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ABSTRACT

All living organisms emit ultra-weak photon emigsias the result of normal metabolic
processes to its surrounding. This type of phatonssion was termed as biophoton
(from the GreelBio; meaning “life” andpwto; meaning “light”). Until recently, reactive
oxygen species have been considered as the bygtrotimormal biochemical processes.
In the current scenario, the belief that oxygencald are the hazardous by-product of
normal metabolism is in progress to changkenty of evidence has been accumulated
which indicates its important role in all aspectsregulation of biological processes.
However, the role of reactive oxygen species inrdgulation of biophoton emission is
not obvious. The present research work shows tiperarental evidences in favor of

involvement of reactive oxygen species in biophaomssion from living system.

The spontaneous biophoton emission from radish celtd was observed to be 4 counts
s'. Whereas when the different concentration of hgdroperoxide was exogenously
applied on the radish root cells the increase aplbbton was observed. The application
of reactive oxygen species scavenger such as aésamwindl and cysteine was found to
prevent increase in biophoton emission from radisit cells. Spectral analysis indicates
that the hydrogen peroxide-induckamphoton emission from radish root was mainly
from red region of the spectrum. Our study of thenhn skin also shows the increase in
biophoton emission with exogenous application ofirbgen peroxide, whereas the
decrease in spontaneous biophoton emission wasvebsafter the application of
different scavengers of reactive oxygen specied sag glutathione, ascorbic acid,
coenzyme Q10 and-tocopherol. The biotic stress such as the irdectf Phytopthora
infestansinfecting the potato tuber was found to form hy#no peroxide and hydroxyl
radical with an increase in biophoton emission. Bhedy with Arabidopsis thaliana
shows an increase in biophoton emission due toativiel stress caused by UV-radiation.
Spectral analysis was performed to identify theeaunolar species responsible for UV-
radiation induced biophoton emission and it hasnbfeeind that the singlet excited

chlorophylls and triplet excited carbonyls are mwgpble for biophoton emission.

XIX



Our study confirms the involvement of different ¢cae oxygen species in biophoton
emission from different living system and introdsidie technique as a non-invasive

diagnostic tool for the measurement of oxidativess in the living system.

XX



Chapter 1

Overview

(Introduction, History, Hypothesis and Objective)






1.1 Introduction

Light is electromagnetic radiation which gives aaisnthe sense of sight. Natural light
sources such as the sun and stars have fascirfaelddutman being and captured the
attention of everyone irrespective of their backm such as: poets, writers,
philosophers or scientists. The quest to undersaaadsolve the questions regarding the
generation, emission and characterization of lgfgn now is the hot topic among the
different branches of science. Apart of sun amadtsteven some living system such as
fireflies and jellyfishes have attracted humansabee they emit light in the visible
region. The phenomenon of light emission from slisghg systems is well characterized
and is referred as bioluminescence [Harvey 1922jes€& bioluminescences were
recognized to have certain purposes, such as ksialike mating signals or to attract the
prey [Seliger 1975].

The human eye was found to be very much sensitited light and as minimum as 90
photons were required to elicit visual effect [Heehal. 1942]. Nevertheless, some light
sources can emit even less than this value andus@rm eyes get insensitive to such
radiation. With the recent development of techngjoj got possible to design such
instruments which have higher sensitivity than theman eyes. As a result it was
discovered that every living system spontaneouslyselight in the visible range but due
to its low intensity the human eyes are not abledébect them. Such ultra-weak
electromagnetic radiations are called by differegmes, such as biophotons, ultra-weak
photon  emission, autoluminescence, low-level lusteace, ultra-weak
chemiluminescence etc [Popp et al. 1984, CampaCaletito 1984, Yoda et al. 1985,
Guminska et al. 1997, Cohen and Popp 2003, Havaux. &086, Cifra et al. 2007,
Hossu et al. 2010]. Among them biophoton and wite&k photon emission are most
common terms used for such type of photon emis$Mhave used biophoton emission
and ultra-weak photon emission both interchangeigbbur publications and as the topic
of this thesis includes biophoton emission, thentbrophoton emission is used in the rest

of this thesis to explain such photon emission.



The spontaneous biophoton emission is very weelclwhiakes it hard to study the
property of the biophoton emission. That's why tkeearchers often used an external
stress factor to enhance the biophoton emissionsaudly the property of such photon
emission. The external stress factor is used infah@ of physical (such as light and
heat) [Jain et al. 2010, Hagens et al. 2008, Hawz@03], chemical (such as hydrogen
peroxide) [Cadenas et al. 1980, Cheun et al. 2@¥7piological (fungi, bacteria)
[Kobayashi et al. 2007, Floryszak-Wieczorek et24111, Bennett 2005] stresses. The
biophoton emission obtained after the applicatibexternal stress factors was termed as

induced biophoton emission [Winkler et al. 2009].



1.2 History

The study of biophoton emission can be traced lack922, to a Russian scientist
Alexander Gawrilowich Gurwitsch [Gurwitsch 1922]ead performed his experiments
on onion root. He relatébat the cell-proliferation of an onion root (asletector) was
accelerated by directirtge second onion root (as an inductor) towardshigmvseparated
by quartz, whereas when it was separated by glaskfierence in cell-proliferation was
observed [Beloussov and Voeikov 2006, Cifra 2006].

B
Tip of the
induecer rool
= = r-| =
e = 73 ¢ '_.___
o

= e
=
_ {

L
Detector root Distribution of

(arrows indicate mitolic cells) mitos is
Quartz or
glass windows

Fig. 1.1 Schematic presentation of “onion” experiment ofn@itsch. A. Installation of an inducer root
(horizontal) and a detector root (vertical) on nmavitables of microscopes. Z-onion bulbs, C-tip o t
inducer root fixed in an air-tight chamber, H- amd quarts or glass windowB. Sketch of experimental
results evaluation. A detector root was sliced Wweénd above the “irradiated” zone and an excess of
mitotic cells on the left (irradiated) or right (marradiated) sides of the root on each slice walsutated.
Two indented lines at the left illustrate the réswlf two representative experiments. Significatdess of
mitotic cells on the left side over the averageritistion was observed in the irradiated regiong[F

adopted from Cifra 2006].

If the tip of the inducer was aimed at a metal amiin such a way that its reflection fall
onto the surface of the detector the cell-prolifmg effect was again observed.
According to observations, he proposed “Mitogenedidiation theory” which state that

the dividing cells emit ultra-weak far-ultraviol&ght that is capable of inducing cell



division when incident on non-dividing cells [Gutach 1988, Beloussov and Voeikov
2006, Cifra 2006 for original work in German ref@urwitsch 1922, 1923,1924 and
Gurwitsch and Gurwitsch 1924]. Due to the effectradiation on cell proliferation, he
termed it as mitogenetic radiation. But many orgedi experiments failed to prove
mitogenetic radiation theory which made the themwgtroversial [Quickenden and Que
Hee 1974]. As a result, the scientific activity hdsveloped very slowly in this field.
Regardless Of this, in the 1970s with the develogna# sensitive devices such as
photomultiplier tubes it became possible to desecth radiation and again the existence
of biophoton came in light. Fritz-Albert Popp (Gemny), Inaba (Japan), Boveris (USA),
and Quickenden (Australia) started to work on baph approximately at the same time
[Quickenden and Que Hee 1974,1976, Rattemeyer #9&l, Boveris et al. 1980, 1984,
Inaba et al. 1982, Quickenden and Tilbury 1983,pPepal. 1984,1988, Inaba 1988].
Even so, the puzzle around the biophoton remainiseiriorm of questions such as: what
are the sources and use of such photon emissitiving system? Different scientific
groups had proposed different hypothesis on thgiroof biophoton emission, among
them the coherence theory of biophoton emission #ed biochemical theory of

biophoton emission got much attention.



1.3 Hypothesis

1.3.1 Coherence theory of biophoton emission

The coherent theory of biophoton emission was megdyy Fritz-Albert Popp and was
based on the understanding of biological systenanagpen, non-linear and cooperative
system [Gu 1998]. The coherent theory of biophotomssion is based on quantum
physics formulas which are based on certain assangpand is supported by a limited
number of scientists. The researchers involvedhim ¢oherent theory have mainly
focused the decaying property of the light-indud@ophoton emission [Bajpai 2005,
Bajpai and Drexel 2008, Popp and Yan 2002]. Theepaice theory of biophoton
emission proposes the DNA as the source of photoss&on [Rattemeyer et al. 1981,
Popp et al. 1984]. Coherence has been studied ny mi@logical phenomenas and its
existence cannot be ignored but there is a neatketdify measurable holistic properties
manifesting coherence at bio-molecular level [Sarost al. 2010]. Lack of solid
experimental evidence also made the coherence ythefobiophoton emission less

acceptable to the current research.

1.3.2 Biochemical theory of biophoton emission

The biochemical theory of biophoton emission reldt®photon’s origin to the oxidative
metabolic processes. It states that reactive oxyperties (ROS) produced inside the
cells due to normal metabolic processes are refipgentor the formation of excited
molecules which finally results into biophoton esms while relaxing to its ground state
[Boveris et al. 1980, Havaux et al. 2006, Hidegle1990, Hideg and Inaba 1991]. Until
recently, ROS have been considered as the by-predumrmal biochemical processes.
But recent study proved the involvement of ROSignaling processes [Hoidal 2001,
Thannickal and Fanburg 2000, Zhang and Gutterm&7]20Many scientists proposed
the involvement of ROS in biophoton emission, whsrecountable experimental
evidences are there which correlates biophotonstomiso ROS. The lack of knowledge
about the mechanism of the biophoton emission meégsheory also less acceptable to

the modern research.



1.4 Objectives
The main goal of thesis is to fulfill the gap iretinderstanding of the biochemical theory
of biophoton emission. To realize the goal follogviresearch subproject needed to be

solved.

1. Perform the experiments on different living origans to determine the involvement of

ROS in biobhoton emission.

2. Correlation of the present study by other switheidentify the role of different ROS in
biophoton emission such as superoxide anion radigarogen peroxide and hydroxyl

radical.

3. Discussion about the possible application ofdéeection of biophoton emission from

living system.



Chapter 2

Concept

(Reactive oxygen species and photon emission)
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2.1 Reactive oxygen species

Reactive oxygen species are the oxygen containgagtive compounds. It can be
molecule such as hydrogen peroxide@), radicals such as hydroxyl radical (HQon
such as hypochlorite ion (OTbr ion and radical both such as superoxide aradical
(G2").

4 N

.0:0: -0:0: O:cl” -0:0

Hydrogenperoxide Hydroxyl radical Hypochloriteion Superoxide anion radical

o )

Fig. 2.1 Some of the ROS are shown with their electroniofigoration. The unpaired
electrons are shown in red dots whereas the gretnrdpresent the electron from the atom
other then the oxyge

Reactive oxygen species are formed naturally irh daing cell. Different metabolic
activities within the cells are known to producdfetent ROS [Han et al. 2001,
Devasagayam et al. 2004]. ROS are now proved tordi@al for normal physiology of
the living cells, and are vital for the living sgsts. But when ROS are formed in excess,
it is considered to be the source of many abnotieslin living systems which are
responsible for diseases [Vincent and CrozatietOR0

2.2 Formation of reactive oxygen species:

Reactive oxygen species can be formed inside theyc#®llowing two mechanisms:

2.2.1 Energy transfer

Energy transfer from triplet state of photosensitzsuch as chlorophylls and melanin to
molecular oxygen can result into the formation iofjet oxygen species@,) [Pospisil
2012].

11



molecular oxygen singlet oxygen

aneruy
&S — &

D_g 101

2.2.2 Electron transport

Electron transfer from one molecule to anotherultssinto the formation of different
ROS, such as £ is formed by one-electron reduction of moleculaygen, BHO, is
formed either by one-electron reduction of @r two electron reduction of molecular
oxygen and HOis formed by one electron reduction of®4 [Nathan and Singer 1999,
Turrens 2003].

superoxide

molecular anion hydrogen hydroxyl
oxygen radical & peroxide & radical

e » - o
S — & — FPo— 4«
Q. O HoOp HO"

2.3 Organic radical and intermediates
Reactive oxygen species are known to react witharoog molecule such as lipids,

proteins and nucleic acids present in cells anioh forganic radicals [Liu et al. 2002].

HO". HO» 0, RH Fe?
RH — > R*—» ROO'—» ROOH—» RO’

Alkyl Peroxyl Hydroperoxide Alkoxyl

Organic radical radical

compound radical

Organic radicals such as peroxyl radical (RD&hd alkoxyl radical (RQ can recombine
or cyclize to form intermediates such as dioxettRO®OR) and tetroxide (ROOOOR)
[Cadenas 1989, Timmins et al. 1997].
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Recombination

ROO + ROO — ROOOOR

RO + RO —— ROOR

Cyclization

ROO — ROOR

2.4 Electronically excited species

Dioxetane and tetroxide are very unstable moleculeEcomposition of tetroxide or
dioxetane results in the formation of electronica&kcited species such as triplet excited
carbonyls®(C=0) [Havaux et al. 2006, Velosa et al. 2007]. Ft@=0) can transfer its
energy either to molecular oxygen to fol@, or to different chromophores to form its
excited state by triplet-singlet energy transferthud [Davies 2003]. The excitation
energy transfer fron?f(C=0)* to chlorophylls proceeds via the direct aimfluced
reaction pathways [Marder et al. 1998]. In the dinreaction pathway, the excitation of
chlorophylls directly results into the excited detgstate by the triplet-singlet energy
transfer from3(C=0)* to chlorophylls. On the other hand, in thediced reaction
pathway, the chlorophylls are first excited to thplet state by the triplet-triplet energy
transfer by’ (C=0)* to chlorophyll and then overcome to the &n@xcited state by the
reverse inter-system crossing [Marder et al. 1998].

Formation of triplet excited carbonyls
ROOOOR— 3R=0)* + O, + ROH
ROOR— 3}(R=0)* + ROH
Triplet-singlet energy transfer

3R=0)* + O,— '0, + R=0
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2.5 Photon emission

The molecules responsible for photon emissions tr@iogical systems are
i) Excited triplet carbonyls

i) Singlet oxygen

iii) Chromophores

2.5.1 Excited triplet carbonyls: Every excited molecules have tendency to go badis t
ground state. Triplet excited carbonyls are knowverit light into the blue region of the
spectra while overcoming from its excited statéh ground state. The spectral range of
the photon emission was found to be in between58Dam of the spectrum [Federova
et al. 2007]

}(R=0)* — R=0 +hv (450-550 nm)

2.5.2. Singlet oxygenSinglet oxygen is known to emit the visible liglst the result of

dimol reaction which results into the formationafe molecule of triplet oxygen. The
spectral range of the photon emission due to dieaition of'O,is in the range of 600
to 720 nm with the peak value at 634 and and 703Kanakov et al. 2007].

'0,+ 0, — 30, + hv (634 nm, 703 nm)

2.5.3. Chromophores: Chromophores such as chlorophylls when overcomm fits
excited state to ground state are known to emittlighe photon emission from
chlorophyllswas found in the spectral range from 660 nm tomM#&JRebeiz et al. 1973].
Whereas the photon emission of free chlorophylis ithe short wavelength range from
660 nm to 680 nm, the bound chlorophylls provideotph emission in the long
wavelength range from 680 nm to 740 nm [Bassi amgpSon 1987].
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3 Involvement of ROS in biophoton emission

As the concept of biophoton emission from livingteyn came to light, its biochemical

nature started to be discussed. But only in theD4%bme evidences were provided to
correlate the biophoton emission to the molecytaces such as ROS [Kakinuma et al,
1979]. Since than the direct or indirect experirmewere performed to indicate the

involvement of different ROS in biophoton emiss[@adenas et al. 1980, Mathew et al.
1992, Hagens et al. 2008, Van Wik R et al. 200&s&d and PospiSil 2011]. The
experiments indicate the involvement of ROS suctDgs, H,0,, HO', and 'O, in

biophoton emission.

3.1 Involvement of superoxide anion radical in biopoton emission

The chemical generation of,O by using xanthine/xanthine oxidase system made it
possible to study the effect o, Oon biophoton emission from different living system
One of the first reports on the involvement of R@®iophoton emission came through
the experiment on the human leukocytes. The exageapplication of xanthine/xanthine
oxidase to human leukocytes brings a significaritaecement in biophoton emission,
which indicates that © is involeved in the biophoton emission [Rosen &tebanoff
1976]. It has also been shown that the additiomyfistic acid to polymorphonuclear
leukocytes caused pronounced enhancement in bimphamission [Kakinuma et al.
1979]. Based on the correlation between the enimagcein biophoton emission and
oxygen uptakes, the authors proposed théti®involved in biophoton emission. More
recently, biophoton emission from rice cell culthiges been demonstrated to rise after the
addition of xanthine/xanthine oxidase system [Kagey et al. 2006]. The biophoton
emission from rice cells also get elicited by Nigtitooligosaccharide compared to
control rice cells. N-acetylchitooligosaccharidethi®ught to enhance the production of
O, in cells. On the basis of the results obtainked,author proposed the involvement of
O,” in the biophoton emission from the rice cells. Ttapical application of
xanthine/xanthine oxidase on the human skin caaebdncement in biophoton emission
upto three times, when compared with non-treatedamuskin [Prasad and Pospisil 2011].
The authors proposed that Os formed by one-electron reduction of moleculaygen

catalyzed by the complex | and complex Il durthg respiration in the mitochondria,

17



by NADPH oxidase during the respiratory burst ie gphagocytic cells and xanthine
oxidase in the cytoplasm of the cell.

Further evidences have been provided on the involvemer@®,6fin biophoton
emission by the application of non-enzymatic oryematic antioxidants. Kakinuma et al.
(1979) showed that the myristic acid-induced bidphoemission was partially
suppressed by the exogenous application of SODseltmbservations indicate the
involvement of @ in biophoton emission. The addition of exogeno@D30 spinach
chloroplasts was found to suppress the biophotaaseon significantly [Hideg and Inaba
1991]. On the basis of these observations, theoasithroposed that O is associated
with biophoton emission. Mathew et al. (1992) desimated that the addition of
exogenous SOD to the cotyledons of etiolated segsliofCicer arietinumL. previously
subjected to the sudden freezing and thawing sspede biophoton emission. The
biophoton emission measured in SOD-deficient mutaht yeast Saccharomyces
cerevisiaewas found to be significantly high when comparm@avild strain [Slawinski et
al. 1992]. The two-dimensional imaging of biophotmission from the tumor in nude
mice transplanted with carcinoma cell lines AH109A4 and TE9 demonstrated that
the photon emission from the tumor is enhanced caapared to photon emission
observed before transplantations [Takeda et al4R00The authors proposed that
decreased level of antioxidant defence system aac8OD is responsible for enhanced
biophoton emission in tumor tissue.

It has been previously reported that" @ unable to oxidize polyunsaturated fatty
acid or amino acid [Gebicki and Bielski, 1981, Aikeand Dix 1991]. Based on these
observations, it is considered that the reactioityD,” toward the polyunsaturated fatty
acids or amino acids are rather limited. Very feaparts shows that the,Ohas a
capability to oxidize iron-sulfur cluster or intetavith radicals such as tyrosine phenoxyl
radical formed by the hydrogen abstraction fromfiii@roxyl group of tyrosine [Ramsay
et al. 1981, Hunter et al. 1989]. Although™Qs relatively less reactive compared to
another ROS, the potential deleterious effect £fi® due to ability to mediate reduction
of H,O; into highly oxidizing radicals such as HOr RO. The protonated form of
superoxide radical known as perhydroxyl radical §Hi@ considered to be more reactive

than the anionic form of superoxide radica’ OMany experimental evidences are
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provided to indicate that HOis an oxidizing agent able to directly abstractifogen
form polyunsaturated fatty acid or amino acid [@&biand Bielski, 1981, Aikens and
Dix 1991]. The stronger oxidizing nature of Ki@s due to its higher oxidizing power
(Em of Q,"/H,0, and HQ'/H,O, redox couple is 0.89 V and 1.06 V, respectively) a
the lack of negative charge on the molecule. Tleessiderations indicate that'Ohas a

capability to induce biophoton emission.

3.2 Involvement of hydrogen peroxide in biophotonmission

Hydrogen peroxide is easily available and is thestnstable among the ROS, it
also lacks any net charge which makes the moleealgly diffusible across the
biological membrane. There are numerous studigb@direct and indirect involvement
of H,O, in biophoton emission. The biophoton emission froah perfused lung was
found to increase by the addition of exogenoy®xttind organic peroxide such t-butyl
hydroperoxide [Cadenas et al. 1980]. Agatsuma et(1#8192) demonstrated that the
addition of HO; to the healthy and hemodialysis plasma cells t&salthe biophoton
emission predominantly in the red region of thectipen with a peak at 680 nm. The
biophoton emission from high-molecular-mass fractimbtained by HPLC-gel
chromatography showed that the photon emissioninsrigrom proteins such as
immunoglobin, albumin, cytochrome and microglobuliine addition of HO, (several
hundreds mM) in intact soybean seedlings cause@ndiancement in the biophoton
emission [Suziki et al. 2002]. When,®, was added in injured soybean seedlings, the
biophoton emission was found to be three time higisecompared to the intact soybean
seedlings. It has been observed that the biophetoission after the exogenous
application of HO; to the injured soybean seedling occurs in two ehas. fast and
slow phase. The authors proposed that photon emissithe fast phase is due to the
direct effect of HO,, whereas in the slow phase molecular oxygen pedidciring the
decomposition of KD, is involved in the photon emission. Kobayashi et (4B99)
demonstrated that spontaneous biophoton emissiom & rat’s brain correlates with the
metabolic activity of brain cells measured by el@ebhcephalographic (EEG) activity.
The photon emission from brain cells was enhancgdalout 30 % in hyperoxia

condition compared to normal conditions. The autpoyposed that enhancement of
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biophoton emission is due to the higher generaiidd,O, in hyperoxia condition. It has
been previously demonstrated that biophoton enmisgimm rice cell culture increased
after the addition of kD, (several hundreds mM) in a concentration-dependemtner
[Kageyama et al. 2006]. Based on the correlatiomvéen HO,-induced and elicitor-
induced N-acetylchitooligosaccharide enhancemenbiaphoton emission the authors
proposed that ROS formed during the phospholipitheding pathway are involved in
photon emission. The addition of,®h (several units mM) to Madin-Darby Canine
Kidney (MDCK) cells results in the increase of biopon emission [Cheun et al. 2007].
The oxidation of bovine serum albumin by®4 (several tens to several hundreds mM)
was shown to enhance biophoton emission [Khabiale2008]. The enhancement in
biophoton emission was shown to correlate with ftfan of protein carbonyls in a
concentration dependence manner. The topical apiglicof HO, and organic peroxide
(benzoylperoxide) in the porcine ex vivo skin modalised pronounced increment in
biophoton emission [Khabiri et al. 2008]. Specteadalysis shows that the photon
emission is predominantly in the blue region of #pectra. The topical application of
H.O, (several tens mM) on the dorsal and the palmae efdthe hand resulted in the
increase of biophoton emission [Prasad and Pospidil]. The authors demonstrated
that photon emission from the palmar side of thedha significantly higher compared to
biophoton emission from the dorsal side.

The addition of exogenous catalase to polymorphleaudeukocytes treated with
myristic acid partially suppressed biophoton emiss[Kakinuma et al. 1979]. The
simulatenous addition of exogenous SOD and catalimsest completely diminished the
myristic acid-induced biophoton emission. Theseeolaions indicate the involvement
of H,O, in biophoton emission. Biophoton emission from tiweyledons of etiolated
seedlings ofCicer arietinumL. subjected to the sudden freezing and thawing faasd
to be suppressed pronouncedly by the addition ofyemous catalase [Mathew et al.
1992].

It is well stabilized that kD itself is a poorly reactive compound with almost no
capability to oxidize the polyunsaturated fattydaar having limited capability to oxidize
amino acid even when used in high concentrationhi}el994, McKersie 1996]. It has

been reported that among all the amino acid, oely &mino acids including cysteine,
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tryptophan, tyrosine, histidine and methionine axalized by HO, [Subbaraman et al.
1971]. Even if HO; is poorly reactive compound when compared withtla@oROS, the
potential deleterious effect of,B, in biological system is due to its ability to seras a

substrate for the formation of H@hich is a strong oxidizing agent.

3.3 Involvement of hydroxyl radical in biophoton emssion

Hydroxyl radical is most reactive among all the R@fl so is considered to be
reacting with many biological molecules in its sumding. The biophoton emission from
hemodialysis plasma cells after the addition @gOHand iron sulfate was found to be
predominantly in the blue region of the spectrurthvai peak at 430 nm, attributed to the
action of HO formed by the iron-catalyzed reduction of(®4 [Agatsuma et al. 1992].
HPLC-gel chromatography of hemodialysis plasma scellas performed and the
biophoton emission from low-molecular-mass fractaitained showed that the photon
emission originated from molecules such as vitaBysnand uric acid. The addition of
Fenton reagent (@, and F&") in isolated amino acid such as Phe, Trp, His, @ysl or
protein such as bovine serum albumin showed prarexienhancement in biophoton
emission [Khabiri et al. 2008]. The authors hadeuh the biophoton emission to the
formation of(C=0) and'O, formed by recombination of peroxyl and alkoxy! iczds.
Alternatively, biophoton emission is related to thexay of protein peroxides leading to
the formation of excited amino acid. Interestinghfhen Fenton reagent was added in
combination of His to Trp more pronounced enhancegnie photon emission was
observed, when compared to pure amino acids. $pectalysis of biophoton emission
from pure amino acids showed that Trp and Cys @shdomparable biophoton emission
in the whole spectral ranges 420-550 nm, whereaspkivide pronounced biophoton
emission in the spectral range 420-455 nm. WhepHhaton emission was measured
simultaneously from His to Trp, the photon emissim the spectral range 420-455 nm
was found to be suppressed. Based on this observiie authors proposed that His
transfers an excitation energy to Trp. The topaggdlication of Fenton reagent {6, and
Fe) on the dorsal side of the human skin results rineahancement in biophoton
emission [Prasad and PospiSil 2011]. Based on bkereation that the Fenton reagent

provided the highest increase in biophoton emissmmpared to the topical application
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of xanthine/xanthine oxidase and®} the author confirmed that HQs the strongest
oxidant in the human body.

The observation that the addition of mannitol arsltyl alcohol suppressed
significantly biophoton emission from the cotyledoaf etiolated seedlings dficer
arietinumL. subjected previously to the sudden freezing thiagving reveals that HOs
involved in biophoton emission [Mathew et al. 199Phe addition of iron chaletor such
as desferrioxamine was found to supress biophotoisseon, whereas the addition of
exogenous ferric iron (B8 and iron-containing pigment (haematin) enhanbiphoton
emission [Mathew et al. 1992]. These observatiamdicates that HOinvolved in
biophoton emission is formed by one-electron radacof H,O, by transition metals.
The topical application of polyphenol antioxidanthk as oligomeric proanthocyanidins
on the human skin exposed to UVA radiation was fotm suppress the biophoton
emission [Van Wijk et al. 2010]. Considering thiigomeric proanthocyanidins has been
shown to act as a scavenger of ‘H@brdao et al. 2010], it is indicated here that'HO
formed in the human skin under UVA exposure waslved in the biophoton emission.
Scavenging of HOby mannitol considerably suppressed biophoton eomssmeasured
after the addition of linoleic acid in the unicédlu green algaChlamydomonas
reinhardtii [Prasad and PospiSil 2011]. The authors propobkatl the oxidation of
linoleic acid by HO initiate lipid peroxidation resulting in the fortien of 3(C=0) and
10, are responsible for the biophoton emission.

Due to the highly positive redox potential of HE,O redox couple
(Eo'(HO'/H,0) = 2.3 V, pH 7), HOs highly reactive with macromolecules such as
polyunsaturated fatty acids and amino acids. Thalrdgen abstraction from
polyunsaturated fatty acids and amino acids by Hf@rming lipid and protein alkyl
radicals initiates a cascade of reactions leadmghe lipid peroxidation and protein
carbonylation. It is generally accepted that 'H€acts with polyunsaturated fatty acids
and amino acids in the proximity of the productsite with limit diffusion to other target

far away from the production site.
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3.4 Involvement of singlet oxygen in biophoton emsson

The addition of lipid vesicles (with different degr of unsaturated fatty acids) to
cytochrome c/hydroperoxide system results intoethigancement in biophoton emission,
the increase in biophoton emission was observdzktdependent on the degree of fatty
acid unsaturation level [Cadenas et al. 1980]. alor proposed that the addition of
!0, formed by the decomposition of tetraoxide via Risgpe mechanism to double
bonds of unsaturated fatty acid leads to the faonabf dioxetane further the
decomposition of dioxetane results into the foromatdf 3(C=0). Biophoton emission
from the two photosensitive mutants of Arabidopialiana, the vtc2 single mutant
deficient in ascorbate synthesis pathway and th2 wpgl double mutant deficient in
both ascorbate and zeaxanthin synthesis pathwayseovesiderably higher as compared
to WT [Havaux et al. 2006]. Further, the authorsndastrated that the level of lipid
peroxidation monitored by MDA level correlates withe level of biophoton emission.
These results indicate that the absence of zedraimhthe vtc2 npgl double mutant
results in the pronounced production'@% during the high light stress. Based on these
considerations, it seems to be likely th@s formed during the high light stress initiates
lipid peroxidation known to results in the formatiof 3(C=0) and'O,. The proposal
that biophoton emission is caused by lipid peraxiainduced by*O, was confirmed
using isolated lipids such as monogalactosyldidggégol (MGDG), linolenic acid
(C18:3) and3-carotene [Birtic et al. 2011]. The authors dematst that the oxidation
of isolated lipids by'O, induced by methylene blue resulted in the biopha@mission.
Interestingly, the oxidation of isolated proteingls as bovine serum albumin (BSA) and
lysozyme resulted in the biophoton emission, whetba oxidation of the isolated amino
acids such as tryptophan (Trp), histidine (His)vyoted no photon emission. Similarly,
when isolated DNA was oxidized B, induced by methylene blue, no photon emission
was observed. Based on these observation the aufitoposed'O, as a molecule
responsible for biophoton emission.
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Chapter 4

Methods

(Detection of biophoton emission and free radicals)
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4 Detection of biophoton emission and free radicals

Instruments such as highly sensitive photomultiplidoe (PMT) and charged coupled
device (CCD) camera were needed for the detectfohiaphoton emission. For the
detection of ROS, spin trapping electron paramagmnesonance (EPR) spectroscopy and
imaging techniques by using probes such as sirmdggen sensor green (SOSG) or

diaminobenzidine (DAB) were performed.

4.1 Detection of biophoton emission
As the biophoton emission is a form of electromaignadiation different types of highly
sensitive PMT and CCD camera can be used to defeatn the living system.

4.1.1 Photomultiplier tube (PMT): PMT is a device which works on the principle of
photoelectric effect and converts photons into ted@cwhich further get multiplied and
converted into voltage to give an output readingciviis a digital number.

Photomultiplier tube consists of photocathode, dgn@nd anode. The photons are
converted to electron at photocathode then getiptiel on several dynodes and finally
converted to voltage at anode. The current is atedeto digital signal by photon
counting unit [Hamamatsu 2006]. There are two tygfd3MT:

4.1.1.1 Head-on PMT:Two major features of the head-on PMT are thatigie enters

FOCUSING
ELECTRODE
PHOTO-
. SENSITIVE
SECOMDARY AREA
ELECTACH
VACLLM
|D Pa)
DERECTION OF L n:.-rr—c-‘lo ”\?ﬁk
ELECTORON
MLLTIPLIER
{DYRODES)
PHOTOCATHOOE

Fig. 4.1Head-on PMT: Figure [A] represents the assembly of a head on PMT. WhéBéas
shows a head on PMT unit with the indication oftpkensitive area. [Fig. adopted from
Hamamatsu photonics]

through the top of the device and the photoelestiare transmitted to the dynodes [Fig.
3.1]
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4.1.1.2 Side-on PMTTwo major features of the side-on PMT are thatlitiie inters
through the side of the device and the photoelaesteve reflected to the dynodes [Fig.

3.2]

Anocde

REFLECTION WODE

PHOTOCATHODE Dynodes

Fig. 4.2Side-on PMT: Figure |A] represents the assembly of a side on PMT.
Whereas B] shows a side on PMT unit with the indication bbposensitive
area. [Fig. adopted from Hamamatsu photonics]

Generally the PMT is cooled by either thermoeleatdoling device or liquid nitrogen to
minimize the electrical noise.

The experiments in present work were performed $igguPMT R7518P (Hamamatsu
Photonics K.K., Iwata City, Japan) which is a saePMT. The PMT was cooled to -
30°C using a thermoelectric cooler C9143 (Hamamdtbkotonics K.K., Ilwata City,
Japan). The photon counting unit C9744 (HamamatstoRics K.K., lwata City, Japan)
was attached to the PMT for the output signal. $aesitivity of the instrument was

within the range of 185 to 730 nm.

Cooling tubes <
PMT containing
cooling system
Data recording Cooler
.E FITTTT TRETPPrrrrres Hand
Photon
Controller counting unit
Outer dark room Inner dark room

Fig.4.3 Represents the PMT setup used for the human slperiexent [Fig. adopted from Prasad and

Pospisil 2011]
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4.1.2 Charged coupled device (CCD) camer&CD camera is most appropriate device
for the analysis of two dimensional imaging of thephoton emission. CCD camera is a
type of device which works on the principle of pbelectric effect and converts photons
into electrons. The CCD camera consists of metaleogemiconductor capacitors (MOS)
which can accumulate and store the charge genedatedo photoelectric effect (Fig.
4.4) [Hamamatsu 2006].

Photons knock out electrons which are stored irotrgial well resulting by applied
voltage. These charges can be shifted from ond pixanother pixel by digital pulses
applied to the top wells. In this way the chargesteansferred though the pixels to the
readout registernccording to the orientation of the photosensitiveaaCCD camera can
be divided into two types i) frontside illuminatedCD camera, and ii) backside
illuminated CCD camera [Kraft et al. 1996].

Charged Coupled Device Photon to
electron

-- ---- -- “ ron

L]
1111111

Readout register
Electronto
voltage

conversion

Fig. 4.4 Represents a CCD chip. The arrow indicates thectian of electron flow from pixels to the
readout register where the electrons get convéotétk voltage.

4.1.2.1 Frontside illuminated CCD cameraThe most commonly used CCD camera is
frontside illuminated CCD camera, where the ligahg@trate through photodiode array to
reach photosensitive area (Fig. 4.5), in this pec®me of the light got reflected and lost.
4.1.2.2 Backside illuminated CCD camerabDue to the thin transparent silicon used the

backlight illuminated CCD camera are more sophastid in the production. The light

29



comes directly to the thinner transparent silicéaitey so are more sensitive and more

efficient for the biophoton measurement.

< silicon

— Incoming

e Photons

Incoming

Photons
_pll<— Thinnedsilicon

Photodiode array

Photodiode array

Frontside illuminated CCD Backside illuminated ¢CD

Fig. 4.5Represents the systematic diagram of frontsidmiliated CCD sensor and backside illuminated

CCD sensor.

The two-dimensional imaging measurement duringéisearch period was performed by
using a backside illuminated CCD camera VersArr&20B (Princeton instruments,

Trenton, NJ, USA). The CCD camera was equipped wi0-mm focal distance lens

with an f-number of 1.2 (F mount Nikkor 50-mm, 21.Nikon) to enhance the light

collecting efficiency. The spectral sensitivitytbe CCD camera was within the range of
200 nm to 1000 nm.

Cooling chamber

Glass plate

| 500 cm

-_Spaee for hand entry ;
CCD camera Gas (8 B

Gas chamber

Fig.4.6Represents the CCD camera setup used for the hskiraexperiment [Paper lll]

Due to the lenses used, the spectral sensitivit¥ @D camera was restricted to the

visible range of the spectra. To reduce thermaledas, the CCD camera was cooled to -

30



110°C using liquid nitrogen. The camera was pldoetthe experimental dark room and
controlled by the computer in the operational daxdm. The data correction was made
by subtracting the background noise before evergsmement. The measurement was
done in the image format of 1340 x 1300 pixels. CCdnera parameters were as
follows: scan rate, 100 kHz; gain, 3; accumulatione, varies with different living
system used for different studies.

4.2 Detection of ROS

There are many direct and indirect methods to detecROS from biological systems.
The direct method of ROS detection include electpanamagnetic resonance (EPR)
spectroscopy whereas a number of probes (sucmgietsoxygen sensor green, nitroblue
tetrazolium, di-amino benzidine etc) are comméiscevailable that have a high affinity
for specific ROS and that are effectively takenhypcells and tissues so works as
another method for the detection of ROS. In thesgme work, both the methods have
been used for the detection of ROS and its coroelatith the biophoton emission.

4.2.1 Electron paramagnetic resonance (EPR) spectcopy

It is a branch of absorption spectroscopy in whreldiation having frequency in
microwave region is absorbed by paramagnetic snbstto induce transition between
magnetic energy level of electron with unpairechsplagnetic energy splitting is done
by applying a static magnetic field.

A = v = 9388.2 MHz
mg=+12 | | |
| } Absorbance |
) - |
g AE=E+12-E12 > |
c n | |
w | First Derivative
mg = - 1/2
33;16 33;18 3350 3352 33‘54
By=0 By #0 Magnetic Field Magnetic Field Strength (G)

Fig 4.7 Represent the principle of EPR spectroscopy. Asntlagnetic field increases fromyB 0 the
splitting of energy level takes place and at remoaaconditionAE the unpaired electron moves between
two energy level by absorbing the electromagnetiiation [A]. The absorbance is further converteo i
first derivative which is observed by most of thePRE [B] [Fig. adopted from Wikipedia

http://en.wikipedia.org/wiki/Electron paramagnetigsonancle
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Electron paramagnetic resonance spectroscopy isndst important technique for the
study of radicals (having unpaired electron). Oa Itlasis of central atom with unpaired
electron, oxygen, carbon, and nitrogen centeredatdhave been differentiated into sub
groups. Besides the direct detection of radicalbiahogical system, spin trap has been
used for the study of free radicals generated flmological and chemical systems
[Pincemail et al. 1990]. Electron paramagnetic masce spin trapping in biological
system is more suitable because the free radcaltess stable and high reactive. The
EPR spin trapping is based on the diamagnetic piypé the compounds, spin trap
reacts with unstable radicals to form more staldeamagnetic compound which is
known as spin adduct. Spin traps are generallyifipéo ROS and are having high
reactivity with spin trap to form the spin adduzi2,6,6-tetramethylpiperidine (TEMP) is
the specific td'O, whereas 4-pyridyl 1-oxide N-tert-butylnitrone (®BN) when added
with ethanol are able to make the spin adduct WiTh.

For present work, spin-trapping EPR spectra wererdeed by using X-band continuous
EPR spectrometer MiniScope MS200 (Magnettech Gmi&€rmany). Different
conditions, and spin trap used for identificatidrddferent ROS from living system are
maintained in the section material and method$efrélated work attached at the end of

this thesis.

4.2.2I1n-vivo imaging of ROS

The in-vivo imaging of ROS can be used to indicaiepresence and sites of production
of ROS in biological system. There are many chehpoabes with different sensitivity
available which can react with different ROS toggavvisible effect which further can be
detected either through visible eye or though #soence/confocal microscopy. Some of
the common probes used for ROS imaging are Sif@kggen Sensor Green (SOSG),
nitroblue tetrazolium (NBT) and diaminobenzidineA®) [Fryer et al. 2002, Driever
2009].
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4.2.2.1 Singlet Oxygen Sensor Green (SOSG): It istadble fluorescein derivative
compound highly specific foO,. The probe exhibits weak fluorescence with exicitat
peaks at 372 and 393 nm and emission peaks atr@B%1®% nm. When SOSG reacts with
10, it exhibit intensified fluorescence with excitatipeak at 504 nm and emission peak
at 525 nm [Flors et al. 2006, Driever 2009].

A Stressed B : Stressed

Control

Fig 4.8 Imaging of hydrogen peroxide (A) and superoxidg gBduction in leaves using DAB and NBT,
respectively. Colour images are shownAoébidopsisleaves infiltrated with DAB (A) and NBT (B). The
lower half of each leaf was kept darkened as arabf€ontrol). The upper halves of the leaves were
exposed to a PPFD of 350 m mofns® for 60 min. Chlorophyll was extracted from thaves before
imaging. Marked superoxide production is observetesponse to wounding in the control area of [fi)-
adopted from Driever 2009].

4.2.2.2 Nitroblue tetrazolium (NBT): It is a yellomompound that is reduced by Tto
form an insoluble blue formazan deposite. This bbodour can be seen after the

extraction of chlorophyll from the plant leavesgF.8) [Fryer et al. 2002, Driever 2009].

4.2.2.3 Diaminobenzidine (DAB): It is a photosensitprobe which reacts with 8, to
form brown polymerization products, which can beedily imaged or imaged after
extracting the chlorophyll when detected in leav®@sme of these probes were used for
the detection of related ROS in living system (Bi@) [Fryer et al. 2002, Driever 2009].
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The concentration and condition of applying thebg are maintained in the section

material and methods of the related work attached.
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5 Result and Discussion

During the course of research, the involvement @SRin biophoton emission was
measured in different living systems, such as hadsot (Paper 1), human hand skin
(Paper 1l and Ill), potato tuber (Paper IV) aAdabidopsis thalianaplant and leaves

(Paper V).

5.1 Biophoton emission from radish root cells (Papd)

5.1.1 Effect of HO, and ROS scavengers on biophoton emission from rasti root
Spontaneous biophoton emission was measured freshl§r cut radish root and cell
suspension. After subtraction of the noise valesipontaneous biophoton emission from
radish root slide and cell suspension was obsetwete 4 counts™s (Fig.1, Paper I).
Whereas when ¥D,in various concentrationgas exogenously added to the radish root

cell suspension, a significant increase in bioph@mission was observed (Fig. 5.1).

500
400
300
200+

100

Photon emission [counts s‘l]

Time [min]

Fig 5.1 Effect of HO, on biophoton emission from radish root cellsOklwas added to radish root cell at
concentartion of 10 mM (a), 2 mM trace (b) 0.5 miyignd 0 mM (d).

To test the involvement of ROS in biophoton emissithe effect of several ROS
scavengers on biophoton emission was studied. st atserved that addition of 1 mM
sodium ascorbate significantly lowered biophoton ission, whereas complete

suppression of biophoton emission was observed @ithM sodium ascorbate (Fig.
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5.2A). Similarly, biophoton emission was notablypgressed by 1 mM cysteine, whereas
5 mM cysteine caused complete inhibition of biopimoemission (Fig. 5.2B). These

observations confirm that ROS are involved in bmph emission.

Photon Emission [counts s‘]]

0 2 4 6 8 10 12 14 16 18
Time [min]

Fig. 5.2 Effect of sodium ascorbate (A) and cysteine (B)bdmphoton emission from radish root cells
measured in the presence ofdd. Trace (a) is for the sample treated with 10 mpMD§itraces (b), (c) and
(d) are for the samples treated with 1 mM, 2 mM &mdM sodium ascorbate (A) or cysteine (B) with 10
mM H,O, respectively.

5.1.2 Spectral analysis of the H202-induced biophoh emission

Different band pass and edge filters were usedtudysspectral properties of ;B,-
induced biophoton emission. It has been observed that th@,-thduced biophoton
emission from radish root cells is emitted mainy green-red region of the spectra,
whereas the contribution of UV-blue and IR regia® negligible (Fig. 5.3). The
biophoton emission in the red region indicatesptheton emission might be due 10,
as it is known that the dimole emission '@, is in the red region. To confirm the
hypothesis the spin trapping EPR spectroscopy was tb detect th&#, production and

it has been found that the concentratiod@jf increases with the enhancement O

induced biophoton emission (Fig. 8 Paper I).
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Fig. 5.3Spectral properties of biophoton emission fromstadoot cells measured in the presence £3:H
Biophoton emission was measured in the absendkesf() and in the presence of filters passingssion
in the 450-800 nm (b), 360-500 nm (c) and 700-8®0(d). Arrow indicates the point where 10 mM®4
was added.

These results confirm that ROS-initiated oxidatdfiomolecules (proteins, lipids or

nucleic acids) is a trigger reaction involved ingdioton emission (Scheme |, Paper I).

5.2 Biophoton emission from human hand skin (Papdit, 111)

5.2.1 Spontaneous biophoton emission from the humdrand skin (Paper II)

The biophoton emission from the dorsal side of huimand was observed to be 7 counts
s' (Fig. 5.4 A). After subtraction of the dark couttte biophoton emission from the
dorsal side of human hand was calculated to be uhtsos'. Interestingly, when
spontaneous biophoton emission was measured gratireside of the human hand, net
photon emission of 8 count? svas detected (Fig. 5.4B). The observation ind& et
spontaneous biophoton emission on the palm sideimian hand is double compared to

the biophoton emission on the dorsal side of huhzard.
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Fig. 5.4 Spontaneous hiophoton emission measured from repadeell of skin on the dorsal (A) and palm
(B) side of the human hand. The graph includestiise level of the instrument which is 2 to 3 caiint
the value of which is comparable to dark count

5.2.2Effect of exogenous application of KD, on biophoton emission from human
hand skin (Paper II)

To study the effect of oxidative processes in thelermal cell of the human skin on
biophoton emission, ¥D, was applied exogenously to the fixed area of Kie surface.
Topical application of KD, to the skin surface on the dorsal side of the mutmand

resulted in the sudden enhancement of biophotonsséonm. An increase in the
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concentration of kD, exogenously applied to the skin surface caused ugtad

enhancement in the biophoton emission (Figure 2{¢ePll).

Fig. 5.5 Two-dimensional image of peroxide-induced biopho¢mission from human hand measured
after topical application of }D, to the dorsal (a) and palm (b) side of human hemdi corresponding
photographs of the dorsal (c) and palm (d) sideusfian hand.

Similarly, topical application of exogenous® to the skin surface on the palm side of
the human hand brought about an enhancement ihdiop emission (Fig. 2B, Paper II).
Interestingly, biophoton emission from the palmesmf human hand was found more
than the photon emission from dorsal side of thendiu hand. The two dimensional
imaging was performed to check the effect of topéggplication of HO, on human skin.
The imaging of spontaneous biophoton emission wapossible, whereas the portion of
the skin appeared where theQ4 was applied on the skin (Fig. 5.5). The higher
biophoton emission from the palmer side of the hurslein was correlated with higher

turnover rate of the cells.
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5.2.3 Effect of molecular oxygen on biophoton emiss from human hand skin
(Paper 111)

To study the involvement of molecular oxygen inrggoeous biophoton emission from
human skin, the photon emission was measured um@@eobic, anaerobic and
hyperaerobic conditions. To control gas environnaotind the human hand, the human
hand was placed in a gas chamber (experimentalpsé& shown in Fig. 1 Paper IlI).
Under aerobic conditions, the spontaneous biophetaission from the dorsal side of the
human hand was 2 counts @ig. 3, Paper Ill). When the air in the gas chambas
replaced with nitrogen gas, spontaneous biophotorsston was suppressed to 1.25
counts per second (by 40 % compared to aerobicitbmms). The supply of molecular
oxygen in the gas chamber results in the enhanddmspontaneous biophoton emission
to 3 counts $(by 50 % compared to aerobic conditions). The tivoemsional study of
the effect of molecular oxygen on biophoton emissioom human hand skin was
measured and the image was found to be intensifidte presence of molecular oxygen
whereas in the presence of nitrogen gas, the inrdgasity was found to be less (Fig.
5.6). These results reveal that the molecular axygénvolved in spontaneous biophoton

emission from the human skin.
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Fig. 5.6 Effect of molecular oxygen on two-dimensional sjameous biophoton emission from the dorsal
side of the hand. The bottom panel shows the dpmatidile of photon emission in the middle strip thie
image. Y axis denotes the number of counts accuetllafter 30 minutes, where as X axis denotes the
pixel of the image.
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5.2.3 Effect of ROS scavengers on spontaneous bigpbn emission from human

hand skin (Paper III)

To study the involvement of ROS in biophoton enaissithe effect of various ROS
scavengers on spontaneous biophoton emission fr@rhtiman hand was measured.
When hydrophilic (sodium ascorbate and glutathicen®] lipophilic ¢-tocopherol and
coenzyme Q10) ROS scavengers were topically apphethe human skin, the decrease
in spontaneous biophoton emission to 1.6 countsspeonds (by 30 % compared to

control) was observed (Fig. 5.7).
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Photon emission [counts s'l]

0. /= e | R e
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Fig. 5.7 Effect of ROS scavengers on one-dimensional speoizs biophoton emission from the dorsal
side of the hand. Prior to the measurement theomyilic (ascorbate and gluthatione) and the lipbplii-
tocopherol and coenzyme Q10) ROS scavengers abtimentration of 5 mM were topically applied on the
the dorsal side of the hand. Spontaneous biophetoission from human hand was measured for 15
minutes. Each bar represents the mean value ehst three independent measurements + SD made at th
same diurnal time of three different days.

The effect of ROS scavengers on two-dimensionahtsim@ous biophoton emission from
human hand skin was measured using CCD camera @Figaper Ill). Significant

decreased in spontaneous biophoton emission wasvaloswith the application of ROS
scavengers. The observation indicates the involmeweROS in spontaneous biophoton

emission from the human skin.
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5.3 Biophoton emission from potato tuber (Paper 1V)

5.3.1 Detection of ROS fronPhytophthora infestans-infected potato tuber
ThePhytophthoranfestanswvas used on potato tuber as the biotic stressrfs@enhance
the ROS production. To study the formation of R@3he late phase of the oomycete
Phytophthorainfestansinfection, the formation of D, in Phytophthora infestans

infected potato tuber was detected by DAB imagedhhique (Fig. 5.8).

Fig. 5.8 Hydrogen peroxide formation detected by DAB imagiaghnique fronPhytophthora infestans
infected potato tuber slice. The image of the shieen non-infected potato tuber (ARhytophthora
infestansinfected potato tuber (B), non-infected potatoetuinfiltrated in DAB (C) andPhytophthora
infestansinfected potato tuber infiltrated in DAB (D) weneade 6 hrs after the cutting the potato slice.
(B and D), the potato tuber was used after threeks@f the inoculation with oomyceihytophthora
infestansIn (C-D), the potato tuber slices were incubatéti DAB for 6 hrs.

n

To monitor whether the formation of,8; is linked to the formation of HQduring the

oxidative burst in the late phase of tPleytophthoranfestansnfection, theproduction of
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HO" was measured by EPR spin-trapping spectroscopyg u$iPOBN/ethanol spin-
trapping systen(Fig. 5.9).
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Fig. 5.9 Detection of HO". 4-POBN-CH(CH)OH adduct EPR spectra were detected from nondiedec
potato tuber (trace a) amhytophthora infestarmfected potato tuber for three (trace b) and fivace c)
weeks. Trace (d) represents 4-POBN-CH{IMH adduct EPR spectrum observed from Fenton reéagen
system. In (a-c), the potato tuber slices werdtiafed with 50 mM 4-POBN with 170 mM ethanol for 6
hrs. In (d), 4-POBN-CH(CKOH adduct EPR spectra was detected after theiaddif 500uM FeSQ in

20 uM H,0; in the presence of 10 mM POBN and 170 mM ethahe! §pectrum ‘d’ was divided by 4).

5.3.2Phytophthora infestans-induced biophoton emission from potato tuber

The biophoton emission from the non-infected dflaytophthorainfestansinfected
potato tuber was measured using highly sensitiv@ Pi. 3, Paper 1V). The dark count
of PMT was measured to be 2 counts She count rate from the non-infected potato
tuber was observed to be 4 counts (§ig. 5.10A), whereas the count rate from
Phytophthorainfestansinfectedpotato tuber was 9 counts ¢Fig. 3B, Paper IV). After
subtracting the dark count, the spontaneous bigphemissions from non-infected and
Phytophthorainfestansinfected potato tubers were determined to be 2 countarsl 7
counts &, respectively (Fig. 3C, Paper IV). The presentath show that the biophoton

emission fromPhytophthorainfestansinfected potato tuber was enhanced 2.5 times
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when compared to the spontaneous biophoton emigsiom the non-infected potato
tuber.

The observation indicates the enhancement in biophemission with the increased
concentration of kD, and HO with the infection ofPhytophthorainfestanson potato

tuber.

5.4 Biophoton emission fromArabidopsis thaliana (Paper V)

5.4.1 Effect of UVA on the biophoton emission fronA\rabidopsis thaliana

Biophoton emission was measured from the non-expesel UVA radiation-exposed
Arabidopsisplants using CCD camera. Two dimensional imagihdJUA radiation-
exposed Arabidopsis plants shows significant increase in biophoton ssion in
comparison to UVA radiation-nonexposed plants (RigPaper V). To study in more

detail the spatial distribution of photon emiss@nthe leaf surface, the two-dimensional

biophoton emission was measured from the non-expasel UVA radiation-exposed
Arabidopsideaves (Fig. 5.10).

Fig. 5.10Effect of UVA radiation on the two-dimensional biagion emission from th&rabidopsisplant.
The photographs dfrabidopsisplant were presented to show the dimension of étaathed leaves in front
of CCD camera (Figures a and d). Figures b anghiesent the two-dimensional images of the biophoton
emission from the non-exposeftabidopsisleaves after the dark adaptation for 5 min andnif,
respectively. Figures e and f represent the twoedsional images of the biophoton emission from the
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UVA radiation-exposedArabidopsis plant observed after the dark adaptation for 5 e 50 min,
respectively. Biophoton emission imaging was mesbwith an integration time of 45 min.

5.4.2 Kinetic analysis of UVA radiation-induced bighoton emission

One-dimensional biophoton emission measured byrloise photomultiplier tube (PMT)
was used to study the kinetic property of biophaarission from the non-exposed and
UVA radiation-exposedArabidopsisleaves (Fig. 5.11). When the biophoton emission
was measured from the UVA radiation-expogedbidopsisleaves after 5 min of dark
adaptation, a pronounced decay in biophoton emmsses observed as compared to the
non-exposedArabidopsisleaves (Fig. 5.11). The biophoton emission frora thvVA
radiation-exposedrabidopsisleaves shows two kinetically distinguished phates fast
decay phase (0-6 min) and the slow decay phasenfinp These observations indicate
the possibility of two different phenomenons invadvin the UVA radiation-induced

biophoton emission.
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Fig. 5.11 Effect of UVA radiation on the one-dimerisnal biophoton emission from theArabidopsis
leaves: One-dimensional biophoton emission from the nomeerd (trace a) and UVA radiation-exposed
(trace b)Arabidopsideaves was measured using a PMT after the darkatiapfor 5 min.

48



5.4.3 Spectral analysis of UVA radiation-induced lmphoton emission

To explore the origin of two kinetically distinghisd phases of the biophoton emission,
the spectral analysis of photon emission from U¥Aiation-exposedrabidopsisleaves
was determined using band pass and interfererteesfilithout the filter, the biophoton
emission was found to have the fast decay phas¢henslow decay phase (Fig. 5.12A).
When the red band pass filter (RG8) passuayelengths longer than 680 nmas used,
the biophoton emission during the slow decay phes® fully diminished (Fig. 5.12B).
Similarly, when biophoton emission was measurec wlite interference filter with a
maximum transmittance at 680 nm, the complete sg3pyn of the biophoton emission
during the slow decay phase was observed (Fig.C3.1Po explore in more detail the
biophoton emission in the red region of the speactrihe UVA radiation-induced
biophoton emission was further analyzed by usirgptaof different interference filter
(Fig 5.12D). The UVA radiation-induced biophotonission was found from 660 nm to
700 nm of the red spectrum with the peak value & 6m (Fig 5.12D). These
observations reveal that the photon emission duhedast phase of biophoton emission
is predominantly in the red region of the spectruwhereas the biophoton emission
during the slow decay phase is absent in the gidneof the spectrum.

The observation indicates that the initial UVA @&@n-induced biophoton emission was
due to the chlorophylls, whereas at the late sthgghoton emission was dominated by
3(Cc=0)*.
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Fig. 5.12Spectral analysis of the UVA radiation-induced biopoton emission from theArabidopsis
leaves:The biophoton emission from the UVA radiation-exgmarabidopsideaves was measured in the
absence of filter (panel A), in the presence ofrtteband pass filter (RG8) (panel B) and the 680 n
interference filter. Panel D represents spectmaperty of UVA radiation-induced biophoton emissfoom
Arabidopsideaves in the red region of the spectra from 64Qmi#20 nm measured using a set of
interference filters with a bandwidth of 10 nm. Tdifferent bars on the bar graph represent thehuitym
emission observed with the interference filterstersd at 641 nm, 651 nm, 662 nm, 671 nm, 683 nrh, 69
nm, 702 nm and 711 nm. The presented data aressqut@s the mean value and the standard devidtion o
at least three measurements (mean + SD, n=3).
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On the basic of observations, the involvement ofSR@ biophoton emission was
confirmed and a scheme was proposed (Fig. 6.1) hwimdicates the mechanism of
biophoton emission through ROS-induced lipid pedatipn and protein oxidation. One-
electron reduction of molecular oxygen by highlgueing species formsO (Fig. 6.1,
reaction 1). The non-enzymatic and enzymatic diatmart of Q™ generates pD, (Fig.
6.1, reaction 2), the subsequent one-electron textuaf which leads to the formation of
HO' (Fig. 6.1, reaction 3).The triplet-triplet energgnsfer from triplet chromophore to
molecular oxygen results in the formation '@, (Fig. 6.1, reaction 4).The hydrogen
abstraction from polyunsaturated fatty acid andnangicid (RH) by HOgenerates lipid
and protein alkyl radicals (R (Fig. 6.1, reaction 5). The subsequent one-&lBactr
oxidation of R in the presence of molecular oxygen brings abeatformation of lipid
and protein peroxyl radical (ROPD(Fig. 6.1, reaction 6). The subsequent hydrogen
abstraction from another polyunsaturated fatty amidi amino acid by ROGorms
protein and lipid hydroperoxide (ROOH) (Fig. 6.kaction 7). The one-electron
reduction of ROOH results in the formation of aligbxadical (RO) and hydroxy ion
(OH) (Fig. 6.1, reaction 8). Dioxetane (ROOR) is fod®y either the cycloaddition of
'0, to polyunsaturated fatty acid and amino acid (FBdl, reaction 9) or by the
cyclization of ROO (Fig. 6.1, reaction 10). Tetroxide (ROOOOR) is fednby the
recombination of either two ROQ@Fig. 6.1, reaction 11) or two RQFig. 6.1, reaction
12).The decomposition of ROOR (Fig. 6.1, reacti@h dr ROOOOR (Fig. 6.1, reaction
14) results in the formation of triplet excited lmanyl *(C=0) . The electronic transition
from the triplet excited state to the ground statéhe carbonyl is accompanied by the
photon emission in the blue-green region of thectspe (380-550 nm) (Fig. 6.1,
reaction 15). The energy transfer froffC=0) to chromophore (C) results in the
formation of singlet excited state of chromophof®)((Fig. 6.1, reaction 16).The
electronic transition from the singlet excited stad the ground state of chromophore is
accompanied by the photon emission in the greerragibn of the spectrum (550-750
nm) (Fig. 6.1, reaction 17). The triplet-tripleteggy transfer fronf(C=0) to molecular
oxygen forms'O, (Fig. 6.1, reaction 18). AlternativelyD, is formed directly by the
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decomposition of ROOOOR via Russell-type mechanistile ground state carbonyls
(C=0) and organic hydroxide are formed (Fig. 6daction 19). The dimol photon
emission of'O; is in the red region of the spectrum (634 nm, @068 (Fig. 6.1, reaction
20) and the monomol photon emission'@% is in the infra-red region of the spectrum
(1274 nm) (Fig. 6.1, reaction 21).

3¢” e e, 2H" Fe?*
10,—<— 0, -~ 0,- —\ . H,0, HO"
4 1 9 3
Fe3*, OH-
HOE', HO' 02 RH Fe2+
RH ‘\5 » R* \'-5 , RQQ-LT.RQQH LT, RO’
R’ Fe3*, OH-
10, ROO RO~-0,
5 ROOR - > — ROOOOR
H* H*
R=0 A
= . 3R=0' -0,
13 14
ROH 19
15 16 18] AL
. ROH, R=0
C 102‘_
17 10,
20 21
hv hv hv hv
(380-550 nm) (550750 nm) 634 nm 1274 nm
3c=0" 10,
350 550 750 1200 1300

Fig. 6.hvolvement of reactive oxygen species in biophaonission [Fig. is adopted from
review PospiSil and Rastogi (manuscript under pegjmm)].
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