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Abstract. An analysis of theoretical knowledge and experimental results of ultia-
weak lummescence (UWL) is provided The 10le of excited state of molecules and
fiee 1adicals, formed in vanious biochemical reactions, in UWL is discussed UWL
of model 1eactions and n vwo systems are compared The hypothesis of coherent
electromagnetic field as a source of UWL is also discussed. Spectral, kinetic and
temporal properties of UWL are summarised, as well as their connection with its
origin and role in the o1ganism. Attention is paid to recent progress in experimental
methods of low-light detection. The possible use of UWL in environmental studies,
selection and other applications is discussed.
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There are several terms, such as ultraweak luminescence (UWL), weak metabolic
luminescence (WML), ultraweak photon emission (UWPE), biophoton emission
(BPE) and ultiaweak bioluminescence (UWBL) to describe emission of electro-
magnetic radiation in the spectral range from 180 to 1500 nm, from oxidative
metabolic 1eactions of all kinds of organisms and their tissues, cells and sub-cellular
components. The wide span of emitting objects makes UWL considerably differ-
ent from bioluminescence designating emission of light from specialised enzv.nic
reactions or from photoproteins of certain living organisms (Ward 1981). UWL is
believed to be a universal natural phenomenon, as a biochemical and biophysical
process, involved into the principal biological functions, which are considered as
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its source Lepeschkin (1935) by using photographic plate, detected luminescence
while mnjuring plant tissues in the 1930’s It 1s considered that UWL of living cells,
tissues and organisms was discovered during the 50 60’s, due to progress i sen-
sitive light detectors Weak light emission from germinating plants was registered
for the first time by Colli and Facchim (1954) A few years later, Russian biophy si-
cists discovered UWL 1n cells of higher amimals (Tarusov et al 1962) Subsequent
studies showed that UWL was a common featuie of living organisms (Tarusov and
Veselovsky 1978) and that 1t was produced during metabolic redox reactions due
to which 1t was named “ultraweak metabolic luminescence” Results obtammed n
cxpeniments with different systematic groups of organisms showed that UWL inten-
sity mcreased with the increasing orgamsm complexity (Ruth 1979) The intensity
varied within the range of 10 to 10* quanta s™! cm™2 UWL has extremely low
quantum efficiency of 107! to 10~ photons per activated molecule In comparison
with biolunminescence, UWL 1s weaker by several orders of magnitude

UWL detection

Measurements of UWL intensitv and spectral distribution require detectors of high
sensitivity The modern devices are primarily based on photomultipliers operating
in the single photon counting mode Their sensitivity reaches 2 photons s~ ¢m ™2
flow density Due to the inherent weakness of UWL, a filter set 15 used to study
spectial distribution, mstead of spectrometers (Inaba et al 1979) Therefoie, only
UWL spectia of low 1esolution are known A block diagram showing a sigle photon
countmg device used for 1egistration of UWL 1s presented in Fig 1 Presently, there
15 no commercially available equipment purposely made for UWL measurement
Fig 1 schematically shows common parts of different setups designed 1n various
laboratories Sensitive germanium photodiode with specially designed electromnics
to (liminate cosmic ray signals, was used to record light emission of singlet oxygen
i the near infrared region (Khan 1978)

The newly developed UWL detectors are based on chaige coupled devices
(CCD) CCD cameras with multi-channels for intensity provide two-dimensional
real tune imaging of the object (Tsuchiva et al 1985, Ichimura et al 1989)

Experimental objects and UWL localisation

UWL has been studied on different levels of plant orgamsms Luminescence in-
tensity, kinetics and spectral distribution were monitored in intact roots, shoots,
seeds, as well as in single cell fractions 1solated from different organs nucleus, mi-
tochondiia, cell walls, membranes Experimental objects were subjected to various
treatments while UWL kinetics, intensities and spectra were monitored A review
of these studies can be found 1n several papers and books (Tarusov and Veselovshy
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Figure 1 Block diagram of the laboratory-made photon counting system for registration
of ultraweak luminescence (for details see Inaba et al 1979 and Popp et al 1981) 1
sample cell 2 temperature controller 3 chopper 4 chopper driving motor 5 filter
6 — filter drive controller 7 photomultiplier 8 — photomultiplier temperature controller
9 pulse amplfier 10 discrimmator 11 reversible counter, 12 preset tumer 13
phase shifter 14 computer 15 display 16 x-v recorder

1978 Popp et al 1979, Slawinska and Slawinsk: 1983, Abeles 1986 Radotic et al
1989) In experiments with intact organs, the observed light comes fiom the organ
surface, while lummescence from internal 1egions 1s absorbed or scattered in the
tissue The strongest UWL intensity 1s detected 1n the cell wall compared to other
cell parts (Agaverdiyev and Tarusov 1965)

Recently, the relation between moiphogenesis and UWL emission has been
studied (hai et al 1994) Seed germination and 100t growth rates were found to
be directly correlated with UWL intensity Highest luminescence intensities were
detected 1n the division zone while intensities recorded in the elongation zone were
consider ably weaker

The recent application of 2D-photon imaging gives evidence for the localisa
tion of 1egions of root and shoot luminescence According to some authors, the
prinapal luminescence originates i root apices (Ichimura et al 1989, Scott et al
1989, Ka1 et al 1994), while others claun that the origin 1s in the transition zone
between the root and the shoot (Schauf et al 1992) According to Schauf et al
(1992) lumimnescence detected 1n other parts of the root and the shoot 1s, 1n fact
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transmitted from the transition zone through the tissue hke a hight guide The
phenomenon of hight transmission through tissue was used by Schauf et al (1992)
to calculate the luminescence intensity of the origin The authors estimated that
light losses within the plant were approximately 70 97% and, taking into account
total detection efficiency of the equipment, they roughly calculated that the total
number of photons emitted from the ongin was within the range of 1 3 107 10 108
photons s ! Assuming the volume of the transition zone and the mean cell size
they estimated that 0 8 to 8 0 photons s~! per cell were produced

Many experiments were carried out on model-systems in which certamn enzymic
rcactions believed to be involved in UWL emission were mvestigated Thus, hight
cmission generated in the reactions of peroxidase with different substiates espe-
c1ally with phenolic compounds (Cilento et al 1978 Slawinska 1978, Slawinsha et
al 1979, Slawinska and Slawinskr 1982), alcohols (Haun et al 1980) aldehvdes
{Soares and Bechara 1982, Dunford et al 1984, Baader et al 1985, Bohne et al
1987) somie plant hotmones (Augusto and Cilento 1977, Vidigal et al 1979, DeMello
et al 1980, Cilento 1982), aromatic pyruvates (Cilento et al 1974, Zinnei et al
1980, Dunford et al 1984) was studied Other enzymic, hight producng reactions
were also 1vestigated, like reactions of oxidases and mono-oxygenase with various
substrates, as well as reaction of lipoxyvgenase with unsaturated fatty acids (Boveris
et al 1980 1981, 1983, 1984, Lilius and Laakso 1982) The results obtained 1n these
experuments were used as supporting evidence for the wterpretation of 1m vivo UWL
measurements However a direct link between any individual in vitro reac tion and
in viwo luminescence has not vet been unambiguously estabhshed

The mechanism of UWL emission

A great number of wmolecules 1 excited state 1s produced 1n blochemical 1eac-
tions They loose energy in different ways Some of them transfer then energy
excess to other molecules, mitiating subsequent 1eactions or propagating existing
chain reactions Others transfer the energy to their surroundings by collision with
neighbouring molecules m so-called radiationless transition A smaller number of
molecules release excess of their encigy by light emission, and 1eturn to the ground
state

Experiments with model systems considerably contributed to the understand-
g of the mechamism of UWL emission in certain metabolic reactions The pro-
duction of 1,2-dioxethane 1 enzymic (per)oxidations of aldehydes, fatty aads and
some plant hormones (Haun et al 1980, Zinnex et al 1980, Abeles 1986) 1s believed
to be one key mechamsm for UWL emission The dioxethanes are intermediates
giving molecular species contaiming the C=0 group 1 the excited state When
returning to the ground state they produce energy n the form of hght (Cilento
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1975, Foote 1976, McCap1a 1978)
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The <ystems, in which dioxethanes are produced as mtermediates, serve as
storage of energy that could be used fo1 noimal or pathological functions (McCapra
1978)

The second mmportant group of reactions responsible for UWL are reactions of
tree radical recombmations Radicals may be formed 1n enzymic and non-enzymic
(perjoxidations Some products of radical tecombinations are molecules 1n the ex-
tited state Returning to the ground energetic state, they 1elease ight energy (Rus-
sel 1957, Pryor 1986) cg

2RO0O" = RO* + ROH + 0,
2RO0" = RO +ROH + 10,

Autocatalysed chain reactions, with three stages mutiation, propagation and ter-
mination (Tappel 1979 Pryor 1986) are prevalent (per )oxidative reactions mvolved
m the foimation of free radicals Thus, UWL can be used as an indirect probe of
free 1adical concentiations 1n the system (Anhstiom and Natarajan 1960)

Siglet oxvgen (*0;) 18 accepted as one emitter of UWL Thus form of molecu-
lar oxygen 18 formed 1n redox reactions Since siglet-triplet (ground-state) trans:-
tion 1s spin-forbidden the Life time of singlet oxygen 1s much longer 1 comparison
with free radicals Due to spin-orbit coupling 1t decays slowly to the ground state
by emntting hght at 1268 nm Simglet oxygen may also release excess of energy by
recombimation of molecular paurs, emittig light at 634 and 703 nm (Nakano et al
1975, Khan 1978, 1983, Foote 1979)

Besides the above widely accepted theory, which explains UWL generation n
terms of relaxation of excited molecules, there 1s another hypothesis on the UWL
origin, proposed by Popp and co-workers The hypothesis assumes that biophoton
emission otiginates from the de-localised coherent electiomagnetic field within liv-
g tissue (Popp et al 1981, Popp 1992) This group of authors proposed DNA
as the main source of biophoton emission The essential mechamism of the the-
ory of coherence 1s based on the formation of an array of exciplex (Gu 1992) or
exciplex-like coherent excited states i living matter Since the quantum theorsy
shows that fully coherent field in a stationary state 15 always subject to a Poisso-
nian photocount distribution, the authors also developed a statistical method of
UWL analysis, 1n order to estimate the degree of coherence of emitted photon field
(Shen et al 1993) However, experimental evidence m support of the theory 1s not
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convincing Furthermore, the living cell and organism are complex systems and 1t
1s haid to believe that only one structuie within the cell, such as a DNA molecule,
1s the only storage of energy for UWL emussion This 1s supported by the data that
even cells lacking nucler (erythrocytes) emit hight, as well as by the fact that the
highest UWL intensity in plant tissue 1s detected 1n cell walls in which DNA 1s not
prescnt Although there 15 a certain contribution of DNA molecules to UWL emis-
ston, which could be even predominant in certain cases due to the specific physical
and chemical properties of DNA its role cannot be generalised Yet, it could help
in the exploration of some phenomena which cannot be explained by the theory
ot excited molecules Moreover, the hypothesis of coherent field might get support
from heated debate about conductivity of DNA (Wilson 1997) If 1 turns out that
DNA 15 a good conductor, the hypothesis will get ground, and more experimental
effoit should be exerted in order to confirm 1t

The 10le of oxygen n UWL

Numerous wn wiro and :n vwo experiments pointed out that no UWL emission
was possible 1n the absence of oxygen (Colli et al 1955, Veselovsky et al 1963,
Abeles 1986) The intensity of photon emission depends on oxygen concentration
and this relation 1s linear up to 20%, while 1t insignificantly increases at oxygen
concentrations higher than 20% (Colli et al 1955, Veselovsky et al 1963, Abeles
1986) Such concentration dependency 1s a characteristics of free-radical chan re-
dox reactions It was shown that UWL was not directly related to the normal
process of oxidation durmng respiration The apphcation of mhibitors of certamn
respiration stages differently affected changes of UWL (Tarusov and Veselovsky
1978) Accordingly, luminescence of roots cannot be correlated with luminescence
of mitochondria (Averiyanov 1974)

Oxygen was shown to have an important role in the process of mitiation and
propagation of fiee radical reactions resulting in luminescence (Tarusov et al 1962
Tarusov and Veselovsky 1978) Different forms of activated oxygen produced m
metabolic reactions are the source of UWL One of these foims, singlet oxygen,
has been alieady mentioned as a direct emitter, but 1t mtiates a number of cham
1eactions which finally yield UWL This energy enriched form of molecular oxygen
produced in metabolic reactions, 1s more reactive than oxygen in the ground, triplet
state and 1s relatively stable under cell physiological conditions Thetefore, the re-
activity of 1O, 1s higher in comparnison with ground-state oxygen (Pryor 1978, 1986,
Rabek and Ranby 1978) It reacts with various cell substrates (olefins, atomatic
compounds sulphides) by an addition mechamsm (Foote 1971) Due to relative
stability and reactivity with different substrates, 1O, 1s considered to be one of the
most 1mportant agents m mitiation and propagation of 1eactions yvielding UWL
The second important form of activated oxygen 1s superoxide anion radical O}~
or HOO" the single-electron reduction product of O It 15 produced i enzymic
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and non-enzymic reactions (Pryvor 1978, Elstner 1982 Grishamm and McCord 1986)
Supeirovide radical 18 the driving force and propagator of chain redox reactions
Hydiogen peroxide, formed by two-electron reduction of O, n different enzymic
and non-enzymic reactions 1s mmitiator of chain reactions, which can give UWL It
1s stable over phvsiological pH and temperature range Hydrogen peroxide partici-
pates as a cosubstiate 1n substrate peroxidation catalysed by peroxidases (Abeles
1986) It 1s decomposed in Haber-Weiss reaction, catalysed by iron 1ons and other
metals, foomig O3 and 'O, (Koppenol et al 1978, Abeles 1986)

Spectral and kinetic analysis of UWL

Due to 1ts mherent weak mtensity, no detailed study of the UWL emission spectia
has vet been performed Spectra of low resolution are obtained by a set of filters
in visible and near nfiared reglons (Inaba et al 1979) The spectial distiibution
was different i various objects For example, most hight emitted by plants 1s 1
blue-green part of the spectium (Veselovsky et al 1963)

Light produced by dionethanes, phenolic compounds and products of lipid
oxidation (aldehydes and ketones) 1s within the wavelength range of 459 and 582
nm (Abeles 1986) 100 and 600 nm (Salin and Bridges 1981) 350 and 480 nm
{Boveris et al 1981) respectively The emission spectrum of molecule pairs of
simglet oxy gen has a peak between 634 and 703 nin (red spectium), while the single
molecules of singlet oxygen emit at 1269 nmn However, due to non-homogeneity
and complexity of biological systems, and particularly because of the impossibility
to obtain spectia of good resolution, 1t 1s not possible to assign with certamty a
contribution of mdividual 1eactions to the total UWL spectrum

The time course of UWL emission depends on the conditions of the pre-
treatment of the expernmental object If the object 1s kept 1n the dark for 20 60 mn
there 15 no mmtial luminescence (Tarusov and Veselovsky 1978, Salm and Bridges
1983), but 1f the intact root or shoots are kept 1n a small amount of water, the hight
emission shall last seveiral days with periodic vanations of mtensity (Ruth 1979)
Temporal vanation of luminescence of the intact object 1s much greater than mn
any mdinidual reaction This fact points to the participation of a greater number of
emitters and a greater complexity of the processes in the intact organ, 1 e tissue
The mtensity and kinetics of UWL vary when the object 1s subjected to different
physical and chemical treatments The effect of applied stress 1s an abrupt burst
of luminescence followed by slow exponential decay The slow decaymg part of the
temporal curve can be resolved in the semi-logarithmic co-ordinate system (Strbac
et al 1985, Radotic et al 1992) In such a way, several first order reactions have
been found to be mvolved in luminescence emission The corresponding rate con-
stants can be evaluated from the reaction half-times This procedure was applied to
different plant and amimal objects, where the mitial burst of UWL was induced by
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different physical and chemucal tieatments (stumuli) The obtamed results indicate
that up to thiee pseudo-first order 1eactions are involved m luminescence emission
Rate constants cortesponding to the same group of reactions fiom different ob-
jects were found to be of the same order of magnitude (Table 1) The application
of different mhibitors of both free-1adical 1eactions and lummescence shows that
the 1eactions mvolved m UWL of a single object can be affected independently
This suggests that UWL 1s based on several parallel reactions Different stimuli
alter only the lummescence intensity, while the mechamsm and reaction rates 1e-
main the same It means that the number of excited states and consequently the
number of photons emtted, can be changed by alterating the type and the magni-
tude of the stinulus The analysis of secondary kinetics of induced luminescence of
catalase ascorbate and quinone treated root, as well as the kinetic analysis of the
exponential decay of fiee 1adicals concentration i a tobacco leaf after inhibition
show that forms of activated oxygen and peroxy-1adicals plav the prunary 10le m
UWL (Radotic et al 1989 1990a b,c) Some authors claim that the decay of n-
duced lununescence from living tissues m some cases does not follow exponential

Table 1. kinetics of luminescence induced by different stimuli 1n several plant and animal
tissues, by k2 k3 rate constants of the first order reactions included in the luminescent
decav (according to Radotic et al 1992)

Object Stimulus ki/ haf hs/ Reference
10725~ 10~ %=1 10 1!
Marze roots 0545 mol/l HO, 75 86 86 Stibac et al (1983)
Maize roots H>0,+1071 mol/1 86 86 Strbac et al (1985)
ascorbate
N\aize 1oots H,O:; + D,O 46 15 67 Radotic et al (1990c)
Maize 100ts H>O: + 10 ° mol/l - 82 25 Radotic et al (1990¢)
hvdroquinone
Maize roots H,O, + SOD + 38 96 13 Radotic et al (1990¢)
catalase
Cucumber 100ts Dehydiation 18 8 78 Veselova et al (1991)
Eucals ptus Unirradiated 69 157 Duran and Mansilla
hgnin (1984)
Eucalvptus Ir1adiated 16 Duran and Man«illa
lignin (1984)
\icrosporocvtes White hght 15 36 83 Chwuot et al (1985)
fiom Larx
Microsporocy White hight 82 115 Chwirot et al (1985)
tes-male cones
\as rophages Concavalm A 13 42 43 Cadenas et al (1981)

037 mg/ml
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but hyvperbolic law (Popp et al 1981, Popp 1992) These authors use this fact as a
proof for the “theory of coherence” They theorise that hyperbolic relaxation 1s a

characteristic of an excited coherent field which maintains coherency in time (Popp
and L1 1993)

Factors affecting UWL in plants

In contrast to analytical methods, UWL could be used as a parameter of a global
mtegral effect of stiess on a biological system (Slawinsk: et al 1992)

Temperature

Temperature has a number of effects on a living system It goveins the rate at
which Oy o1 activated O, 1eact with substrates Temperature also controls the
1ate of ensymuc reactions through activation of the enzymes The hinetics of hiee-
radical teactions 1s patticularly affected by temperatuie Low and high temperature
extremes have lethal effects on hiving tissues

The temperatuie-dependent variation of UWL shows a smooth 11s51mg course
with two maxima at both ends of the physiological range of temperature The posi-
tions of the peaks are 1dentical for 1oots and shoots The low and high temperature
maxima appeat between 0°C and —5°C, and 45°C and 50°C, respectively Thermal
death of objects occurs within these tegions of luminescence maxima According to
some authois, the temperature-dependent variation of UWL between temperature
peaks agrees with Arthemus plot (Veselovsky et al 1963, Agaverdivev et al 1965,
Perelygin et al 1966} Other authors 1eport non-lincar, hvsteretic tempetature de-
pendence of the photon emission which can be interpreted by Curie-Weass rather
than Aithenius law (Slawinski and Popp 1987) Eaperiments with 10ots and shoots
of difterent plant species show that the positions of low and high temperature peaks
may be used for screening of species on their 1esistance agamnst chilling and hot

weather This 15 used for selection of 1esistant genotypes {Tarusov and Veselovsky
1978)

Wounding

Wounding of 100ts and shoots mechanically results in mereased luminescence (Salin
and Bridges 1981, 1983) On the basis of the rate of induced luminescence mcrease
1t can be concluded that de novo synthesis of enzymes does not occur Increased
luminescence caused by wounding is interpreted i terms of increased peroxidase
activity due to cell damage Phenoloxidases released fromn cells by the wounding
process could be an additional source of increased luminescence Recent studies of
UWL 1n shoots and roots by 2D-photon imaging have shown that wounding does
not cause any significant luminescence increase (Schauf et al 1992) However, this
conclusion might be mcorrect since the applied method 1s slow
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Radation

Irradiation of objects by UV light in some cases results in UWL mtensity decrease
(Veselova and Veselovsky 1971), and eliminates certain reactions mnvolved m lumi
nescence In some cases; UV light increases UWL, while X-rays radiation inhibats
1t (Radotic et al 1992)

Osmotic conditions and salts

Dehydration of roots and shoots by dextran 1esults m increased luminescence
(Tarusov and Veselovsky 1978), but does not affect the number of reactions n-
volved in UWL emussion {Veselova et al 1991, Radotic et al 1992) The rate of
UWL increase depends on the degree of water deficit, as well as on plant 1esistance
to desiccation The effect of dehydration on UWL of roots caused by gradual drying
1 au current 15 less pronounced than the effects of dehydration caused by sucrose
which mnduces “osmotic stress” (Tarusov and Veselovsky 1978)

Some studies show that after imbibition there 1s a mamfold mcease of UWL of
both seeds (Boveris et al 1983) and embryonic axes (Boveis et al 1984) The spec-
tral distiibution indicates that most of the ight 1s produced by forms of activated
oxvgen, especially 10,

Increase of salt concentration in the root environment causes a burst of UWL,
whose magnitude depends on the salt concentration Iso-osmotic concentrations of
salts are more stimulating than sugars due to greater tissue damage Salt-induced
luminescence mcrease 1 tissues most probably occurs due to membrane damage,
disturbances of the electrochemical gradient, oxidation of cytoplasmatic compo-
nents and an increase in the amounts of activated oxygen forms The effect of salts
on UWL enussion 1s found to be dependent on plant tolerance to salts (Tarusov
and Veselovsky 1978)

Toric compounds

Chemicals causing death of biological tissue induce imitial burst of UWL The
mutial burst of hght occurs 1n all cases Repeated addition of the compounds does
not cause a second UWL increase, indicating the death of the tissue Non-toxic
concentrations mduce a lower UWL 1increase with a different kinetics than the
toxic ones This was used as a test whether certain foxic probes mmduce damage to
or death of plants (Ruth 1979)

Respiration inhibitors  sodium-cyamde, sodium-azide, sodium-amytal, as well
as heavy metal 1ons Fe3t, Fe?t, Cu?t, Hg?t (Tarusov and Veselovshy 1978), cause
an mnitial luminescence increase, and then gradually quench 1t It 1s assumed that
the increase of UWL by respiration mhibitors reflects the increase of O, partial
pressure m cells, which 1s caused by reduced O, consumption accompanying the
UWL increase Heavy metals inhibit enzymic activities, respiration, and cause an
increase of free-radical chain reactions (Tarusov and Veselovsky 1978, Abeles 1986)
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Alcohols (methanol, ethanol, butanol, propanol), acetone, ether and chloroform
mduce an mitial hight burst which increases with the increasing concentration of
the agents The effects of methanol and butanol on UWL emission are stronget
than the effects of ethanol (Taiusov and Veselovsky 1978) Toxic compounds can
simultaneously o1 independently affect the tume course and the UWL spectrum
{Ruth 1979) These 1esults are in accordance with 1esults obtamed from kinetic
analysis 1e they provide evidence for the existence of several pseudo-first orders
teactions which could be affected independently

Recently the effect of ozone on UWL of biological systems has been studied
UWL mcieased i ozone treated plants (Katzger et al 1994) This inciease was
considered to be related to the reaction between ozone and hipids, membranes and
small molecules, such as cysteine, histidine, tryptophane and methionine

Biological factors

Pathogens cause UWL mcrease in iving tissues due to the activation of protective
mechanisms by 1sing the amounts of H,O, and 10, ‘pathogen kallers” in tissues
(Lehrer 1969 Uts and Dunleavy 1974a b Averivanov et al 1978, Urs and Hall 1978
Averryanos and Panayotov 1979 Lehninger 1981) A counsiderable part of the plant
1sponse otigmates fiom the cell wall that 1s fiom the activities of peroxidase and
perovadase related free-radical chain reactions (Tarusov and Veselovsky 1978)

Conjugation of biochemiluminescence and biophotochemical reactions

Cilento and others have studied a series of reactions mcluding biologically active
compounds and enzymes plant and animal hormones, ipids, amino acids t-RNA
peroxidase and oxidase Production of compounds in electronic excited state in
these 1eactions was shown through

equrisvalence of chemilummescent and phosphorescent spectra of excited products

energy transfer to sensitisers,

detection of photoproducts
A survey of these investigations has been presented in review articles (Popp et
al 1979 Cilento 1982) On the basis of theoretical considerations, as well as of
some experimental results, Popp and Ruth poimted to the possible 1egulatory role
of photonic emussion fiom DNA (Ruth 1979) On the other hand, Cilento (1982)
postulated a concept of ‘photobiochenustiy without light”, not only because of
the existence and chemical analogy of many physiological processes being able to
produce electionically excited molecular species, but also because of the following
facts

the presence of bioluminescent emitters in nonbioluminescent organisms,

the correlation between some biological activities and parameters of the excited
state For example, experimental results (Popp et al 1979) confiimed the intei-
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pretation that metabolic hydroxylation could not be explamned on the basis of
clectiomc chatacterstics of substrate m 1ts ground state, but substrate has to be
1 the fiust dectronic excted state to participate m the 1eaction,

capacity of photon absor ption to mduce conformational change of protems (Pierom
et al 1986) and to aftect enzyimc activity (Comorosan 19741)

Although 1t 15 1ather difficult to obtamn direct experimental evidence 1t has
been proposed on the basis of the above considerations that coupling of chemilu-
minescent and biophotochemical teactions could be a control mechanisi of certain
metabolic processes m the cell, as well as a way of wtercellular communication

As mentioned previously some experiments provide evidence that plant tissue
15 able ro conduct hight practically without losses (Mandoli and Briggs 1982) This
fact supports the hypothesis that hght could be one of the meauns of mformation
transfcr withun the plant An additional evidence of the assumed function of hght
15 the fact that rate constants of UW L 1elaxation induced by different treatments
(stimuh) arc of the same order of magnmitude m different objects (Radotic et dl
1992)

Possible relation between photon e mission and control processes

The relation between total number Z of photons emitted i a chemiluminescent
tcaction and the number of 1eacting molecules NV 15

Z=q N (1)

whete ¢ 15 huninescence quantum vield Stiong hght absorption in the tissue pre-
vents detcction of the prunary radiation sources According to theoretical consider-
ations the number of photons Z(A) emitted at wavelength A 15 determined by the
1elative number of exated molec ules m the tissue by thew optical properties (Ruth
1979) In such a way bhiochemical and biophysical processes within the cells can
be momtored by means of UWL study without cell damage The relation between
photon emisston and control processes in the cell could be studied Besides photon
enussion excited molecules can also 1eact with other molecules Accordng to the
Airhemus theory, the reaction 1ate 1s propoitional to the 1elative number of excited
molecules whose energies surpass reaction activation energy Photon emission 15 a
diect mdication of the 1eaction rates responsible for the formation and relaxation
of excited states Theretfore, hght emssion could be used for studies of processes
controlling photon emission m the cell These quantitative considerations by Ruth
(1979) showed that UWL might be of great unportance for hiochemical processes
within the cells, as well as for their monitoring

Since photonic signals can be transformed mnto acoustic, chemical and electric
processes m the cell, some authors emphasize the possibility that photons emitted
within the tissue could be mvolved in mmtra- and mtercellular information transfer
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{Fisher 1979} This hvpothesis was stated for the first time by Gurwitsch (1932)
whose experiments showed that the low-eneigy UV light emission might play a
role m ntercellular commumication Although his results were critiased by many
authors, mtroduction ot sensitive photomultipliers and photon counting devices 1e-
vealed the exastence of biogenic 1adiation from pirocesses mvolved m the mitosis
and cell growth, 1 ¢ processes where intia- and mtercellular information trans-
fer occunt (Quickenden and Que Hee 1974 Fisher 1979, Quickenden and Tilbury
1983) The mutial results were mostly obtamned in esperiments on cell cultures
(Fisher 1979, Slawinska and Slawinski 1983) Based on these experiments 1t was
postulated that hght radiation did not origimate from enzymic reactions and 1espi-
ratory pathway, and that oxygen radicals may have been mvolved m its emission
{(Quichenden and Tilbury 1983) It was also shown that some cell organelles such
as microtubules could be photon cattiers Special local differentiations of the cell
membranes mnolved in the mtercellular contact are beng considered as the pos-
sible two-wnay fransducers of photonic signals (Fisher 1979) Generally 1t scemns
that the r1eactions of the hiving cell to exteinal light stinulation are based on com-
plex mechamsms For example, it was shown that hght stimulation of bacterial
memnbrancs mduced within mlhseconds, changes of mcmbiane potential with a si-
multancous change of 1on transport (Fisher 1979) However, detailed experimental
studies are to be cated out i order to confirm the optochemical mechanisim of the
cell communication and regulation A bulk of experimental evidence and theoreti-
cal considerations are necessary to mvestigate the mformation-related significance
of biophotomc emission

Application of UWL

Progiess m photon counting devices offers an opportunity to use the informatine
potential of photomc emission for studies of biological systems This potential 1s
contamed 1 the time-space and eneigetic paratneters of the n viwo emitted UWL

Correlation between UWL and physiological patameters 1s a staiting pomnt for
the diagnostic and analytical apphications of UWL Diagnostic applications include
the use of UWL 1n the laboratory investigations of the effects of environmental fac-
tors (tempetature, osmotic pressute, drought, pathogens) on the plant metabolism
UWL parameters (such as intensity kmetics, spectral distribution, temperatuie de-
pendence, statistical photonic distribution) are used as an integral indicator of the
mtactness of biological svstems as well as a way of rapid, non-invasive study of
oxldative metabolism 1n the organs and tissues In this way 1t 15 possible to per-
form comparative studies on different hybiids and mbieds of the same crop Such
non-mvastve mvestigations contribute to a better crop breeding under the given
conditions Different cereal and maize varieties have been investigated using this
approach (Tarusov 1968, Tarusov and Veselovsky 1978)
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The analvtical use of UWL 1s telated to basic redox, fiee-1adical processes
the cell It has been used to momtor paiticular metabolic disorders and pathological
conditions of tissues and organs 1 cases when 1t was not possible to use other
methods, o1 as a complementary method UWL has also been used as an additional
method m the studies of biochemical and biophysical processes m the cell, not vet
eluadated but mvolved i hght emussion (Abeles 1986)

I order to amphfy the hight emission, certamn colouted compounds, natural
constituents of the plant tissue, were used as the acceptors m some studies Chloro-
phyll was used as the acceptor m studies of ight energy transfer through micellar
membianes from different outside donor molecules to micellar mteror (Brunett:
et al 1983) Norcover, chlotophyll was used as an acceptor m studies of UWL of
different cell organelles 1solated from plant tissues (Hideg 1993)

The use of chemulununescent probes  compounds whose oxidation gives a
high percentage of electronically excited products mereases the sensitivity of UWL
ueasurements several orders of magnitude The probes most often used for such
purposes are luminol (Totter et al 1960, Avertyanov 1974 Pogosivan et al 1978
Warm and Laties 1982 Abeles 1986, Bohne et al 1987). luagenin lophin py-
rogallol (Fisher 1979, Quuckenden and Tilbury 1983) In systems emitting UWL
lummescent probes 1eact with free 1adicals of ovygen and organic molecules, as
well as with smglet oxygen and some metals m certamn oxydation state

Directions of the future development

The knowledge gamed on biolumimiscence pownts to its role m the ecology ot or-
ganisms o1 populations In these terms, biolummscence seems to have some pat-
ticular adaptive tunctions On the contrary, UWL has been much less understood
The above discussion shows that neither of the theoties about the oiigin and the
role of UWL m the living syvstems has been able to completely explam this phe-
nomenon The theory of 1elaxation of excited states 1s the most suitable to explam
the majonity of UWL properties, but m some cases, such as hysteretic tempera-
ture dependence, the theory of coherent electromagnetic field 1s more convenient
However 1 oorder to understand completely the ongm and the role of UWL 1
biological svstems  a complex consideration of all previous expernnents and theo-
110 15 necessary and then, on these grounds future eaperniments can be planned
wlnch mght bring us loser to a complete msight mto the UWL phenomenon It
shall be necessary to develop devices for the measmement of extiemely low hght
mtensities which would enable exact spectral analy<is of emitted Iight Only a pre-
(1se spectral analysis would offer an explanation of the light emitter 1 the cell
Another mnportant direction in the UWL studies 1s the mvestigation of the corre-
lation between lnmuinescence and mformation transfer within cells and tissues Thus
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kind of mvestigations 1s also dependent on the development of the corresponding
methodology

References

Abeles F B (1986) Plant chemiluminescence Annu Rev Plant Phvsiol 37 49—72

Agaverdivev A Sh Tarusov B N (1965) Ultiaweak luminescence of wheat stems
Biofiziha 10 351 352 (1n Russian)

Agaverdisev A Sh Doskoch Y E  Tarusov B N (1965) Ultraweak lununescence ot
plants subjected to low temperature Biofizika 10 832 836 (in Russian)
Anhstrom G Natarajan A T (1960) Chromosome breakage mduced by electiolvtically

produced free 1adicals Natuie 188 111—112

Augusto O Cilento G (1977) Conversion of tryptophan to mdolacetammde Evidence
tor an electroncally excited intermediate Biochem Biophys Res Cownun 79
1238 1244

Avervanoy A A (1974) Study by chemiluminescent method of free radical processes m
plants exposed to heat Ph D the<is Moscow USSR (in Russian)

Avertvanov A A Panavotov Ch A (1979) Fungistatic effect and chennlummescence of
gossipol-peroxidase-hvdiogen peroaide system Mikol Fitopatol 13 115—118 (in
Russian)

Avennvanoy A A | Merzlivak M N Rubmm B A (1978) Chemuluminescence in peroxdase-
mediated oxidation of gossipol Biochimiva 43 1594 1600 (in Russian)

Baader W T Bohue C' Cilento G Dunford H B (1985) Peronidase-cataly zed formation
of tuplet acetone and chemilumnescence fiom 1~obutvialdehvde and molecular
oxvgen J Biol Chem 260, 10217 10225

Bohne C McDonaldI D Dunford H B (1987) Transient state hinetics of the reactions
of 1sobutyialdehvde with compounds I and 1T of hoiseradish peroxidase T Biol
Chem 262, 3572 3578

Boveris A (adenas E  Chance B (1980) Low-level chemiluminescence of the ipoxige-
nase reaction Photobiochem Photoblophvs 1, 175 182

Boveris A Cadenas E Chance B (1981) Ultrawneak chemiluminescence a sensitive assav
for onidative radical reactions Fed Proc 40, 195—198

Boveris A Vaisavehv A I, DaSilva S G, Sanchez R A (1983) Spontaneous chemilu-
minescence of sovbean seeds Spectral analysis temperature dependence and effect
of inhibitors Photochem Photobiol 38, 99— 104

Boveris A Puntarulo S A, Rov A H, Sanchez R A (1984) Spontaneous chemi-
lunmunescence of ~ovbean embryonic axes during inhibition Plant Phystol 76 447—
451

Brunett:1 I L, Cilento G, Nass1 L (1983) Energv tiansfer from enzymically-generated
triplet species to acceptors in micelles Photochem Photobiol 38 511—519

Cadenas E Damiele R P, Chance B (1981) Low-level chermluminescence of alveolar
macrophages FEBS Lett 123, 225—228

Chwnot W Dvgdala R S, Chwuot S (1985) Optical coherence of white hght-induced
photon emission from microsporocytes of Larw europea Cytobios 44, 239—249

Cilento G (1975) Dioxethanes as itermediates in biological processes 7 Theor Biol
55, 471—479



304 Radoti¢ et al

Cilento G (1982) Electromc Excitation m Dark Biological Processes In Chemical and
Biological Generation of Excited States (Eds W Adam and G Cilento) pp 277—
307 Academic Press, New York

Cilento G Nakano M Fukuvama H Suwa K kamiva I (1974) Chemilumimescence i
the autoxidation of the pvruvic acid analogues of a thvroiwd hormone and related
molecules Biochem Biophve Res Commun 58, 296 300

Cilento G Dutan N, Zmner K Vidigal C C (1978) Chemienerglzed speaies i perox-
dase svstems Photochemn Photobiol 28 445 451

Collt L Facchum U (1954) Light emission by germmating plants Nuovo Cimento 12
150 155

Coli L Facchim U, Guidottr G, Lonatt R D, Orsemigo M (1955) Further measure-
ments on the biolummescence of the seedlings Expernientia 11 479 481

Comorosan S (1974) The measurement problem m biology Int 7 Quant Chem Quant
Biol Symp 1 221 228

Dclello MM P DeToledo S Hann M Ciento G Duran N (1980) Exated mdole-3-
aldehvde fiom the peroxidase-cataly zed aetobic oxadation of indole-3-acetic acid
Reaction with and eneigy transter to tiansfer nibonuderc acid Biochemistry USA
19 5270 5275

Dunford H B Baader W ] Bohue € Cilento G (1984) On the mechanism of perovi-
dase-cataly zed chenulunminescence from sobutvialdehivde Biochem Brophis Res
Commun 122, 28 32

Durau N Mansilla H {1984) Biomass photochemistry V' \odifications of hignin by pho-
tochemical treatment and its chemilummescence § Macromol S Chem A21
1467 1485

Elstna F F (1982) Oxvgen activation and oxvgen toaraty Annu Rev Plant Phveol
33 73-95

Fisher H A (1979) Photons as tiansmutter for mtia- and mtercellular biological and
biochemical communication The construction of a hypothess In Electiomagnetic
Biomformation (Eds F A Popp et al) pp 175 180 Urban & Schwarsenberg
Wien Baltnnore

Foote C (1971) Mechanisms ot addition of singlet oxy gen to olehins and other substrates
Puie Appl Chem 27 635 —645

Footc ¢S (1976) Photosensitized onidation and singlet oxygen consequences i biologi-
cal swstems In Free Radicals n Biology (Ed W A Prvor) pp 85 133 Acadenc
Pircss New Yorh

Foote "' S (1979) Detection of smglet oxvgen in complex ssstems a crtigue In Biolog-
1al and Chuical Aspects of Oxvgen (Ed W A Caughey) pp 603 626 \cademu
Piess New Yok

Grisham NI B McCord T (1986) Chenustry and cvtotoxicty of reactive oxy gen metabo-
lites In Chnical Phvsiological Senes (Eds A E M\atalon and P Ward) pp 1 18
Amer Physiol Soc Bethesda

Gu Q (1992) Quantum theorv of biophoton emssion In Recent Advances m Biophoton
Rescaich and 1ts Applications (Eds F A Popp h H Liand Q Gu), pp 39 107
World Scientific Publishing Co  Smgapore

Gmwitsch A (1932) Die mntogenetische Strahlung der optischen Bahn ber adaquater
Encgung Pflugers A1ch Ges Phyveiol 231 254 264

Haun M Dutan N Augusto O Cilento G (1980) Model studies of the peroxidase



Ultraweak Lununescence in Plant Model Objects 305

system Formation of an electronicallv exated product Arch Biochem Biophvs
200 245 252

Hideg E (1993) On the spontaneous ultiaweak hight emission of plants J Photochem
Photobiol B Biol 18, 239— 244

Ichimura T, Huamatsu M Hirar N, Havakawa T {1989) Two-dimensional imaging of
ultraweak emission from mntact sovbean 10ots Photochem Photobiol 50 283 —286

Inaba H Shimuzu Y, Tsup Y Yamagishn A (1979) Photon counting spectral analv/-
mg system of extra-weak chemilumimescence and biolummescence for biochemical
applications Photochem Photobiol 30, 169 175

harS Aitam T Fuphawa M (1994) Moiphogenesis and bioluminescence m germmation
of 1ed bean Physica A 210 391- 102

hatniger B Kluna H  Schwabl H (1994) Ozone- and UV - stress detected by photon
emussion of plants Proc Roy Soc Edinbourgh 102B 107 112

Khan A U (1978) Activated oxvgen — singlet molecular oavgen and superoxide amon
Photochemr Photobiol 28 615—627

Khan A U (1983) Enzvine svstem generation of singlet (* \,) molecular oxvgen observed
duectlv by 10-18 M luminescence spectioscopy 7 Amer Chem Soc 105,
7195 7197

Loppenol W H Butler T van Leeuven T W (1978) The Haber-Weiss cvcle Photochem
Photobiol 28, 6535 —660

Lehmmger A L (1981) Biochemistiv World Publishers New York

Lehier R T (1969) Antifungal effects of peronidase svstems ] Bacteriol 99 361 365

Lepeschkin W W (1935) Nekrobiotische Strahlen Protoplasma 22,4 10

Lilms E M, Laahkso S (1982) A sensitive ipoxigenase assay based on chemi-luminescence
Anal Biochem 119 135 —141

AMandohh D F, Briggs W R (1982) Optical properties of etiolated plant tissue Proc
Natl Acad S USA 79, 2902 2906

NcCapra F (1978) The chemustry of biolmmmescence In Bioluminescence . Action
(Ed P J Herring) pp 49 73 Academuc Press, New York

Nahano M Noguclu T, Sugioka K, Fuhuvama H Sato N (1975) Spectroscopic ev-
idence for the generation of siglet oxygen m the reduced mcotimamide adeninc
dinucleotide phosphate-dependent microsomal hpid peroxidation system T Biol
Chem 250, 2404 2406

Perelvgin V' V| Fisar A | Tatusov B N (1966) Flash of very weak 1adiation on damage
to living tissues Biophysies 11, 539 541

Prerom O Fisa A Crardelh F (1986) Laght-mnduced effects i photoresponsive polymers
Photochem Photobiol 44, 785—791

Pogostvan S T Avertvanoy A A | Merzlivak M N | Veselovshy V' A (1978) Non-cellular
chemluminescence of plant roots Dokl ANSSSR 239, 974 976 (in Russian)

Popp F' A (1992) Some 1emarks on biological consequences of a coherent biophoton field
In Recent Advances in Biophoton Research and 1ts Applications (Eds F A Popp
K H Li, Q Gu), pp 357-—373, World Scientific, Siugapore, New Jersev, London
Hong Kong

PoppF A L1 K (1993) Hsperbolc 1elaxation as a sufficient condition of a fully coherent
ergodic field Int J Theor Phyvs 32 1573 1582

Popp F A Becher G, Komig H L, Peschka W (1979) Electromagunetic Biomformation
Urban & Schwarzenberg, Wien, Baltumore


file:///Iandoh

306 Radotic et al

Popp F A Ruth B Bali1 W Bohm P Gras P Giohg G Rattemeyer M Schmidt
H G Wulle P (1981) Emission of visible and ultraviolet radiation by active
biological svstems Collect Phenom 3 197 214

Pivor W A (1978) The formation of free radicals and the consequences of their reactions
wn viwo Photochem Photobiol 28 787 —801

Prvor W A (1986) O~v radicals and related species Thar formation hfetimes and 1e
actions Annu Rev Physiol 48 657 667

Quickenden T T Que Hee S S (1974) Weak huninescence from the veast Saccharomyces
ceremsiac and the existence of the mitogenetic radiation Biochem Biophys Ree
Commun 60 764 770

Quuckenden T I Tilbuiv R N (1983) Growth dependent luminescence from cultures of
normal and 1¢spuatorv deficient Saccharomyces ceremsiae Photochem Photobiol
37 337 344

Rabchk T R Ranby B (1978) The 1role of singlet oxvgen i the photo-oxidation of poly
mas Photochan Photobiol 28 557 370

Radotic k' Radenovic ¢ Jorame M Voenie Z (1989) Studs of ultraweak lumumesconce
m waize roots Proc Matica Sipska Nat Ser 77 39 532 (i Serbian)

Radotic  Vucmc Z  Jercmue Mo Radenovie € (1990a) Parallel iy estigations of ultra
weak lumunescence of marze 100ts and peronidase activaty of cell wall 1solated from
100t tissue Studia Biophyvs 136 262 268

Radotic k' Radcnovic € Jercmie M Vucmie 2 (1990b) Induction of mambrane frec
1adical processes by the reactions m the cell wall from maize roots Studia Biophs s
138 189 —192

Radotic K Radenovic ¢ Jeremic M Vuamc Z (1990¢) Effect of propagators and
mlubitors on the ultraweak luminescence from maize roots J Biolnmmes Chemu-
luimines 5 221 —225

Radotic K Jaicmic M Radenovie € (1992) Kinetic study of stress mduced lumines
cence from diffaent tissues Photochem Photobiol 56 83 88

Russel G A (1957) Deutertum 1sotope effects m the autosidation of arvie hydrocarbons
7 Amer Chem Soc 79 3871—3877

Ruth B (1979) Experunental investigation of low level photon cimssion In Elcctiomag
netic Biomformation (Eds F A Popp Becker G H L homg W Peschha) pp
107 122 Uiban & Schwarzenberg Wien Baltunoie

Salin \I L Budges S M (1981) Chemiluminescence i wounded 1oot tissue Plant
Physiol 67 43 46

Sahn \I L Bridges S M (1983) Chemiluminescence m sovbean 100t tissuc Effcct of
varlous substrates and wmhibitors Photobiochem Photobiophys 6 57 64

Schauf B Repas L M Kaufmann R (1992) Localization of ultraweak photon emission
in plants Photochcan Photobiol 55 287 291

Scott R Q@ Usa M Inaba H (1989) Ultrawneak cmission imagery of mitosing <oy beans
Appl Phne B 48 183 185

Shen N Lin F L1\ Y (1993) Experunental study on photocount statistics of the
ultraweak photon emission from some living organisms Experlentia 49 291 295

Slawinska D (1978) Chenuluminescence and the formation of singlet osnygen 1 the ox
dation of certain polyphenols and qumones Photochemn Photobiol 28 453—458

Slawinska D Slawmnshi J (1982) Chemiluminescence in the peroxidation of noradrenaline
and adrenalime In Lununescent Assavs Perspectives in Endociinology and Chinical
Chemistry (Eds M Serio and M Pazsagh ) pp 221 227 Raven Press New York


file:///ucime

Ultraweak Luminescence i Plant Model Objects 307

Slawmska D |, Slawmski J (1983) Biological chemiluminescence Photochem Photobiol
37,709 715

Slawimska D, Slawmshi T, Polewski K, Puhachi W (1979) Chemluminescence m the
peroxidation of tannic acids Photochem Photobiol 30 71 80

Slawmsht J Popp F A (1987) Temperature hvsteress of low level luminescence fiom
plants and 1ts thermodynamical analvsls 7 Plant Physiol 130 111 123

Slawmeski J  Ezzabhu A Godlewshi M | Kwiecinska T Rajtur Z, Sitho D Wiersu-
chowsha D (1992) Stress-imduced photon emussion from perturbed orgamsmus
E~xpenentia 48, 1041—1058

Soares C H, Bechara E J (1982) Enzvmatic generation of triplet biacetvl Photochem
Photobiol 36, 117 -119

Strbac S TJeremué, M Radenovic C |, Vuéimie Z (1985) Kinetics of ultraweak lumines-
cence m maize roots mduced by hydrogen peroxide Stud Biophys 108 33—40

Tappel A L (1979) Measure of and protection from m wiwvo lipid peroxidation In Bio-
chemical and Clmcal Aspects of Oxygen (Ed W A Caughey) pp 679—698
Academic Press New York

Tarusov B N (1968) Ultraweak luminescence of biological systems and perspectives of
1t application Selshohoz Biol 3, 336—345 (in Russian)

Tarusov B N Veselovshy V' A (1978) Ultraweak Luminescence of Plants and 1ts Ap-
plications (Eds E V Bwlakova and A B Rubwm) p 151 Moscow USSR (m
Russian)

Tarusov B N Polivoda A T Zhuravley A I (1962) Ultraweak luminescence of animal
tissues Tertologiva 4, 696 699 (1 Russian)

Totter 7 R deDugros E C', Riveno C (1960) The use of chemiluminescent compounds
as possible mdicators of 1adical production dunng xantin oxidase action J Biol
Chemn 235, 1839 1842

Teucluya Y Inuzuka E, Kurono T Hosoda M (1985) Photon-counting image acquisi-
tion system and its apphcation 7 Imaging Technol 11, 215 220

Lis NV Dunleavy T M (1974a) The function of peroxides 1n resistance of <oy bean to
bacterial pustule Ciop Sa 14, 740 744

Uis NV Dunleavy 7 M (1974b) Bactericaidal activity of horseradish peroxides on
Xanto monas phaseols var Sojen<is Phytopathology 64, 542—545

UisN V Hill T H (1978) Inactivation of southern bean mosaic virus bv a horscradish
peroxidase-hydiogen peroxide system Phytopathol Z 91, 365—368

Veselova T V  Veselovsky V. A (1971) Effect of ultraviolet and x-ray radiation on ultra-
weak chemiluminescence of bean shoots Radiobiologiya 11, 627—630 (1in Russian)

\eselova T, Radoti¢ K Jeremic M, Veselovsky V, Radenovic C (1991) Kmetics of
lunnnescence during dehvdration and 1ehydration of cucumber roots Period Biol
93, 341—342

Veselovshy V' A | Sekamova E N, Taiusov B N (1963) On the mechanism of ultraweak
spontaneous luminescence of orgamisms Biofiziha 8, 125—127 (1in Russian)

Vidigal C C', Faljom-Alatio A | Duran N, Zinner K , Shimizu Y, Cilento G (1979)
Electronicallv excited species 1n the peroxidase catalyzed oxidation of indoleacetic
acid Photochem Photobiol 30, 195—198

Ward W W (1981) Bioluminescence Biochemical and physiological advances Pho-
tochem Photobiol 33, 965—974

Wam E Laties G G (1982) Quantitation of hydiogen peroxide i plant extracts by
the chemiluminescence reaction with luminol Phytochemistry 21, 827— 831


file:///eselova

308 Radotic et al

Wilson E K (1997) DNA Insulator or wine? Chem Eng News 33 39
Zmna Kk Vidigal-Mattinelh € Duran N Maisaioh A ] Cilento G (1980) A new

somce of carbon oxides in biochemical syvstems Biochem Biophvs Res Commun
92 32 37

Fual varsion acceptad November 20 1998



