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ABSTRACT: A hypothesis that elite erect leaf maize inbred lines are characterized
by properties of an efficient photo-model and that as such are very desirable in increasing
the number of plants per unit area (plant density) in the process of seed production has been
confirmed in the present study.

The properties of the observed elite erect leaf maize inbred lines were based on the
effects and characteristics of thermal processes of delayed chlorophyll fluorescence occur-
ring in their thylakoid membranes. The temperature dependence of the delayed chlorophyll
fluorescence intensity, the Arrhenius plot for the determination of phase transitions (critical
temperatures) and activation energy are the principal parameters of the thermal processes.

Based on the obtained results on photosynthetic properties it was also possible to esti-
mate the tolerance and adaptation of elite erect leaf maize inbred lines to high temperatures
and drought.
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scence

INTRODUCTION

This study considers two evident facts from the most recent history of
maize breeding and seed production in our country. The first one is with a
plus sign, based on the results of maize breeding and seed production that
have been intensively developing during the last 50 years. As a result of these
activities, approximately a thousand grain and silage maize hybrids were deve-
loped; at the same time, conditions necessary for a highly developed seed pro-
duction had been provided: drying and processing plants, choice of land, irri-

* This paper is contributed to the memory and long reminiscence of a countenance and de-
eds of Dr. Jovan Smiljakovi¢’s.
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gation systems, sufficient quantity of basic seed and qualified staff (Duvick,
1984; Trifunovié, 1986; Ivanovid etal., 1995; Radenovié and
Somborac, 2000). Regardless of such a colossal success in maize breeding
and seed production, eagerness and enthusiasm of the total research body did
not slow down. The search for new methods and exact approaches in the com-
pletion and enrichment of the research within maize breeding and seed produc-
tion was continued. The other fact, with a minus sign, is related to the interre-
lation between photosynthesis and maize seed production. Although photosyn-
thetic processes are highly productive in their intensity, very complex in their
nature, and vastly studied in their scientific actuality, their application in maize
seed production is still insignificant. Such a state of affairs is probably a
consequence of the existence of several functional interrelations that unify con-
formational and dynamic changes within chloroplasts and their thylakoid mem-
branes on the one hand, and the effects of environmental stress factors on
them on the other.

Delayed chlorophyll fluorescence (DF) can be phenomenologically descri-
bed 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 after their intermittent illumination (Radenovié,
1992, 1994, 1997). DF was discovered by Strehler and Arnold (1951).
Important studies, especially those conducted over last 20 years (Jursinic,
1986; Veselovski and Veselova, 1990; Markovié et al, 1993,
1996) revealed a direct connection between DF and the photosynthetic pro-
cesses, in which DF was considered an unavoidable indicator — a sensitive
»probe” for experimental photosynthetic and bioluminescence studies (Rade-
novic etal, 1994a, 1994b; Radenovié¢ and Jeremié, 1996; Mar-
kovi¢ et al., 1987, 1999).

The objective of the present study was to determine general and photo-
synthetic properties of elite erect leaf maize inbred lines, which serve as an ef-
ficient photo-model, using a non-invasive photosynthetic and bioluminescence
method in maize breeding and seed production (Radenovié et al., 2000,
2001a, 2001b, 2002a, 2002b).

MATERIAL AND METHODS

A brief survey of the studied elite erect leaf maize inbred lines is given in
Table 1. The material selected for this study was grown at the experiment field
of the Maize Research Institute, Zemun Polje.

During July and August, maize plants were brought from the field to the
laboratory during morning hours (between 7 a. m. and 8 a. m.). During sam-
pling in the field, plants were transversely cut at the ground internode. In the
laboratory, plants were internode-lengthwise placed in water. Two hours prior
to the bioluminescence experiment, the plants were kept under the black ball
glass. A segment of ear intact leaves (or leaves just above the ear) was taken
from such plants and placed into a chamber of the phosphoroscope (Figure 1)
and kept in the dark for at least 15 minutes, and then DF was measured. The
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non-invasive photosynthetic bioluminescence method used to measure DF 1s
presented in Figure 1. This block scheme of the bioluminescence method was
developed at the Maize Research Institute, Zemun Polje. Measurements of
changes in DF intensities were performed after a method that had been descri-
bed, both in principle and detail, in previous papers (Radenovi¢, 1992,
1994, 1997; Radenovié et al, 2001a, 2001b, 2002a, 2002b; Marko-
vié et al., 1996).

Table 1. Description of elite erect leaf maize inbred lines

. . . FAO The axil
Ordinal ~ Designation of . - Ear leaf
number inbfr;ed lines maturity Origin between car area (cm?)
group leaf and stalk
1 ZpP PL 16 700 BS13(82)CO 31.60° 5260.30
2 ZP PL 111 600 Iowa SSS 32.10° 4986.80
3 ZPL 773 650 B73 rec 31.98° 4904.10
4 ZP PL 121 600 Mol7 x 25-10-1 32.50° 5320.20
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Figure 1. Experimental setup of the method and measuring equipment for delayed
chlorophyll fluorescence: C — dark chamber with a sample stand; s — sample (leaf segment),
filters, ELS — excitation light source, PH — photo-multiplier; O — oscilloscope,

R — printer, ELB — excitation light beam, DF — luminescent light,

IS — input chamber slot, OS — output chamber slot
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RESULTS

The results of photosynthetic properties of the elite erect leaf maize in-
bred lines, as optimal photo-models, are presented through five sections.

1. The measure of the axil and leaf area of the elite erect
leaf maize inbred lines

A specially designed protractor was used to measure the axil of each leaf
of the elite erect leaf maize inbred plants. The results of the measurements of
the axils (ranging from 31.60° to 32.50°) between the ear leaves and the stalks
are presented in Table 1. Average leaf areas of the elite erect leaf maize in-
breds are also presented in Table 1. It is clear that the leaf area has no proper-
ties that would particularly distinguish the studied elite erect leaf maize inbred
lines.

2. Parameters of thermal processes of the delayed chlorophyll fluorescence
in the studied elite erect leaf maize inbred lines

A detailed study on thermal processes of chlorophyll DF was carried out
for the elite erect leaf maize inbred lines. These processes were characterized
by time parameters in regard to the duration of conventionally sampled seg-
ments: a, b, ¢, d, e, f and g on the thermal curve of chlorophyll DF (Figure 2).
The results on time parameters of the chlorophyll DF thermal curve for the
stated segments are presented in Table 2. '

Table 2. Duration (in seconds) of segments on the thermal curve of delayed chlorophyll fluore-
scence for elite erect leaf maize inbred lines

Segment of Segment — MAIZE INBRED LINE Temper‘aturp‘ range
thermal curve designation LTgL ZEPIL %}7)2‘ ZIP;PIL thi?;glstzﬁlrlsg 1?;,;(:)
ig)‘g“i‘;‘:é‘;{n'yeve‘ of a >130  >130  >130  >130 1545
phitial t;‘;ﬁfy"m of b 460 488 496 448 15—45
D o amerase of c 150 162 166 138 1545
DE oy d 8 66 52 56 1545
DE e of e 132 120 126 138 15—45
EfCCD"{f‘;‘;'l‘fe‘iS‘i‘fy"re“se £ 19 102 9 88 15—45
Minimum level of 2% 2 18 24 15—45

DF intensity g
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Figure 2. Schematic presentation of typical changes of chlorophyll DF intensities in the
intact leaves of the observed elite erect leaf maize inbred lines (solid line) and changes of
temperatures (dashed line): curve A indicates induction processes of chlorophyll DF, while
curve B encompasses thermal processes of chlorophyll DF. Segments on the thermal curve
(a, b, ¢, d, e, f, g) are interception points in which conformational and functional changes

in the thylakoid membrane occur

3. Temperature dependence of the delayed chlorophyll fluorescence
intensity for the thylakoid membrane of the elite erect leaf
maize inbred lines

Figure 3a, b, c, d presents the changes in the intensity of the stationary
DF level in the function of temperatures ranging from 15°C to 45°C in the
thylakoid membrane of the following elite erect leaf maize inbred lines: ZPPL
16, ZPPL 111, ZPL 7739 and ZPPL 121.

4. The Arrhenius plot for the determination of conformational
changes in the thylakoid membrane of the elite erect leaf
maize inbred lines

Figure 4a, b, ¢, d presents results of conformational changes that occurred
in the thylakoid membrane of the elite erect leaf maize inbred lines. These
changes were caused by the temperature impact on the intact leaf segment of
the following erect leaf maize inbred lines: ZPPL 16, ZPPL 111, ZPL 7739
and ZPPL 121.

S
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Figure 3 a, b, ¢, d. Changes of the intensity of the stationary chlorophyll DF level
in dependence of the temperature in the thylakoid membrane of intact leaves of the

elite erect leaf maize inbred lines
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Figure 4 a, b, ¢, d. Arrhenius plot for a change of the logarithm of intensity
of chlorophyll DF in dependence of the reciprocal values of temperatures
on the thylakoid membrane of the elite erect leaf maize inbred lines
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5. Activation energies and critical temperatures in the thylakoid
membrane of the elite erect leaf maize inbred lines

Activaiion energies and temperatures of phase transitions (critical tempe-
ratures) in the thylakoid membrane of the elite erect leaf maize inbred lines
ZPPL 16, ZPPL 111, ZPL 7739 and ZPPL 121 are presented in Table 3.

Table 3. Activation energies and temperatures of phase transitions in the thylakoid membrane of
the studied elite erect leaf maize inbred lines

ZPPL 16 ZPPL 111 ZPL 773 ZPPL 121
Ea o Ea o Ea o Ea of~
& moi-) P T g motty B CO L g oty e CO | g oy e €O
— 18.0 — 185 - 18.6 — 186
28.1 29.0 26.7 28.9 297 268 6.5 24.0
65.3 36.5 29.0 39.8 56.3 33.6 426 38.0
DISCUSSION

As already mentioned, the second half of the 20™ century will be remem-
bered, recognized and hardly excelled for the great success achieved in maize
breeding and seed production. This immense activity was based on a very
broad and complex program of maize breeding and seed production. Its goal
was clear and concrete — to provide the highest possible grain yield in the
newly developed maize hybrids and to provide a sufficient amount of quality
seed for the domestic and foreign markets. The number of plants per area unit
kept growing ever since 1980. This trend in maize breeding was referred to as
»plant density” program and it most directly affected further yield increase of
seed and commercial maize. In addition, a subprogram on maize breeding and
seed production of erect leaf maize inbred lines was established. In pursuance
of our hypothesis it was considered that these inbreds were closest to the pro-
jected photosynthetic model. These two subprograms of maize breeding and
seed production were not only complementary, but also they were considerably
expanded. Their implementation led to new results in both, maize breeding
and seed production. New hybrids with high grain and silage yields were de-
veloped (Ivanovié¢ and Stojnié, 1992; Ivanovié etal., 1995; Ko-
J1¢, 1993; Trifunovid, 1986, Duvick, 1984). Furthermore, seed pro-
duction volume and quality were improved, reaching the amount of 70,000
tons (Selakovic, 1999). In view of the above, it was quite expected for the
breeding and seed production program of erect leaf maize inbred lines to be
further expanded. A large number of erect leaf maize inbred lines, including
the inbreds ZPPL 16, ZPPL 111, ZPL 773 and ZPPL 121 that were the objects
of the present study, was in fact developed in an attempt to achieve the envisa-
ged objective and to confirm the proposed hypothesis on the photosynthetic
model.
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It was necessary to characterize in detail the photosynthetic properties of
the elite erect leaf maize inbred lines (Table 1). For that purpose, a non-invasi-
ve photosynthetic-bioluminescence method was applied (Radenovi¢ etal,
2001a, 2001b, 2002a, 2002b). The application of this method provided the
characterization of the studied elite erect leaf maize inbred lines in relation to
their resistance to both drought and high temperatures.

Actually, the temperature dependence of DF in all of the studied elite
erect leaf maize inbred lines is, to a certain extent, characterized only by
typical points on the thermal curve (Figure 2). The first typical point occurred
at the contact point of segment a and segment b and it was related to the
lowest critical temperature at which the initial change in DF intensity was ob-
served. The second typical point occurred at the contact point of segment b
and segment ¢ and it was related to linear monotony and the angle of the ri-
sing part of the DF intensity. Throughout the duration of this typical point,
evident changes in the structure of the thylakoid membrane occurred. The third
typical contact point reflected a smaller or greater rotundity of DF intensity
peaks. The ,breaking” conformational changes occurred at two interception
points of segments ¢ and d and segments d and e. The fourth typical contact
point was related to the linear monotony and the inclination angle of the decli-
ning part of the DF intensity. This segment bore the last conformational chan-
ges that had occurred in the thylakoid membrane. These changes can hardly be
described as characteristic for the of functioning of a living leaf segment. The
typical points designated f and g almost had no physiological role at all.

The observed typical points (Figure 2) can be considered as points that
characterize elite erect leaf maize inbred lines, especially as these points are
also points of possible conformational and functional changes in the thylakoid
membranes. This statement is in accordance with literature data (Vucini¢ et
al., 1982; Radenovié, 1992, 1994; Radenovié et al, 2001a, 2001b,
2002a, 2002b; Markovié et al., 1987).

All critical temperatures at which even the slightest conformational chan-
ges occurred in the thylakoid membranes of the studied elite erect leaf maize
inbred lines were determined by the Arrhenius criterion and the linearization
of the DF temperature dependence. The value of critical temperatures (°C),
their frequency and intermediate distance on the thermal curve, characterized
the elite erect leaf maize inbred lines in respect to their resistance and adapta-
tion to high temperatures. The Arrhenius criterion is based on the existence of
straight lines. Each Arrhenius straight line represents its activation energy (Ea).
The interception point of two straight lines is determined by a critical tempera-
ture. Each critical temperature is preceded by a certain value of activation
energy and then it is followed by another value of activation energy (Rade-
novié 1985, 1997; Markovi¢ etal, 1993, 1996; Radenovi¢ etal,
2001a, 2001b, 2002a, 2002b). The values of activation energies in the rising
and declining part of the thermal curve are explained by smaller or greater
conformational changes that occur in the molecules of the thylakoid membra-
nes with the temperature increase. Due to such changes these molecules beco-
me more reactive and thereby gain an additional energy that is used in the re-
combining process of DF occurrence (Table 3). This study was an attempt to
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show that there are elite erect leaf maize inbred lines having properties of an
efficient photosynthetic model and that as such, they are very desirable in the
process of contemporary selection and seed production.
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DOTOCUHTETUYHE KAPAKTEPUCTHUKE EJIMTHUX CAMOOIIOAHUX
JIMHWJA KYKYPY3A CA YCITPABHUM TTONOXAJEM JTUCTOBA U
HbUXOB JONTPUHOC ¥ YHANPEBEWY MPOU3BOAE CEMEHA

Yenomup H. Pamenosuh, 3apasko M. Xojka, [parojno M. Cenakosufi,
Muomy6 M. Muwosuh, Muinosan T. [asnos, Mune J1. CeuaHcku
UHetutyT 3a Kykypy3 ,,3emyH Ilome” Beorpan—3emyn, Cpbuja u LipHa Topa

Pe3ume

Y oBoM pany noTeplhyje ce Halla XMUTOTE3a Aa €JUTHE CAMOOILIONHE JIMHWjE Ky-
Kypy3a ca yCpaBHHUM [I0JIOXajeEM JIUCTOBA MMajy CBOJCTBO e(pUKacHOTr (POTOCHHTETHY-
HOT Mojena M J1a ce, Kao TaKBE, Y CEMEHapCTBY YCMELIHO KopucTe npu nopehiaBamy
Gpoja Gnbaka Ha jeAMHUUM TIOBPIIMHE (TycTHHA 6usbaka). OBa XMMOTe3a JOKA3aHa je
€r3aKTHOM MPUMEHOM HEHWHBAa3UBHOT (POTOCUHTETHYHO-OMOIYMHUHHUCLIEHTHOr METOAA
ca 3aKacHeaoM (lyopecueHuUMjoM Xxnopoduia, MOroAHOr 3a OUEHY epUKacHOCTH dho-
TOCUHTETUUHOT Mojea.

HobujeHe GOTOCUHTETUUHE KAPAKTEPUCTUKE €JTUTHUX CAMOOIUIONHUX JTHUHM]A Ky-
Kypy3sa: ZPPL 16, ZPPL 111, ZPL 773 u ZPPPL 121, ca ycnpasHuM nojoxkajeM Ju-
CTOBA, 3aCHOBAHE CY Ha eQEeKTUMA M NPUPOAM NMpPOMEHAa 3aKacHene (GUIyopecLeHLUje
xjopoduia Koje ce OLUrpaBajy y HUXOBUM TUIAKOMAHUM MeMbpaHama. ['naBHH moka-
3aTe/bU Cy TEMIEpaTypHa 3aBUCHOCT MHTEH3UTETa 3akacHese uiyopecUeHnje XI0po-
Gbuna, ApeHujycoB KpUTEpUjyM 3a yTBphuBarbe (GasHWX rpenasa (KPUTUYHE TeMrepa-
Type) y TMIAKOMIHUM MeMOpaHaMa W eHepruje akTuBalluje.

Yraphene poTocuHTETMUHE KapaKTepuCTHKe jolu oMoryhaBajy la ce mpoyuaBase
€JIUTHE CAMOOIUIOAHE JIMHUjE KyKypy3a ca YCTIPaBHHUM [10JIOXAjEM JIMCTOBA OLIEHE U
Ha IbUXOBY TOJEPAHTHOCT U afanrauujy npeMa JejloBatby BUCOKUX TEMIIEpaTypa Kao U
cyuie.
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