sender organism.
A statistically significant difference was taken to indicate
the mitogenetic effect. Mitotic stimulation was not sub-
stantially different when silica was placed between the
sender and the detector, but no effect was observed when
glass was interposed. It was thus concluded that the radi-
ation consisted of UV light.

Gurwitsch’s original mitogenetic studies used onion
roots, but yeast and bacterial cultures either on agar
plates or in liquid media were found® to be the most
reliable organisms for studying this effect. Organisms in
their exponential phase of growth were relatively insensi-
tive to mitogenetic stimulation, so lag phase or stationary
phase organisms were used as detectors. However, expo-
nential phase cultures were usually used as senders since
emission was brightest during this period.

Although Gurwitsch is credited with the discovery of
mitogenetic radiation, there were several earlier reports
of similar phenomena. Thus Scheminzky ’® was the first
to report that some high energy radiation was emitted
from various biochemical processes. He used cultures of
yeast and bacteria to provide the biochemical processes
and detected the emanations by means of photographic
plates. This work was confirmed in 1918 by Ludwig*>
who also used photographic plates to detect emissions
from fermenting yeast. Ludwig found*®, moreover, that
these emissions could penetrate optically opaque paper
and were absorbed by protein matter, indicating that the
emissions could be in the UV region. De Fazi and De
Fazi '*~ '€ studied the effects of UV light on yeast and
found that fermentation was greatly stimulated by very
weak UV radiation, or by very short exposure to higher
levels of UV radiation.

Gurwitsch’s work was supported by many Russian work-
ers and several Western workers ® %3:85 but many oth-
ers > 3% %6 were unable to detect any mitogenetic effect.
In view of the contradictory results obtained with biolog-
ical detectors, some workers > ¢ introduced physical de-
tectors such as the photographic plate and the UV-sensi-
tive Geiger tube in order to detect the UV photon
emissions. Unfortunately, the results using physical de-
tectors were as variable as those obtained with biological
detectors . In the 1930s, the careful but negative experi-
ments of Hollaender and Claus3?, Gray and Ouellet 2,
Lorenz** and others challenged the existence of all the
mitogenetic phenomena and work subsequently ceased in
Western countries. Some early reviews> 3% 93 have de-
scribed the early mitogenetic work in more detail. De-
spite this, work 21:264! continued in East European
countries with surprisingly little acknowledgement of the
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negative results of the above Western workers. Biological
detectors, mainly yeast cultures, were used through to the
1960s by various East European workers 2':2% 4 to sup-
port the existence of mitogenetic radiation and there are
still occasional reports in both the East European?7-3%
and Western !> 24 8¢ literature describing such experi-
ments.

Detection of ultraweak photon emission with
photomultiplier tubes

Very weak visible region (400—700 nm) photon emission
was first detected 2:13:7¢ in the 1950s using the newly
developed photomultiplier (PM) tube, which proved to
be a very sensitive and reliable method for the detection
of very weak light. The first studies’® involved photon
emission from green plants, including three species of
algae, following irradiation with visible light. In 1954
Colli and Facchini!? detected weak visible region Iu-
minescence from seeds germinating in the dark. Photon
emission from plants has been reviewed elsewhere 7%, In
the 1960s several Russian groups headed by Tarusov’’,
Vladimirov®? and Zhuravlev®” studied the visible region
luminescence from many plant and animal species.
Konev 3% 4° was the first to employ the UV-sensitive PM
tube to detect UV photon emission from living organ-
isms. He repeated some of the classical mitogenetic work
using synchronized cultures of Candida utilis in order to
determine if UV photon emission was causally connected
with cell division. In a synchronized culture all the cells
are in approximately the same metabolic state and hence
would be expected to emit a pulse of light correlatable to
a given synchronous division step. He detected a UV
emission peak which preceded the first wave of cell divi-
sion by about 1 h and a second weaker peak which cor-
responded in the same way to the second synchronous
division step. Spectral analysis indicated that this emis-
sion was in the 250380 nm wavelength range.

Konev’s group studied*® over 100 different species of
organisms covering eight systematic types, including 13
algal, 9 yeast and 8 bacterial species. They detected pho-
ton emission from about a third of the algae, bacteria,
fungi and insects examined, but in the higher plants and
vertebrates all the species investigated displayed lumines-
cence. Only the protozoa gave no detectable photon
emission from any of the species studied. However, it is
interesting to note that, at least for one of the species of
bacteria (Escherichia coli) which gave no detectable
luminescence, subsequent workers3°:3* have observed
significant photon emission. This is possibly due to the
greater sensitivity of the more recent PM tubes. No spec-
tral analysis was carried out by Konev’s group in these
experiments and thus it is not known if the lJuminescences
detected were in the visible or UV region.

Stauff’s group!” 7% detected a weak visible (340-
600 nm) luminescence from synchronized Saccharomyces
cerevisiae, but the luminescence did not depend on either
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the viability or stage of growth of the yeast, but only on
the amount of oxygen present. Quickenden and Que
Hee *® reported luminescence from growing cultures of
the yeast Saccharomyces cerevisiae and found®’ that
both ultraviolet and, visible components were present in
the luminescence emission.

In 1979, Lloyd et al.*? reported an oxygen dependent
luminescence from exponential phase cultures of the
amoeba, Acanthamoeba castellanii, and suggested that it
may be associated with increased intracellular concentra-
tions of superoxide anions, which may in turn lead to the
formation of lipid hydroperoxides. The only other re-
ports of photon emission from amoeba have come from
the group of Fisher et al.}®2° who have examined the
cellular slime mold, Dictyostelium discoideum. They have
shown !° that this amoeba emits very weak light during
early differentiation, which is enhanced by heat shock at
the beginning of development. They attribute this photon
emission to lipid peroxidation reactions arising from re-
duced oxygen metabolites released by perturbed mito-
chondrial oxidative metabolism in stressed cells.
Several recent reports of ultraweak photon emission
from bacterial cultures have appeared. Roth and Kaeber-
1e 67 have detected luminescence from Listeria monocyto-
genes, but observed none from Escherichia coli, Klebsiella
pneumoniae, or Salmonella minnesota. They observed one
major peak during the exponential phase of growth of
the bacterium, L. monocytogenes, and found that this
photon emission was inhibited by superoxide dismutase
and catalase, but not by hydroxyl radical scavengers.
Hunter and Allen>® observed a similar emission peak
from exponential phase cultures of Streptococcus fae-
calis, which was also inhibited by superoxide dismutase
and catalase. In addition, they found that oxygen was
required for the photon emission. In both of these studies
only the visible region of the spectrum was examined and
spectral distributions of the luminescences were not ob-
tained. Both reports 33 ©7 also concluded that hydrogen
peroxide and superoxide anion were involved in the pro-
duction of the light emission.

Although Roth and Ka_eberle67 were unable to detect
any appreciable photon emission from E. coli, possibly
due to the sensitivity of the scintillation apparatus used
for the luminescence measurements, the author8® first
observed chemiluminescence from this bacterium using
very sensitive single photon counting equipment, the re-
sults of which have now been confirmed by Wang et al.®*.
The latter authors detected 8* ultraweak photon emission
from three species of bacteria, Escherichia coli, Bacillus
subtilis and Brevibacterium ammoniagenes, and have de-
termined their spectral distributions.

Ultraweak photon emission and oxidative stress

It is known '° that reduced oxygen metabolites partici-
pate in reaction cascades leading to photon emission and
that these partially-reduced forms of oxygen are cytotox-
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ic and may play a significant role in the pathology of
age-related and auto-immune diseases and of cellular
damage after oxidative stress>>. Single cellular systems
are useful test organisms for chemiluminescence studies
of various aspects of oxidative stress, particularly in rela-
tion to the major metabolic pathways of living cells.
Work carried out by the author in Quickenden’s labora-
tory 34:59-62.80.81 hag shown that weak luminescence
(100-10000 photons cm~2s™!) is emitted from oxy-
genated, liquid cultures of each of the three yeasts (Sac-
charomyces cerevisiae, Schizosaccharomyces pombe and
Candida utilis) and one bacterium {Escherichia coli) stud-
ied. In each case two main periods of photon emission
were found, one during the exponential phase of growth
and one late in the stationary phase of growth. For each
species examined the exponential phase emission com-
prised both an ultraviolet (210—330 nm) band and a vis-
ible region (450-620 nm) band, although in differing
proportions. The stationary phase emission, however,
comprised only a visible region (450—620 nm) band in
each case. No luminescence was observed from any of the
species when grown anaerobically, despite good growth.
All species were grown as liquid cultures in a sterile, fully
defined nutrient medium. However, due to the differing
requirements the nutrient medium was different for the
yeasts*® and the bacterium3°. Luminescence was mea-
sured with an E.M.1. 9635 QA photomultiplier tube, sen-
sitive in the wavelength range 200—630 nm, connected to
a photon counter. The photon counter comprised a pulse
amplifier, a pulse height analyzer and a ratemeter. The
output pulses from the pulse height analyzer were also
directed to a computer for data storage and analysis. The
spectral distributions of the luminescences were deter-
mined as previously described 3, by using broad band-
pass (50—60 nm) optical filters which covered the wave-
length range 210-620 nm and were mounted inside a
custom built filter wheel spectrometer.

Exponential phase photon emission

Figure 1 shows the exponential phase luminescence from
oxygenated cultures of S. cerevisiae and E. coli plotted
together with their growth curves. The luminescence and
growth curves of the other two yeasts, C. utilis and S.
pombe, were very similar to that of S. cerevisiae (shown
in fig. 1 A) and are not shown here. For each of the three
species of yeast examined the exponential phase emission
consisted of two distinct peaks even when grown under
different conditions ®!. All these peaks were very repro-
ducible with respect to the time of growth, when mea-
sured relative to the time of half maximum absorbance.
This latter measure was necessary to remove the effect of
variations in the length of the lag phase from one culture
to another.

The peak intensities for each of the species were all rea-
sonably reproducible. The mean peak intensity of both
peaks from each of the three yeasts was about 100 counts
s~'. The mean intensity (approx. 1650 counts s~ 1) of
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Figure 1. Photon emission intensity (—) and growth (e vm a ¢ <) curves
of oxygenated liquid cultures of yeast and bacteria showing the exponen-
tial phase emission. Point sizes and line thicknesses are larger than 50 %
confidence intervals. Temperature of growth = 306.15 K.

Reprinted with permission from Quickenden, T. I, and Tilbury, R. N.,
Growth dependent luminescence from cultures of normal and respiratory
deficient Saccharomyces cerevisiae. Photochem. Photobiol. 37 (1983)
337-344, and Tilbury, R. N., and Quickenden, T. I, Spectral and time
dependence studies of the ultraweak bioluminescence emitted by the bac-
terium Escherichia coli. Photochem. Photobiol. 47 (1988) 145-150.

each of the three peaks from the bacterium was about 15
times greater than the corresponding peaks from the
three yeasts at the same temperature.

Figure 2 shows the corrected luminescence spectra of the
exponential phase emissions from S. cerevisiaze and E.
coli. Each spectrum was the mean of a total of 50-300
scans from 4-6 different cultures of the organism under
study and was corrected for both the filter transmission
and the photomultiplier sensitivity. The spectral distribu-
tion of the much weaker luminescence from the yeast
nutrient medium is also shown in figure 2A, and that
from the bacterial nutrient medium is shown in fig-
ure 2B. Once again the results for the other two yeasts
are not shown here, but were very similar in shape to
both the S. cerevisiae and E. coli shown in figure 2.
The spectral distributions of the exponential phase emis-
sions from all the species examined were similar. Each
contained both a UV (210-330 nm) and a visible region
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Figure 2. Luminescence spectra of the exponential phase emission from
oxygenated liquid cultures of yeast and bacteria.

(——) growth temperature = 306.15 K; (——) 310.15 K; (----) yeast nutri-
ent spectra; (---) bacterial nutrient spectra. All spectra have been cor-
rected for the spectral responses of the photomultiplier tube and the
various filters used to monochromate the luminescence. Error bars repre-
sent 50 % confidence intervals.

Reprinted with permission from Quickenden, T. I., Comarmond, M. I,
and Tilbury, R.N., Ultraweak bicluminescence spectra of stationary
phase Saccharomyces cerevisiae and Schizosaccharomyces pombe. Pho-
tochem. Photobiol. 41 (1985) 611~615, and Tilbury, R. N., and Quick-
enden, T. L, Spectral and time dependence studies of the ultraweak biolu-
minescence emitted by the bacterium Escherichia coli. Photochem.
Photobiol. 47 (1988) 145-150.

(450—620 nm) component, with the latter always being
several times more intense than the former.

Stationary phase luminescence

Luminescence emission also occurred late in the station-
ary phase of growth for each species examined. In all
cases, this period of emission was much brighter than the
corresponding exponential phase luminescence, as shown
in figure 3 for a representative yeast and the bacterium.
Figure 3 also shows that no luminescence was detected
when these species were grown under anaerobic condi-
tions, which was also the result for those species not
shown.

The stationary phase luminescence differed markedly
from species to species. The stationary phase emission
from S. cerevisiae>® (fig. 3 A) lasted for 2030 h and was

Reviews

e I e A " el M 20

Count Rate / (counts s7)
Absorbance

o —— =

A
~24 V] 24

48 72
Time (relative to 0.5 A,.,,) / h

E

.
o
~
Absorbance

¢
10000 i
7

5000 1

Count Rate / (counts s?)

0 T ¥ ¥ v
0 20 40 60

Time (relative to 0.5 A,.) / h

Figure 3. Photon emission intensity and growth curves of oxygenated
liquid cultures of yeast and bacteria showing the stationary phase emis-
sion.

(a) replicate growth curves; (b) replicate luminescence curves for oxy-
genated cultures; (c) luminescence curve for a nitrogen saturated culture.
Point sizes and line thicknesses are larger than 50 % confidence intervals.
Temperature of growth = 306.15K.

Reprinted with permission from Quickenden, T. I., and Tilbury, R. N,
Growth dependent luminescence from cultures of normal and respiratory
deficient Saccharomyces cerevisiae. Photochem. Photobiol. 37 (1983)
337-344, and Tilbury, R. N., and Quickenden, T.I., Spectral and time
dependence studies of the ultraweak bioluminescence emitted by the bac-
terium Escherichia coli. Photochem. Photobiol. 47 (1988) 145-150.

usually composed of two distinguishable emission peaks.
However, the corresponding emission from C. utilis was
comprised simply of a period of continuous emission
lasting for more than 170 h, which was also the case for
S. pombe. The stationary phase emission from E. coli
(fig. 3B) comprised only one main peak which decayed
fairly steeply at first and then proceeded to decay
more slowly over a long period of time (approx. 4-5
days).

In the case of the yeasts, the stationary phase emission
was not very reproducible either with respect to the time
of growth or with respect to the peak intensities. The
emission from the bacterium was, however, quite repro-
ducible (fig. 3 B) both with respect to the time of growth
and with respect to its peak intensity. The intensities of
the stationary phase emissions from all the yeasts were
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Figure 4. Luminescence spectra of the stationary phase emission from
oxygenated liquid cultures of yeast and bacteria.

(——) growth temperature = 306.15 K; (-—) 310.15 K. All spectra have
been corrected for the spectral responses of the photomultiplier tube and
the various filters used to monochromate the luminescence. Error bars
represent 50 % confidence intervals.

Reprinted with permission from Quickenden, T. I., Comarmond, M. J.,
and Tilbury, R. N., Ultraweak bioluminescence spectra of stationary
phase Saccharomyces cerevisiae and Schizosaccharomyces pombe. Pho-
tochem. Photobiol. 47 (1985) 611-615, and Tilbury, R. N., and Quick-
enden, T. I, Spectral and time dependence studies of the ultraweak biolu-
minescence emitted by the bacterium Escherichia coli. Photochem.
Photobiol. 47 (1988) 145-150.

similar (ca. 1000 counts s~ !), but the E. coli emission (ca.
9000 counts s~ !) was about ten times greater.

Figure 4 shows the corrected luminescence spectra of the
stationary phase luminescence (fig. 3) from S. cerevisiae
and FE. coli. The spectral distributions of the much weak-
er luminescence emissions from the yeast and bacterial
nutrient media were too small to be plotted in figure 4.
In contrast to the exponential phase spectra, the spectral
distributions of all of the stationary phase emissions con-
tain only visible region luminescence. This visible region
band mainly occurred above about 450 nm for ail the
species examined. In the case of all the yeasts, the visible
band was predominantly in the red region, while the
visible band from the bacterium was dominated by blue-
green emission. The spectra for the three yeasts were very
similar to one another, except that the proportion of
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red : blue emission was less in S. pombe than in either of
the other two yeasts.

The visible region stationary phase emission from E. coli
(fig. 4 B) is about 7 times the intensity of the correspond-
ing visible region component of the exponential phase
emission (fig. 2 B) but contains a much lower proportion
of red and a much higher proportion of blue-green lu-
minescence.

Possible sources of the visible region emissions

Oxygen was necessary for the observed photon emissions
from all species examined (fig. 3), indicating an oxidative
reaction mechanism. In view of the results of in vitro
studies such as those by Vladimirov®® and Tarusov
et al.”” which show visible region emission during the
decomposition of lipid peroxides, it is possible that the
visible region emissions from the organisms studied arise
from this source. This is consistent with the absence of
both lipid peroxide formation and of luminescence under
anaerobic conditions. Furthermore, other cellular pro-
cesses such as respiration and glycolysis are unlikely
sources of the visible region luminescences as they are less
active during the stationary phase of growth, which is the
period of brightest emission,

The lipid peroxide decomposition step % is:

2 >CHOO: » >C=0+ > COH + O,, 1)

in which either the carbonyl group or the oxygen can be
formed in electronically excited states. Emission from
excited carbonyl groups can then occur at wavelengths
which lie between 330 and 550 nm for in vitro model
systems > 82 and which are in the 400—500 nm range in
the case of in vivo sources ®3. In addition, excited singlet
oxygen molecules can emit, which in the gas phase® is
around 780 nm. Other singlet oxygen emissions lie even
further into the infrared, but since the photomultiplier
sensitivity did not extend into the infrared, these emis-
sions would not have been detected in this study.

The excited singlet oxygen molecules may also excite a
secondary emission®° by reacting with unsaturated
lipids:

S C—C<40,(5H)=0-00sC=0% @

to produce excited carbonyl groups which can then emit
as before, where the emission wavelengths would be ex-
pected to be in the same vicinity as described above.
Another possible emission is that arising after dimeriza-
tion of excited singlet oxygen 37, the dimer emitting two
broad bands centered on 634 and 703 nm in aqueous
systems 3.

The emission from excited oxygen dimers is the process
whose wavelength distribution is most compatible with
the red emissions observed (figs 2 and 4) from the differ-
ent organisms. Excited carbonyl groups produced by the
reactions in Eqs 1 and 2 may be responsible for the blue-
green components of the emissions.

It is noted that, for the stationary phase luminescences,
the blue-green emission is a larger fraction (0.70 + 0.06)
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of the red emission from S. pombe than from either S.
cerevisiae (0.37 + 0.04) or C. utilis (0.44 + 0.07) and that
this observation is consistent with the greater proportion
of unsaturated lipids in S. pombe than in the other two
yeasts when they are grown under the same condi-
tions 7»3¢. The higher proportion of unsaturation in S.
pombe would be expected to accentuate the importance
of the blue-green carbonyl emission associated with the
reaction in Eq. 2, as the emission arises from the scaveng-
ing of singlet excited oxygen which would otherwise be
available for red (or infrared) emission.

The enzymes involved in the respiratory chain in E. coli
are located in a region (the lipid membrane) which is
richer in lipids than is the case for yeasts, which contain
their respiratory processes in mitochondria. If lipids are
indeed the source of the visible region emission, there
should consequently be a greater amount of lipid perox-
idation in bacteria than in yeasts and hence the bacterial
luminescence should be more intense than that from
yeast. The results in figures 1 and 3 show that this is the
case; the E. coli luminescences are about 10—14 times
brighter than the corresponding luminescences from the
yeasts.

Furthermore, the lipid rich environment of the respirato-
ry chain in bacteria also explains the enhanced blue-green
emission from E. coli, compared with the red dominated
emissions from yeasts (fig. 4). This is because in the pres-
ence of excess lipids, the excited singlet oxygen molecules
formed in the decomposition of lipid peroxides (Eq. 1)
tend to be removed by reaction with the unsaturated lipid
component forming excited carbonyl groups (Eq. 2),
which emit light in the blue-green region. The excited
singlet oxygen molecules consequently have less opportu-
nity to form the red emitting dimers. One would thus
expect the emission from the organism containing the
lipid rich respiratory environment (i.e. the bacterium) to
be dominated by blue-green wavelengths and the emis-
sion from yeast to be dominated by red wavelengths — as
was observed >4 8081,

Possible sources of the ultraviolet emissions

Significant ultraviolet luminescence was observed (fig. 2)
from cultures of yeast and bacteria only during the expo-
nential phase of growth and then only in the presence of
oxygen. It is particularly noteworthy that the intensities
of the ultraviolet luminescences from all the yeasts and
the bacterium studied were about the same. Further-
more, the spectral distributions of these ultraviolet emis-
sions were all similar. Such results tend to indicate that
the source of the ultraviolet emissions from the exponen-
tial phase of growth might be the same across genera and
phyla. This is a most interesting result and suggests that
some very fundamental biochemical or biophysical pro-
cess is responsible for this luminescence.

It should also be noted that these ultraviolet emissions
are of similar intensity and wavelength to those designat-
ed as mitogenetic radiation by Gurwitsch?° and the oth-
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er early workers © in this field. Furthermore, like mitoge-
netic radiation they are also produced at their highest
intensity during the exponential phase of growth, when
the rate of cell division is at its highest level. The results
presented thus provide considerable support for these
early mitogenetic observations of ultraviolet cellular lu-
minescence.

Since UV luminescence was detected from each species it
was appropriate to test its ability to stimulate cell divi-
sion when incident on nearby cells, as alleged by early
workers 2°- %3 in the field. However, neither cell division
nor growth in S. cerevisiae were stimulated or inhibited ©°
by the UV emission from optically coupled exponential
phase cultures of the yeast. Furthermore, no significant
effects on division or growth were observed **> when cul-
tures of the same yeast were irradiated with continuous
or chopped (100 cycles s~ 1) artificial sources of UV light
at 280 nm at various irradiances between 1.2 x 10% and
3.1 x 10° photons cm ™2 s~ . These results do not sup-
port the claims made by the earlier workers that dividing
cells can stimulate mitosis in optically coupled cultures
by the emission of UV luminescence, and are also in
disagreement with some recent reports11-24.38.86

The sources of the UV luminescence from dividing cells
are much less certain than are the sources of the visible
region luminescences. Several possible causes of the UV
emissions will be discussed here.

Early workers®® in the field of mitogenetic radiation
assigned the UV luminescences to various biochemical
reactions in the cells, such as glycolysis, proteolysis, and
nucleic acid-nuclease reactions. However, all of these
biochemical reactions occur in yeast and bacterial cells
under both aerobic and anaerobic conditions*”>*¥,
whereas no luminescence was detected under anaerobic
conditions (fig. 3). Hence none of the above reactions can
be directly responsible for the UV emissions.

Inyushin 3% has attributed the UV luminescences from

living organisms to emission from bioplasma. However,

there is still controversy 188 ~2® over even the existence

of bioplasma in living organisms and hence this proposal
is still very much speculation.

Popp et al.*?->':32 have suggested that DNA is the
source of the very weak biological luminescences and
that it acts as a ‘photon store’. In their hypothesis the
existence of a biofield is also invoked, this concept resem-
bling that of Inyushin’s bioplasma. The evidence that
DNA is the source of this luminescence is only indirect **
and Popp’s research group ®* was itself unable to detect
any luminescence emission from pure DNA. At this stage
at least, there is still insufficient evidence to support the
suggestion that DNA is the source of the UV lumines-
cence.

Konev?? has attributed UV luminescence from Torula
utilis (Candida utilis) to an excited state of the tryptophan
contained in cellular protein. This assignment was based
on similarities between Konev’s mitogenetic emission
spectra and the spectra of the fluorescences produced by
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the optical excitation of tryptophan and of cellular
protein-containing tryptophan. Proteins are actively syn-
thesized during the exponential phase of growth when
the UV emission is observed. However, the luminescence
can not arise directly from the major steps involved in
protein synthesis, as no UV emission was observed when
any of the organisms were grown anaerobically (fig. 3),
even though protein synthesis still occurs under such
conditions. It is nevertheless still possible that the UV
luminescences arise from oxidative side reactions associ-
ated with protein synthesis.

It has also been suggested >” 72 that instead of being the
products of luminescent biological reactions, the very
weak UV luminescence from living organisms might be
cosmic ray excited fluorescence induced in susceptible
biological molecules synthesized during the particular
stages of growth which produce emission. Thus an inves-
tigation of this proposal was carried out’® in which cul-
tures of E. coli were shielded ecither intermittently or
continuously from the soft component of cosmic rays,
and examined for changes in growth and in luminescence
intensity. No such changes were observed ’® and conse-
quently this explanation is unlikely.

Ultraweak photon emission and temperature stress

The effect of temperature on the photon emission from
E. coli was examined by the author ®° and it was found
that the mean intensities of the exponential phase emis-
sions from E. coli decreased by 55 (4 9) % when the tem-
perature was raised from 306.15 to 310.15 K. Figure 2B
also shows that, although increasing the growth temper-
ature of the bacterium from 306.15 to 310.15 K approx-
imately halves the intensity of the luminescence emission,
there is little effect on the structure of its spectral distri-
bution.

When the temperature was raised from 306.15K to
310.15 K, the stationary phase emission from E. coli de-
creased by 43(+ 4)%, which is similar to the decrease
observed for the exponential phase emission. As was the
case for the exponential phase emission, the spectral
structure of the stationary phase emission (fig. 4 B) was
little changed when the E. coli was grown at 310.15 K
instead of 306.15 K, despite the reduction by almost a
half in the luminescence intensity.

These results support the earlier suggestion that the visi-
ble region emissions are attributable to reactions associ-
ated with the formation and (or) decomposition of lipid
hydroperoxides, since the effect of temperature stress on
the intensity of the E. coli luminescence (figs 2B and 4 B)
can be explained in terms of temperature-induced
changes in the ratio of unsaturated to saturated lipids. At
lower temperatures, mesophilic bacteria such as E. coli
increase the proportion of unsaturated lipids in the cellu-
lar membrane in order to maintain the appropriate mem-
brane permeability *”. Consequently, the opportunity for
lipid peroxide formation and hence for luminescence,
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should be greater at the lower temperature, which is con-
sistent with the increased emission observed when the
temperature is decreased. However, since the source of
the luminescence remains unchanged, the spectral distri-
bution of the photon emission should not be altered,
which was also the case (figs 2B and 4B).

Fisher et al.** 2% have studied the effects of temperature
stress on the chemiluminescence of the amoeba, Dicty-
ostelium discoideum. They found 2° that starvation of D.
discoideum induces a chemiluminescence response which
is enhanced under heat shock treatment. The chemilu-
minescence begins to increase dramatically after about
2 h, reaches a peak by about 4 h and declines to base level
by 8 h after the onset of starvation. The heat treatment
(growing the amoebae at 306 K instead of 294.5 K) pro-
duced a 30-fold increase in the photon emission intensity
compared to an estimated 3.4-fold increase in the rate of
the light yielding reactions. Hence it was concluded that
the increase in temperature must enhance the biological
process which leads to photon emission by about 10-fold.
It is possible that the inducing signal for heat shock gene
expression is a product, perhaps an oxygen metabolite, of
perturbed mitochondrial metabolism in stressed cells.
The authors thus suggest 2° that if an oxygen metabolite,
such as superoxide or peroxide, is the inducing signal in
stressed cells, then chemiluminescence should occur as a
response to stress, which was the case for D. discoideum.
The authors’ observations that chemiluminescence is in-
duced during early development and enhanced by heat
shock at the beginning of development indicated a possi-
ble relationship between developmental and stress sig-
nals, and thus the products of perturbed oxidative
metabolism might be inducers not only of heat shock
responses, but also of differentiation during early devel-
opment. Later experiments!® using many inhibitors,
traps or enhancers of chemical species involved in oxygen
free radical reactions or oxidative metabolism suggested
that the chemiluminescence results from lipid peroxida-
tion reactions following oxygen reduction by leakage of
clectrons from ubiquinone in mitochondrial electron
transport. This is consistent with the view that heat shock
causes oxidative stress, which in turn induces both heat
shock proteins and production of reduced oxygen
metabolites.

The effect of chemical stress on ultraweak photon emission

Yeast

In his early experiments Konev*® attempted to examine
the source of the ultraweak photon emission which he
detected from Candida utilis by adding propyl gallate, an
inhibitor of free radical reactions. The photon emission
was completely quenched and Konev suggested *° that
the luminescence may be due to excited species arising
from recombination of free radicals. Unfortunately,
propyl gallate also completely inhibited cell division in
this yeast and thus the results were inconclusive.
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Some yeasts, such as Saccharomyces cerevisiae, which
possess both the respiratory and fermentative pathways
of metabolism may lose their respiratory activity com-
pletely, even under aerobic conditions, if the glucose con-
centration is high (> 5%) or if the yeast is grown in the

presence of certain dyes or in heavy metal solutions *5. In’

the case of high glucose levels, the loss is only temporary
and respiration can be easily restored by removing some
of the glucose or by transferring the yeast to a lower
glucose concentration medium. However, when growth
is in the presence of appropriate dyes or metal ions,
biochemical mutation takes place leading to a permanent
loss of respiratory activity and the formation of respira-
tory-deficient mutants of the yeast. The author > 2 has
examined photon emission from the yeast Saccharomyces
cerevisiae when it is grown in the presence of acriflavine.
When growth occurs under these conditions, the yeast is
almost completely converted to the respiratory-deficient
mutant.

The respiratory-deficient mutant of S. cerevisiae gave *°
similar emission peaks to that of normal S. cerevisiae
(figs 1 and 3) except that the exponential phase peak
occurred about 3 h later (relative to the time of half-max-
imum absorbance) and was about ten times as intense. As
was the case for the normal yeast, photon emission from
the respiratory-deficient mutant occurred only during
aerobic growth and varied in intensity with the stage of
growth. It was concluded that the photon emissions did
not directly arise from either the fermentative or respira-
tory pathways and that the superoxide anion may be

involved in the processes leading to emission. Spectral-

distributions of these photon emissions were deter-
mined %2 and indicated that while the UV component of
the luminescence from S. cerevisiae is not greatly altered
when the respiratory-deficient mutant is used instead of
the normal yeast, the visible region component is greatly
enhanced in the mutant and its emission tends to be
dominated by a band at around 600 nm. These observa-
tions are consistent with the suggestion that the visible
region component of the luminescence arises from lipid
peroxidation reactions.

To confirm that these results were due to the respiratory-
deficient mutants and not some specific action of the
acriflavine on cell constituents, similar suppression of
respiration was obtained by two other methods (Quick-
enden and Tilbury, unpublished results). Respiratory-de-
ficient mutants obtained by adding ethidium bromide to
the medium as well as normal S. cerevisiae grownina 6 %
glucose medium gave the same results as the respiratory-
deficient mutants obtained by the addition of acriflavine.
This indicates that the observed phenomena % ¢* are in
fact due to the suppression of the respiratory activity of
the yeast and not a mere artifact of the method to effect
such a change.

Ezzahir et al.'® have observed a methanal-induced pho-
ton emission from lag phase cultures of S. cerevisiae.
They found that photon emission is increased up to 70-
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fold and that the initial oxygen consumption of the yeast
decreases dramatically when the concentration of
methanal is increased. Thus, the authors suggest *® that
the photon emission is not directly connected with the
respiration of the cells but with the perturbation of their
physiological state. Thermal denaturation of the cells
only reduced the photon emission intensity by about
35% indicating that the interaction of methanal with
components of the yeast cells is only partially enzymatic.
The emission was also enhanced under basic conditions.
It was proposed '® that hydroperoxides could be formed
by peroxidation of the methanal and the photon emission
assigned to both excited carbonyl groups and excited
singlet oxygen formed during the decomposition of these
hydroperoxides.

Bacteria

Various workers %+ 3% %7 have found that superoxide dis-
mutase and catalase inhibit bacterial photon emission
indicating that both superoxide anion and hydrogen per-
oxide are involved in the production of tuminescence. In
addition, Roth and Kaeberle ¢7 found that the hydroxyl
radical scavengers, mannitol and benzoate ions, did not
inhibit the photon erission from Lysteria monocytogenes
indicating that the hydroxyl radical may not be involved
in the reactions leading to light emission. These au-
thors®” have also stimulated photon emission in L.
monocytogenes following the cessation of [uminescence
by the addition of ethanal, similar to that observed above
for yeast by methanal. However, unlike the action of
methanal on yeast, no significant photon emission was
detected 7 by the addition of ethanal to heat-killed cells.
Hunter and Allen?® found further evidence for the par-
ticipation of hydrogen peroxide in their photon emission
from Streprococcus faecalis. Addition of myeloperoxi-
dase greatly enhanced the photon emission in this bac-
terium indicating the generation and accumulation of
hydrogen peroxide, a necessary substrate for myeloper-
oxidase chemiluminescence. Evidence was also obtained
for the extracellular production of both the superoxide
anion and hydrogen peroxide and therefore that photon
emission may arise from reactions on the outer mem-
brane of the microbes or even within the suspending
medium.

Amoeba

Lloyd et al.*? observed photon emission from exponen-
tial phase cultures of Acanthamoeba castellanii and have
shown that cyanide (10”2 mol dm™?), which stimulates
respiration in the early exponential phase of growth and
inhibits respiration in the late exponential phase, en-
hances the luminescence in both phases of growth. These
observations indicate that the photon emission is not
directly correlated with the extent of reduction of oxygen
at respiratory sites. This was further supported by the
failure of two other inhibitors of the main respiratory
chain in dcanthamoeba castellanii, azide and antimycin
A, to affect the photon emission intensity. However, they
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did find that both the enhancement of photon emission
produced by cyanide and the inhibition of superoxide
dismutase produced by cyanide, showed similar depen-
dences on cyanide ion concentration and thus conciuded
that the luminescence may arise from one of the reactions
of the superoxide anion.

Fisher et al.!® 2% observed photon emission from Dic-
tyostelium discoideum during early differentiation and
have examined'® the effects of various inhibitors and
enhancers of chemical species involved in oxygen free
radical reactions and in oxidative metabolism. They have
found evidence '® for the involvement of hydrogen per-
oxide, superoxide anion and hydroxyl radicals in the
processes leading to photon emission. However, unlike
Acanthamoeba castellanii studied by Lloyd et al.*?, Fish-
er et al.'® found that photon emission from Dictyostelium
discoideum was quenched by some inhibitors of electron
transport. They concluded that the photon emission re-
sults from lipid peroxidation reactions following oxygen
reduction by leakage of electrons from ubiquinone in
mitochondrial electron transport. A spectral distribution
of the photon emission obtained by Fisher et al.!® has
shown that the emission was mainly in the blue region
with a smaller red component, although their photode-
tector was relatively insensitive in the red region, which
was consistent with excited carbonyl groups arising from
lipid peroxidation reactions.

Conclusions

This paper has reviewed the ultraweak photon emission
from microorganisms and has presented the current evi-
dence for the possible sources and functions of these light
emissions. Almost all microorganisms studied have been
shown to emit luminescence and some of those species
which failed detection of photon emission earlier have
since been shown to be chemiluminescent, possibly due
to the increased sensitivity of the detection apparatus.
Photon emission in both the visible and ultraviolet region
has been detected, although very little modern work has
been carried out on the ultraviolet emissions and conse-
quently the source(s) of this emission is much less certain
than the visible emissions. The visible emissions appear
to be due to excited carbonyl groups and/or excited sin-
glet oxygen dimers arising from lipid peroxidation reac-
tions, which in turn are associated with an increase in
various reactive oxygen species such as the superoxide
anion, hydrogen peroxide, hydroxy! radical and singlet
oxygen. There is also indirect evidence for DNA playing
a key role in these emissions. The photon emission is
affected by all types of stress examined and may be a
reliable, non-invasive and extremely sensitive indicator
of cellular stress. Furthermore, there are indications that
the photon emission may be a product of the stress sig-

nals themselves and some biophysical researchers claim

that the photon emission may in fact be an integral part
of the signalling mechanism itself.
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Stress-induced photon emission from perturbed organisms

J. Slawinski, A. Ezzahir, M. Godlewski, T. Kwiecinska, Z. Rajfur, D. Sitko and D. Wierzuchowska

Institute of Physics and Informatics, Department of Biophysics, Pedagogical University, ul. Podchorazych 2,
30-084 Krakow ( FPoland)

Abstract. This paper reviews an ultraweak luminescent response of selected biological systems (lower and higher
plants, insects and spermatozoa) to certain kinds of detrimental mechanical, temperature, chemical and photochem-
ical stress and to lethal factors. The enhancing effect of white light and formaldehyde on the ultraweak luminescence
of yeast and spermatozoa cells is described for the first time. An increase in the percentage of long wavelengths
(4 > 600 nm) with an increase in reaction time, and a significant influence of the suspending medium on the ultraweak
Iuminescence, were observed. The vitality and motility of bull spermatozoa and the vitality of yeast cells were
drastically decreased by treatment with white light, water, formaldehyde and iron-ions. Successive irradiation of
intact bull spermatozoa cells with white light caused an increase in the intensity of delayed luminescence. An attempt
has been undertaken to find stochastic models of non-stationary photon emission. The quasi-relaxation descending
stage of non-stationary processes can be modeled as the Integrated Moving Average process IMA (0, 1, 1), and
memory and transfer functions can describe the degree of perturbation in the yeast Saccharomyces cerevisiae. The
relation of the ultraweak luminescence response to perturbations of homeostasis is discussed in the framework of

biochemical and physical models.

Key words. Photon emission; perturbation of homeostasis; stress; peroxidative damage.

1. Introduction

Ultraweak photon emission (UPE), also called ‘biopho-
ton emission’ or ultraweak luminescence, is the emission
of electromagnetic radiation in the spectral range 180
1500 nm, from all sorts of organisms and their tissues,
cells and subcellular components in the living state. It is
known to occur in conjunction with various vital pro-
cesses, and is now considered to be a universal phe-
nomenon in nature. The flux of UPE is in general less
than 107'° W/em? (4 = 500 nm), which is much lower
than that of enzymatically-controlled bioluminescence.
In non-bioluminescent organisms, the sources of lu-
minescence in the visible region are singlet oxygen and
excited triplet state carbonyls. Perhaps the most impor-
tant feature of UPE is its inherent association with fun-
damental biological processes such as cell division, fertil-
ization of an egg, photosynthesis, stress, and the death of
an organism.

Unlike analytical methods UPE gives holistic informa-
tion about the biological effect of stress factors, provid-
ing an indication of the global, integrated effect of a
stress on a biological system (see table 1).

The level of perfection reached in time-resolved photo-
counting, and in spatial and spectral analysis, offers the

Table 1. Main features of the biophotonic response to detrimental envi-
ronmental and internal stress factors

Combines the effect of stresses on the
homeostatic system (a synergetic super-

Holistic response

position).
Multiparametric Contains information about: species-
information specificity of a stress factor, the rate and

energetics of process, its heterogenity and
dynamics.

Homeostasis-dependent
sensitivity

High or low depending on the efficiency of
regulation mechanisms, guantum yield
and the rate of processes. Can be enhanced
by e.g. fluorescent probes or reversible per-
turbation of homeostasis.

Discrete character of
the photonic signal

Inherently quantified signal is ideal for
statistical (numerical) procedures, e.g.
analysis of stochastic processes, correla-
tion analysis etc.

necessary prerequisite for studying the information-po-
tential of biogenic radiation. This potential is related to
the spatio-temporal and energetic parameters of in vivo-
generated electromagnetic (EM) fields. One can arbi-
trarily classify this information potential into the two
following categories:



