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INTERDEPENDENCE BETWEEN OSCILLATIONS
AND TRANSIENTS OF DELAYED FLUORESCENCE

INDUCTION PROCESSES IN THE THYLAKOID
MEMBRANE OF THE INTACT MAIZE LEAF —

RESPONSES TO EFFECTS OF INCREASED
TEMPERATURES AND DROUGHT

ABSTRACT: Standard induction processes of delayed fluorescence (DF) of chlo-
rophyll (induction signals) occur when an intact leaf segment of maize inbreds and hybrids
is kept in the phosphoroscope darkroom for more than 15 minutes (t > 15 min), and at the
same time the leaf is illuminated with the intermittent white light.

Resolved induction processes of DF chlorophyll into transients: A, B, C, D and E oc-
cur when the intact leaf segment of maize inbreds and hybrids is kept in the phosphoro-
scope darkroom for a significantly shorter period (500 s > t > 30 s), with the time rate t of
30 s, prior to its illumination with the intermittent white light. Induction transients: A, B, C,
D and E are characterised with the time of their generation: tA = 31 � 6 ms (A), tB = 5 �

0,5 s (B), tC = 15 � 5 s (C), tD = 360 � 20 s (D) and tE = 670 � 35 s (E), dynamics of
changes in transients intensities (IA, IB, IC, ID and IE) and mechanisms of their generation.
The induction processes of chlorophyll DF of the intact leaf of maize inbreds and hybrids
resolved into transients: A, B, C, D and E are accompanied by the occurrence and different
levels of activation energy (Ea, kJ mol—1) that correspond to critical temperatures ranging
from 28 to 33°C.

The generation mechanisms of induction transients A, B, C, D and E classify them
into two groups. Transients A and B are of a physical character, while the transients: C, D,
and E are of a chemical character.

It is shown that the generation of the induction transients: B, C, D and E simultane-
ously follows establishing of the oscillations of induction processes of the DF chlorophyll.
Oscillating of induction processes of DF chlorophyll is explained by the ion (K+, Na+, H+,
Cl—) transport mechanism across the thylakoid membrane of the intact leaf of maize in-
breds and hybrids grown under conditions of air drought, increased temperatures and water
deficiency in the medium.

KEY WORDS: Zea mays, intact leaf, thylakoid membrane, induction processes, tran-
sients, oscillations, critical temperature, activation energy, delayed chlorophyll fluorescence
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INTRODUCTION

In recent times, binding complex processes of fundamental sciences with
multidisciplinary ones has become the necessity. Such attempts have been
made between breeding, photosynthesis, biophysical chemistry and fluore-
scence in maize inbreds and hybrids. The present study analyses the develop-
ment of dominant processes of the stated scientific disciplines and areas of
their mutual dependence and application.

Maize breeding has been intensively developed during the last 60 years.
Because of such an activity, over 1,100 maize hybrids for grain and silage
have been developed. Contemporary technical and technological prerequisites
for conducting a modern process of breeding were provided (D u v i c k, 1984,
T r i f u n o v i ã, 1986, I v a n o v i ã et al., 1995, R a d e n o v i ã and S o m -
b o r a c, 2000). Regardless of such a colossal success in maize breeding,
eagerness and enthusiasm of the total research have not been slowing down.
The search for new methods and exact approaches in the completion and en-
richment of the research within maize breeding and seed production was conti-
nued.

The development of maize photosynthesis was quite different. Namely,
although p h o t o s y n t h e t i c processes are very spread, highly productive
in their intensity, very complex in their nature, and vastly studied in their
scientific actuality, their application in maize breeding is still insignificant. It
is almost impossible to make a distinct, direct interrelationship between photo-
synthesis and breeding. Such a state is probably a consequence of the exi-
stence of several functional interrelations that unify conformational and dyna-
mic changes within chloroplasts and their thylakoid membranes, on the one
hand, and effects of numerous environmental stress factors on them, on the
other hand.

Biophysical chemistry contributed, to a great extent, to connecting pho-
tosynthetic processes in the thylakoid membrane to the processes of fluore-
scence spectroscopy and chemical kinetics (R u b i n et al., 1988, R a d e n o -
v i ã et al., 1981, 1985).

The delayed chlorophyll fluorescence (DF) phenomenon can be described
as an occurrence of luminescence (bioluminescence) within the red range of
the visible spectrum produced by plant systems: bacteria, algae and higher
plants (maize) immediately upon their intermittent illumination (excitation) (in
case of maize upon illumination of the intact leaf) (R a d e n o v i ã et al.,
1981, 1985; R a d e n o v i ã, 1992, 1994, 1997, M a r k o v i ã et al., 1996,
1999). DF was discovered by S t r e h l e r and A r n o l d (1951) in their
attempt to reveal a nature of induction illumination in a form of biolumine-
scence. Numerous studies, especially those of the last 20 years (J u r s n i ã and
G o v i n i d j e, 1982, J u r s n i ã, 1986, M a r k o v i ã et al., 1996, 1999, V e -
s e l o v s k i and V e s e l o v a, 1990, R a d e n o v i ã, 1992, 1994, 1997, R a -
d e n o v i ã et al., 1994a, 1994b, K a l u z i et al. 2006), revealed the direct
connection between DF and photosynthetic processes, in which DF was consi-
dered as an unavoidable indicator — a susceptible „probe" for experimental
photosynthetic studies in the intact leaf of maize inbreds and hybrids (R a d e -
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n o v i ã, 1992, 1994, 1997, R a d e n o v i ã et al., 1994a, 1994b, R a d e n o -
v i ã and J e r e m i ã 1996, M a r k o v i ã et al., 1987, 1993, 1996, 1999).
Today, as well as, in the near future, DF shall be an efficient tool, i.e. a me-
thodological approach in studies of certain, mostly very complex photoproces-
ses in the light phase of photosynthesis. In relation to this approach, induction
processes of chlorophyll DF, their resolution into several mutually dependent
transients, generating of oscillations and rhythms and their correlation are con-
sidered as actual scientific issues. Within the scope of the stated, question arise
about the activation energy and critical temperatures within activities of the to-
tal induction processes of chlorophyll DF. Hence, these issues and their inter-
relations are an objective of the present study.

MATERIAL AND METHODS

The studies were done with the intact leaf of the selected hybrids: ZPDC
360, ZPSC 46A, ZPSC 704 and ZPSC 71, and inbred lines: ZPR70ÿ and
Oh43, tolerant and resistant to effects of increased temperatures and drought.
The test plants were grown in pots in the glass-house under conditions of con-
trolled and regulated air drought, relative humidity, temperatures and a redu-
ced amount of water in the medium. Changes in the temperature were control-
led and it reached the level of 38°C, although mostly ranged from 28 to 38°C.
Plants were grown under such conditions through all stages of their growth
and development. Recordings were done for four years in June, July and Au-
gust. Maize plants were brought from the glass-house into the laboratory du-
ring morning hours (between 7 a.m. and 8 a.m.). Plants sampled in the
glass-house were transversally cut in the ground internode. In the laboratory,
plants were internode lengthwise placed in water. Two hours prior to the bio-
luminescence experiment, the plants were kept under the black ball glass. A
segment of ear intact leaves was taken from such plants and placed into a
chamber of the Becquerel phosphoroscope. These studies were done with 40
plants each of maize hybrids and maize inbreds.

The non-invasive photosynthetic fluorescence method was used to mea-
sure the intensity of the chlorophyll DF induction process. These measures
also included the resolution of the induction curve into the transients: A, B, C,
D and E, as well as, recording of the generation of oscillations and rhythms.

The improved non-invasive photosynthetic fluorescence method used to
measure induction processes of chlorophyll DF is schematically presented in
Fig. 1. This block scheme of the photosynthetic fluorescence method was de-
veloped at the Maize Research Institute, Zemun Polje. Measurements of chan-
ges in the induction processes of chlorophyll DF were performed after a me-
thod that had been both, in principle and details, described in previous papers
( R a d e n o v i ã et al., 1981, 1985, R a d e n o v i ã, 1985, 1992, 1994, 1997,
M a r k o v i ã et al., 1996).
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RESULTS

1. Standard induction processes

Standard induction processes of delayed fluorescence (DF) of chlorophyll
(induction signals) occur when an intact leaf segment of maize inbreds and
hybrids is kept in the phosphoroscope darkroom for more than 15 minutes (t >
15 min), and at the same time is illuminated with the intermittent white light.
Results of induction processes of chlorophyll DF are presented in Fig. 2.
Under given conditions the induction curve of chlorophyll DF does not pro-
vide the possibilities of oscillations generation or the formation of transients
on it: A, B, C, D and E of induction processes. The registered form of the
standard induction curve of chlorophyll DF has four typical parts. The part „a"
is formed very quickly, for about 1—2 s, the part „b" designates the maximum
level of the induction curve intensity, the part „c" is gradually formed in the
exponential trend, and at the end, the part „d" represents the stationary level of
the induction curve of chlorophyll DF, Fig. 2.
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Fig. 1. — Experimental setup of the photosynthetic fluorescence method and measuring
equipment for delayed chlorophyll fluorescence: C — dark chamber with a sample stand;

s — sample (intact leaf segment), F — filters, ELS — excitation light source,
PH — photo-multiplier; O — oscilloscope, R — printer, ELB — excitation light beam,

DF — luminescent light (delayed fluorescence), IS — input dark chamber slot,
OS — output dark chamber slot



2. Resolution of delayed chlorophyll fluorescence induction processes
into transients

The resolution of the induction processes of chlorophyll DF into tran-
sients: A, B, C, D and E and the appearance of oscillations occur when the in-
tact leaf segment of maize inbreds and hybrids is kept in the phosphoroscope
darkroom for a significantly shorter period (500 s > t > 30 s) prior to its illu-
mination with the intermittent white light, Fig. 3.

Results of the experimental resolution of induction processes of chloro-
phyll DF into transients: A, B, C, D and E are presented in Fig. 4—6 and Tab. 1.
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Fig. 2. — Schematic illustration of standard induction curve of chlorophyll DF typical
for the intact leaf of maize inbreds and hybrids kept in the phosphoroscope darkroom

longer than 15 minutes (t > 15 min)
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Fig. 3. — Schematic illustration of possible sites of the oscillation generation
and the formation of transients: A, B, C, D, E of the induction processes of delayed

chlorophyll fluorescence in the intact leaf of maize inbreds and hybrids

Fig. 4. — Experimental detection of the transient A of the induction
processes of delayed chlorophyll fluorescence in the intact leaf of maize inbreds
and hybrids with the use of the storage oscilloscope and a time scale of 1 ms



Tab. 1. — Time parameters of transients, A, B, C, D and E of the induction processes of delayed
chlorophyll fluorescence in the intact leaf of studied maize inbreds and hybrids at 25°C

Time of generation
of transients:
A, B, C, D and E

Transients of the induction processes of delayed chlorophyll
fluorescence in the intact leaf of maize inbreds and hybrids

A: tA, ms B: tB, s C: tC, s D: tD, s E: tE, s
Time of the beginning of
transient generation 2—4 0.8—1.0 9—11 110—130 180—240

Time of transient generation
with the maximum intensity 28—32 6—7 13—17 180—200 380—480

(decrease)
Longest time of transient
generation 75—80 8—9 21—23 480—500 8400

Average time of transient
generation 31 ± 6 5 ± 0.5 15 ± 5 360 ± 20 670 ± 35
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Fig. 5. — Typical presentation of the experimental results on the resolution into transients:
B, C, D and E of the induction processes of delayed chlorophyll fluorescence in the
intact leaf of maize inbreds and hybrids for the time t in seconds (500 s > t > 30 s)
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Fig. 6a-f — Experimental results on the resolution of the induction curve of delayed
chlorophyll fluorescence into transients: B, C, D and E for the following values of t:

90s, 120s, 150s, 180s, 210s and 240s



3. Dynamics of changes in intensities of transients of delayed chlorophyll
fluorescence induction processes in dependence on temperature

Obtained results on changes in the intensity of induction transients: B, C,
D and E in observed maize inbreds and hybrids in dependence on temperature
are presented in Fig. 7 and Tab. 2.

Tab. 2. — Temperatures of the transition period of transients: B, C, D and E of delayed chlo-
rophyll fluorescence induction processes in the intact leaf of studied maize inbreds and hybrids

Previous intact leaf
dark period (t, s)

Temperatures of transition period, t °C
Transient B Transient C Transient D Transient E

30 33.3 ± 0.2 28.5 ± 2.5 31.6 ± 0.2 30.8 ± 0.2
60 23.4 ± 0.3 32.7 ± 3.0 25.4 ± 0.3 22.0 ± 0.3
90 19.5 ± 0.2 25.8 ± 0.3 26.5 ± 0.2 20.5 ± 0.4

120 17.9 ± 0.2 25.0 ± 0.5 22.5 ± 0.2 21.0 ± 0.4
150 24.7 ± 0.4 26.3 ± 0.4 22.5 ± 0.2 25.0 ± 0.3
180 24.0 ± 0.3 26.3 ± 0.3 23.1 ± 0.2 23.8 ± 0.5
210 24.3 ± 0.3 31.0 ± 0.4 22.0 ± 0.2 22.2 ± 0.3
240 26.1 ± 0.3 32.0 ± 0.4 23.8 ± 0.2 22.8 ± 0.5
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Fig. 7. — Dynamics of changes in intensities of transients B, C, D and E of delayed
chlorophyll fluorescence induction processes in dependence on temperature



Fig. 7 shows that changes in the intensities of transients B and D are si-
milar. In the beginning, the intensity of the transient B (IB) increases at the
temperature range of 24—29°C, then reaches and maintains the maximum va-
lue within the temperature range of 29—32°C, and after that, it gradually dec-
reases at the temperature range of 32—38°C. The intensity of the transient D
(ID) shows the similar trend, but its parabola has a somewhat steeper slope
(Fig. 7). On the other hand, the dynamics of changes in the intensity of the
transient C (IC) is different. It is an inverse sigmoid (in the beginning, the in-
tensity of the transient C increases at the temperature up to 26°C, when it re-
aches its maximum, then it gradually decreases at the temperature of 35.5°C at
which it reaches its minimum and then again it increases up the temperature
range of 35.5—38.0°C) (Fig. 7). Changes in the intensity of the transient E
(IE) are standard and expected.

4. Activation energy of transients of delayed chlorophyll
fluorescence induction processes

Tab. 3 presents results on the activation energy (Ea) of transients B, C, D
and E of chlorophyll DF induction processes

Tab. 3. — Activation energy of transients: B, C, D and E of delayed chlorophyll fluorescence in-
duction processes in the intact leaf of studied maize inbreds and hybrids

Previous intact leaf
dark period (t, s)

Activation energy (Ea, kJ mol—1)
Transient B Transient C Transient D Transient E

30 65.37 83.69 266.98 32.08
60 32.90 23.80 39.66 26.28
90 51.81 14.03 27.83 53.68

120 52.96 47.68 63.68 92.53
150 30.07 68.52 93.53 106.62
180 25.97 75.05 116.27 106.32
210 22.35 34.43 132.19 92.74
240 21.60 30.09 131.80 74.49

The dynamics of changes in the intensities of transients: IB, IC, ID and IE
(Fig. 7), changes in the phase transition temperature (Tab. 2) and the activa-
tion energy (Tab. 3) do not proceed according to a certain established rule,
which indicates the rapidity of their occurrence and the total complexity of
photosynthetic and fluorescence system.

5. The correlations of transients with oscillations in the delayed
chlorophyll fluorescence induction processes

Experimental results on dependency of intensities of transients B, C, D
and E and oscillations in chlorophyll DF induction processes in studied maize
inbreds and hybrids are presented in Fig. 8—11.
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Fig. 8. — Generation of the standard induction curve of delayed chlorophyll fluorescence
with transients B or C, D and E in the intact leaf of studied maize inbreds and hybrids

grown under common physiological conditions

Fig. 9. — Generation of the excited state of the induction curve of delayed chlorophyll
fluorescence with transients B, C, D1, D2, D3 and E in the intact leaf of studied maize

inbreds and hybrids grown under conditions of weak air drought



18

Fig. 10. — Generation of the fluctuation of induction curve of delayed chlorophyll
fluorescence with transients B or C, D1, D2, D3, D4 and E in the intact leaf of studied

maize inbreds and hybrids grown under conditions of severe air drought

Fig. 11. — Generation of the oscillations of the induction curve of delayed chlorophyll
fluorescence with transients B, C, D1, D2, D3, D4 and E in the intact leaf of studied

maize inbreds and hybrids grown under conditions severe air drought and
reduced water in the medium



If observed maize inbreds and hybrids are grown under conditions of dif-
ferent intensities of air drought, decreased relative humidity and higher tempe-
ratures, obtained fluorescence responses of induction processes will be not
only with transients but also with oscillations.

According to such studies the intensities of transients: B, C, D and E of
chlorophyll DF induction processes are connected to the induction and the
establishment of processes of instability, excited state, fluctuations and oscilla-
tions in thylakoid membranes in the intact leaf of maize inbreds and hybrids.
Such a response was obtained in observed maize inbreds and hybrids that were
tolerant and resistant to drought, Fig. 8—11.

DISCUSSION

In the experimental resolution of chlorophyll DF induction processes,
transients B, C, D and E were initially revealed by the application of the stan-
dard procedures for chlorophyll DF detection (R a d e n o v i ã et al., 1981).
Much later, the transient A was revealed (R a d e n o v i ã, 1997). It was much
more difficult to be detected. It was necessary to provide a storage oscillo-
scope and to connect it to the equipment set up to register chlorophyll DF in-
duction processes. Induction transients: A, B, C, D and E are characterised by
their general and physical and chemical parameters, i.e. time of their gene-
ration (tA, tB, tC, tD and tE), dynamics of changes in transient intensities (IA, IB,
IC, ID and IE) and mechanisms of their generation, Tab. 1 and Fig. 7.

Generation mechanisms of transients A, B, C, D and E

The generation mechanism of the transient A is explained by its con-
nection to the primary photochemical act that predominantly affects the forma-
tion of the induction dipole within the photosystem II reaction centre. The ge-
neration of this transient is a result of the orientation of electric dipoles in the
thylakoid membrane under effects of the illumination with the intermittent
white light that excites them. The dipole orientation induces an electric field.
Such dipoles define the transient A pointing out to its physical nature and its
effects on the delayed chlorophyll fluorescence induction processes.

The transient B generation is primarily attributed to the formation of the
electrochemical gradient across the thylakoid membrane after the illumination
of the intact leaf segment with the intermittent white light. More precisely, this
transient strongly depends on the electrical component of the electrochemical
gradient (DF). The transient B is a direct product of the thylakoid membrane
excitation under the illumination with the intermittent white light. It is be-
lieved that a photodipole interacts with other membranous structures and that
this interaction causes the excitation that is in fact expressed as the transient B
of the chlorophyll DF induction processes. As this interaction is rapid, more
rapid than chemical reactions, its basis is not purely chemical but much more
physical.

19



It is considered that the transient C generation depends on photosensitive
reactions centres. These centres depend on t (previous intact leaf dark period),
i.e. their number increases in dependence on t, and then conformational and
functional changes occur in certain protein structures that determine mutual
position of acceptors (Cha) in the reaction centre. This transient has kinetic
characteristics similar to the transient B as it is susceptible to the presence of
valomycin, which is capable to eliminate the electrochemical gradient (R a d e -
n o v i ã, 1997, R a d e n o v i ã et al., 2003, 2007, M a r k o v i ã et al., 1999;
K a l a u z i et al., 2006). The transient C depends on the electron transport
between two photosystems (PS II and PS I). In particular, the intensity of this
transient increases with the increase of the accumulation of X— (secondary PS
I electron acceptor in the reduction form until it reaches its peak that cor-
responds to the electrochemical gradient maximum). The X— accumulation
corresponds to the accumulation of PS II Ph— and Q—. Similarly, the drop in
the transient C intensity is caused by the decrease of the electrical component
of the electrochemical gradient (DF), and cation diffusion from thylakoids. It
is in fact, the indication of the dissipation of the electrochemical gradient. Ki-
netic characteristics of these transients depend on the duration of the dark pe-
riod. The prolongation of the dark period leads to the decrease in the transient
C intensity and simultaneously to the increase in the transient D intensity.

The transient D of the chlorophyll DF induction curve appears, and there-
fore it is easily detected, only when its observation is performed outside of the
optimal temperature range (28°C < t < 16°C). Hence, this transient primarily
depends on the temperature. The transient D also depends on the electrochemi-
cal gradient, particularly on its proton component (DpH). The formation of the
electrochemical gradient relates to „energisation" of thylakoids, which are
dynamic entities whose structures and functional properties response to envi-
ronmental stimuli. Therefore, if the transient D amplitude increases, correspon-
ding changes in the thylakoids structure will occur in the course of protonation
and phosphorylation. In case of the transient D drop, changes in thylakoids
structure cause mutual nearing of photosystems I and II and alleviate the in-
tersystem electron transmission. It was determined that transients C and D can
be kinetically expressed by two consecutive chemical reaction of the first order
with different rate constants, Tab. 4 (R a d e n o v i ã et al., 1985).
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Tab. 4. — Rate constants of chemical reactions in the thylakoid membrane of the intact leaf of
maize inbreds and hybrids for transients C and D of delayed chlorophyll fluorescence induction
processes at 25°C

Intact leaf of maize
inbreds and hybrids

Rate constants of chemical reactions
Transient C Transient D

ZPDC 370 kC1 = 5,13 x 10—3s—1 kD1 = 3,98 x 10—3s—1

kC2 = 2,41 x 10—3s—1 kD2 = 2,04 x 10—3s—1

ZPSC 46A kC1 = 5,41 x 10—3s—1 kD1 = 4,88 x 10—3s—1

kC2 = 6,13 x 10—3s—1 kD2 = 2,10 x 10—3s—1

ZPSC 704 kC1 = 2,60 x 10—3s—1 kD1 = 3,70 x 10—3s—1

kC2 = 8,30 x 10—3s—1 kD2 = 3,20 x 10—3s—1

ZPSC 71 kC1 = 2,82 x 10—3s—1 kD1 = 3,55 x 10—3s—1

kC2 = 3,16 x 10—3s—1 kD2 = 4,28 x 10—3s—1

ZPR70ÿ kC1 = 4.80 x 10—3s—1 kD1 = 3.50 x 10—3s—1

kC2 = 6.10 x 10—3s—1 kD2 = 3.20 x 10—3s—1

Oh 43 kC1 = 5.10 x 10—3s—1 kD1 = 4.60 x 10—3s—1

kC2 = 6.30 x 10—3s—1 kD2 = 2.90 x 10—3s—1

The stationary level is regularly established in the course of recording of
all induction signals of delayed chlorophyll fluorescence. In case of its dissi-
pation, this level is designated as the transient E. The stationary level of the
chlorophyll DF induction curve is established by the drop of the electrochemi-
cal gradient across the thylakoid membrane and it maintains the slow changes
in the intensity of the chlorophyll DF induction processes. Furthermore, the
stationary level of the chlorophyll DF induction curve generally rises with the
temperature increase. However, this level depends on the state of photosynthe-
tic structures in observed intact leaves of maize inbreds and hybrids. Under
particular conditions including effects of environmental factors, the transient E
can take oscillatory properties (R a d e n o v i ã et al., 1981).

The correlations of transients with oscillations in induction processes

Studies on oscillatory phenomena in biological systems, and especially in
photosynthetic structures, are relatively a novel subject matter. A great number
of issues within the field of oscillatory phenomena have been just set up, ini-
tiated or only processed to some extent. Namely, a matter of dispute concerns
the correlation of transients of chlorophyll DF induction processes with provo-
king and establishing instabilities, excited states, fluctuations and oscillations
in thylakoid membranes of segments of the maize intact leaf. Such a response
was obtained in maize inbreds and hybrids that were tolerant and resistant to
drought. The test plants were grown in pots with soil in the glass-house under
conditions of controlled and regulated air drought, lower relative humidity,
temperature and a reduced amount of water in the medium.

Studying chlorophyll DF induction processes in the intact leaf of maize
grown under common and physiological conditions the obtained response was
in a form of a chlorophyll DF induction curve in which transients were only
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partially expressed, Fig. 8. Instabilities, excited states, fluctuations and oscilla-
tions were not detected in them. However, if observed maize inbreds and
hybrids had been grown under conditions of weak air drought then fluore-
scence responses with rhythmical characteristics were obtained and signifi-
cantly differed from the common chlorophyll DF induction curve. Such a re-
sponse with the oscillatory characteristics of chlorophyll DF induction proces-
ses can have an excited state of the induction curve that remains within the
region of its stationary level, which can be affected by transients, Fig. 9.
Rhythms can occur in the form of fluctuations of the chlorophyll DF induction
curve and can be significantly affected by transients, Fig. 10. At the end, oscil-
lations of the chlorophyll DF induction curve can be expressed in a form of a
regular oscillation of the delayed chlorophyll fluorescence stationary level,
Fig. 11.

The correlation of transients of chlorophyll DF induction processes with
phenomena of instabilities, fluctuations and oscillations is difficult to explain.
However, it is believed that transients B, C and D initiate and provoke the sta-
ted phenomena (R a d e n o v i ã et al., 1981). Two explanations of their corre-
lations will be briefly presented in this paper. The first explanation is based on
the existence of structural and functional regulation within the system of chlo-
roplast of the maize intact leaf in the process of its formation. In other words,
this explanation is based on the existence of active reversible links in the
system functioning in the rhythmic fluctuating regime. It means that when a
photosynthetic apparatus of the intact leaf functions under conditions that it
depends on the environmental factors, a periodicity (rhythmicity) of the tem-
poral dependence of structural and functional parameters of the maize leaf
occurs.

The starting point of the second explanation is that the phenomena of in-
stabilities, fluctuations and oscillations in the assumed liquid mosaic membra-
nous model can be correlated with the excited state of the thylakoid mem-
brane. The excited state of the thylakoid membrane implies complex confor-
mation changes, and by it, significant functional changes. Namely, proteins
migrate and oscillate on the surface of the thylakoid membrane (changes in the
surface charge density) and provoke transport process of K+, Na+, H+ and Cl—

(R a d e n o v i ã, 2001). It is quite possible to expect that changes in ions
within and across the thylakoid membrane reflect on the stability of the statio-
nary level of the chlorophyll DF induction curve in such a way that it acquires
properties of the oscillator. It should also be mentioned that one of the
pathways of normalising the structure and function of the excited thylakoid
membrane leads via the process of phospholipid oxidation, and then via a pro-
cess of resynthesis of non-oxidative products. These facts are also favoured by
the information that the active transport and passive exit of cations and anions
are closely related to the periodicity of the hydrolysis and resynthesis of
phospholipids, as well as, that they affect activities of macroenergetic com-
pounds (ATP and ADP) in the thylakoid membrane, which can express insta-
bilities, fluctuations and can assume the property of the oscillator and therefore
it can transmit them on the chlorophyll DF induction processes (R a d e n o -
v i ã et al., 1981; R a d e n o v i ã, 2001).
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CONCLUSION

According to gained and presented results it can be concluded that the
improved photosynthetic-fluorescence method can be successfully applied in
the studies on chlorophyll DF induction processes that are resolved into tran-
sients A, B, C, D and E and in which oscillations can be generated.

The interdependence of oscillations and induction transients A, B, C, D
and E occurs in the intact leaves of studied maize inbreds and hybrids grown
in the glass-house under different conditions of controlled and regulated air
drought, different % of relative humidity, temperature effects and the water de-
ficiency in the medium.

The following properties of the chlorophyll DF induction processes were
determined: this study presents conditions under which standard induction pro-
cesses of chlorophyll DF were established in the intact leaf of maize inbreds
and hybrids and conditions under which the induction signal resolved into
transients. The existence of transients A, B, C, D and E was identified. Tem-
poral, physical and chemical parameters for stated transients were shown in
the present study. Mechanisms of their occurrence were explained.

The following properties of oscillations of the chlorophyll DF induction
processes were determined: this study presents conditions under which the
exited state occurred, fluctuations appeared and oscillations were established in
the thylakoid membrane of the intact leaf of maize inbreds and hybrids; the
hypothesis on the mechanism of the generation of oscillations; the interdepen-
dence of the generation of oscillations and transients of chlorophyll DF induc-
tion processes was explained in the present study.
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REAKCIJE NA DELOVAWE VIŠIH TEMPERATURA I SUŠE
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Rezime

U ovom radu ostvaruje se primena poboqšanog fotosintetiåno-fluore-
scentnog metoda u prouåavawu sloÿenih indukcionih procesa zakasnele fluo-
rescencije (ZF) hlorofila, koji su razloÿeni na tranzijente: A, B, C, D i E i
kod kojih mogu da nastanu oscilacije. Meðuzavisnost oscilacija i indukcionih
tranzijenata: A, B, C, D i E javqa se kod intaktnih listova linija (ZPR 70ÿ i
Oh 43) i hibrida (ZPDC 360, ZPSC 46A, ZPSC 704 i ZPSC 71) kukuruza koji
su gajeni u staklari u uslovima razliåite vazdušne suše, delovawa viših tem-
peratura i deficita vode u podlozi.

25



Posebno se ukazuje na uslove pri kojima dolazi do uspostavqawa standard-
nih indukcionih procesa ZF hlorofila. Daje se kraãi opis standardne induk-
cione krive ZF hlorofila. Znatno detaqnije daju se eksperimentalni rezulta-
ti o razlagawu indukcionih procesa ZF hlorofila na tranzijente: A, B, C, D i
E. Pokazani su vremenski i fiziåko-hemijski parametri za prouåavane induk-
cione tranzijente. Objašweni su wihova priroda i mehanizmi nastajawa.

Utvrðene su karakteristike i mehanizam nastajawa oscilacija indukcio-
nih procesa ZF hlorofila. Dati su uslovi pri kojima dolazi do pojave pobuðe-
nog stawa, nastajawa fluktuacija i uspostavqawa oscilacija indukcionih pro-
cesa ZF hlorofila u tilakoidnoj membrani intaktnog lista linija i hibrida
kukuruza. Izneta je hipoteza o mehanizmu nastajawa oscilacija. Objašwena je
meðuzavisnost uspostavqawa oscilacija i tranzijenata indukcionih procesa
ZF hlorofila.
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