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L k%

J.KUTIK', D. HOLA"™, A. VICANKOVA’, M. SMIDOVA', M. KOCOVA™, M. KORNEROVA",
and L. KUBINOVA*

Department of Plant Physiology” and Department of Genetics and Microbiology”,

Faculty of Sciences, Charles University, Vinicnd 5, CZ-128 44 Praha 2, Czech Republic

Physiological Institute, Academy of Sciences of the Czech Republic,

Videriskd 1083, CZ-142 20 Praha 4, Czech Republic+

Abstract

Differences in ultrastructural parameters of mesophyll cell (MC) chloroplasts, contents of photosynthetic pigments, and
photochemical activities of isolated MC chloroplasts were studied in the basal, middle, and apical part of mature or se-
nescing leaf blade of two maize genotypes. A distinct heterogeneity of leaf blade was observed both for structural and
functional characteristics of chloroplasts. In both mature and senescing leaves the shape of MC chloroplasts changed
from flat one in basal part of leaf to nearly spherical one in leaf apex. The volume density of granal thylakoids decreased
from leaf base to apex in both types of leaves examined, while the amount of intergranal thylakoids increased in mature
leaves but decreased in senescing leaves. The most striking heterogeneity was found for the quantity of plastoglobuli,
which strongly increased with the increasing distance from leaf base. The differences in chloroplast ultrastructure were
accompanied by differences in other photosynthetic characteristics. The Hill reaction activity and activity of photosys-
tem 1 of isolated MC chloroplasts decreased from leaf base to apex in mature leaves. Apical part of senescing leaf blade
was characterised by low contents of chlorophyll (Chl) a and Chl b, whereas in mature leaves, the content of Chls as
well as the content of total carotenoids (Car) slightly increased from basal to apical leaf part. This was reflected also in
the ratio Chl (a+b)/total Car; the ratio of Chl a/b did not significantly differ between individual parts of leaf blade. Both
genotypes examined differed in the character of developmental gradient observed along whole length of leaf blade.

Additional key words: chloroplast development; chloroplast dimensions; electron microscopy; Hill reaction activity; peripheral re-
ticulum; photosynthesis; photosystem 1 activity; plastoglobuli; thylakoids.

Introduction

Changes in chloroplast structural or functional character-
istics during the development of leaf blade have been
often studied in grasses (e.g., Triticum, Hordeum, Zea). A
gradient of chloroplasts with respect to their develop-
mental stage has been usually found along whole length
of developing leaf blade, with the youngest ones in basal

part and mature, photosynthetically fully active chloro-
plasts in leaf apex. The various stages of chloroplast
development can be characterised by changes in chloro-
plast ultrastructure, especially as regards their inner
membrane system (see Kutik 1998 for review). Basal part
of young leaves usually contains plastids with prolamel-
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lar bodies, which are subsequently transformed into im-
mature, pre-granall chloroplasts with a simple thylakoid
system. In some cases, these young plastids contain
starch inclusions and can be therefore denoted as amylo-
plasts (Wellburn et al. 1982, Chonan et al. 1991). Degra-
dation of starch and synthesis of various components of
photosynthetic apparatus is typical phenomenon associ-
ated with the development of immature plastids into
mature, photosynthetically fully active chloroplasts found
usually in parts of leaf blade more distant from leaf base
(Wellburn et al. 1982). Transcription activity of chloro-
plast genes as well as the content of cpDNA increases
from basal to middle part of developing leaves of some
plant species, whereas in other species a further increase
from middle to apical part has been also observed (Law-
rence and Possingham 1986). In C4 plants, which are
characterised by typical dimorphism of mesophyll (MC)
and bundle sheath (BSC) chloroplasts, the diversification
of chloroplast ultrastructure begins at leaf apex and
gradually continues with the chloroplast development
toward leaf base (Rascio et al. 1984, Nishioka er al. 1993,
and others).

The majority of these studies, however, concentrated
on the young leaves, whose growth is still unfinished.
This is why we tried to find out whether the ultrastruc-
tural changes associated with the developmental gradient
observed in young leaves are conserved also in mature,
non-growing, or even senescing leaves. To our knowl-
edge, such heterogeneity of chloroplast ultrastructure
with respect to various parts of mature or senescing leaf
blade has not yet been studied. Gradients in anatomical

Materials and methods

Plants: The ultrastructural characteristics of MC chloro-
plasts together with their photochemical activity and the
contents of photosynthetic pigments in leaves were stud-
ied in two maize (Zea mays L.) genotypes: inbred line
2023 and its F1 hybrid 2023xCE810. Two sets of ex-
periments (i.e., ES 1 and ES 2) were performed with
similar experimental pattern. Seeds, obtained from Maize
Breeding Station CEZEA in Cej¢ (Czech Republic), were
sown to low planting dishes with soil and placed in the
growth chamber (Klimabox RKI-007, KovodruZstvo
Slany, Czech Republic) at day/night regime 16/8 h, irra-
diance 470/0 (ES 1) or 230/0 (ES 2) umol m? s (PAR),
temperature 25/16 °C, and relative air humidity 70/80 %.
50-60 plants represented each genotype.

The mature, non-growing third leaf (numbering from
coleoptile as the leaf 0) has been studied in both experi-
mental sets. In ES 1, plants were 27-28 d old; however,
since their leaves have already started to show various
symptoms of senescence, the age of plants used for ES 2
was lowered to 23-24 d, and the irradiance was also re-
duced. The leaves were taken three hours after beginning
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characteristics (e.g, stomata density or epidermal cell
size) on mature leaf blade area are known for a long time
(for review see, e.g., Tichd 1985). Several studies dealing
with the differences in net photosynthetic rate, contents of
photosynthetic pigments, or activities of pigment-protein
complexes of thylakoid membranes with respect to het-
erogeneity of mature (or, in some cases, senescing) leaf
blade were also published. The amount of photosynthetic
pigments and pigment-protein complexes of thylakoid
membranes usually increases with the increasing distance
from leaf base. This applies also for the activity of these
complexes and the net photosynthetic rate (Wellburn et
al. 1982, Lebedev ef al. 1986, Bredenkamp and Baker
1988, Davies ef al. 1989, 1990, Hew et al. 1998, and
others). For comprehensive review on various changes in
photosynthetic characteristics associated with leaf devel-
opment see, e.g., Catsky and Sestak (1997) or Sestdk and
Siffel (1997).

The aim of this work was therefore to determine pos-
sible differences in ultrastructure of chloroplasts in three
parts of mature and senescing leaf blade of maize, and to
analyse the relationship between these structural pa-
rameters and various photosynthetic characteristics of
mesophyll chloroplasts. Another object of our study was
to ascertain whether the genotypic variability found for
many photosynthetic characteristics reflects not only in
chloroplast development during leaf ontogeny (Kutik er
al. 1999) but also in the differences of chloroplast struc-
tural and functional parameters along the length of leaf
blade.

of light period, the midrib was excised, and the leaf blade
was cut into three parts of approximately equal length,
referred to as ‘basal’, ‘middle’, and ‘apical’ part. The
samples for the analysis of MC chloroplast structure and
function, the photosynthetic pigment contents, and the
dry matter were prepared from each third of leaf blade.

Chloroplast ultrastructure: Four plants of each geno-
type were used for electron microscopic and stereological
evaluation following the standard procedure described in
Kutik ef al. (1999). This procedure consisted of double
fixation of leaf blade samples with glutaraldehyde fol-
lowed by osmic acid treatment, their dehydration through
ethanol series, and embedding into Spurr’s low viscosity
resin, Chloroplast ultrastructure was evaluated on trans-
verse ultrathin sections of embedded objects contrasted
with uranyl acetate solution, followed by lead citrate
solution treatment. The transmission electron microscope
Philips EM 300 (the Netherlands) was used at primary
magnifications of about 7 000x. On electron micropho-
tographs, at final magnifications of about 30 000x, chlo-
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roplast cross section’s length and width were determined
together with the volume densities of individual chloro-
plast compartments. Relative partial volumes of granal
and intergranal thylakoids, peripheral reticulum, starch
inclusions, plastoglobuli, and stroma (including the space
between the outer and inner envelope membranes) were
evaluated using morphometric grids with regularly dis-
tributed points. Five chloroplasts were analysed for each
leaf sample.

Photochemical activity of isolated chloroplasts: The
isolation of MC chloroplasts from three parts of maize
leaf blade was performed as described in Kérnerova and
Hol4 (1999). 18 to 20 plants were usually needed to get
sufficient amount of leaf tissue. Photochemical activity of
isolated chloroplasts was measured polarographically as
Hill reaction activity (HRA) and photosystem 1 (PS1)
activity, i.e., the amount of oxygen formed (or, in case of
PS1 activity, consumed) by the suspensions .of isolated
chloroplasts irradiated by “white light” (800 pmol m? s™,
PAR) after the addition of artificial electron acceptors or
donors. In case of HRA, 7 mM K;[Fe(CN)¢] served as
artificial electron acceptor whereas 0.15 mM reduced
DCPIP as electron donor, 0.1 mM methylviologen as
electron acceptor, and 0.1 mM DCMU as PS2 activity
inhibitor were used for measurement of PS1 activity.
Each sample was measured four to eight times and the
values were expressed per leaf area unit (LAU), dry mat-

Results

Differences between experimental sets: The habit and
growth pattern of plants was similar in both experimental
sets. At the beginning of measurement of photosynthetic
characteristics the plants usually had four leaves, but the
fourth leaf was not yet fully developed. The third leaf,
used for the analysis of structural and functional charac-
teristics of MC chloroplasts, was therefore the youngest
one whose growth has been already completed. Its exter-
nal appearance, however, strongly differed between both
experimental sets. In ES 1, the apical part showed yellow
or yellow-green colour and (in 2023xCE810) its extreme
tip began to dry. Yellowing of leaf blade as the visible
symptom of senescence was also apparent in the middle
part; it was more accentuated in the hybrid compared to
the parental genotype. In ES 2, on the other hand, the
entire leaf was green, photosynthetically fully active, in
both genotypes studied.

The external differences between experimental sets in
the third leaf appearance were accompanied by the differ-
ences in photosynthetic characteristics. With the excep-
tion of total Car content, the volume density of starch
inclusions in MC chloroplasts and the DMA, the values
of all other structural and functional characteristics ex-
amined significantly differed between ES 1 and ES 2

ter unit (DMU), or chlorophyll content unit (CCU), andr
time unit.

Contents of photosynthetic pigments: Six leaf discs,
each corresponding to 0.5 cm?, were cut into small pieces
which were put into 10 cm® of N,N-dimethylformamide
and stored in a dark and cool place. After 2 d, Chl g,
Chl b, and total carotenoids (Car) content in the extracts
was determined spectrophotometrically (Spekol 211, Carl
Zeiss, Jena, Germany) (Porra et al. 1989, Wellburn 1994).
Each genotype/part of leaf blade was represented by six
samples and the values were expressed per LAU or
DMU. The Chl (a+b) content and the ratios of Chl a/b
and Chl/Car were also evaluated.

Dry matter expressed per leaf area unit (DMA): Eight
samples, each containing six 0.5 cm? leaf discs (usually 1
to 2 discs per one plant), were taken from each part of
leaf blade analysed. They were fully dried and their mass
was determined on analytical balance (Sartorius, Ger-
many) with precision 0f 0.03 mg.

Statistical treatment: Statistical significance of differ-
ences in photosynthetic characteristics between various
parts of leaf blade as well as between genotypes or ex-
perimental sets was tested by one- or two-way analysis of
variance followed by Scheffe’s non-parametric test, using
the 5 % level of statistical significance as the critical one.

(Table 1). The MC chloroplasts analysed in ES 2 showed
greater volume density of both granal and intergranal
thylakoids, less plastoglobuli, and smaller peripheral

reticulum compared to ES 1. They were also more flat, as

shown by greater value of their length-to-width ratio
(Figs. 1 and 2). These structural differences were accom-
panied by the differences in photochemical activity (both
HRA and PS1) and Chl content: the values of these char-
acteristics were higher in ES 2 (Figs. 3 and 4).

The behaviour of ES 1 and ES 2 was not identical, as
proven by the statistically significant interaction between
genotypes and experimental sets (Table 1). Whereas in
ES 2 the hybrid showed lesser volume density of inter-
granal thylakoids compared to its parent (Fig. 2B), the
differences between both genotypes in ES 1 were not
statistically significant (Fig. 1B). Certain variation was
found also for granal thylakoids and plastoglobuli (espe-
cially in basal and middle parts of leaf blade), as well as
for the content of photosynthetic pigments, ratio Chl/Car,
and DMA. The most notable differences between both
sets of experiments in parent and hybrid behaviour were
recorded for the wvolume density of peripheral
reticulum(Figs. 1D, 2D) and PS1 activity (Figs. 3B, 4B).
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With the exception of HRA and PS1 activity .ex-
pressed per CCU, Chl/Car and Chl a/b ratios, DMA and
some ultrastructural characteristics of MC chloroplasts
(volume density of starch inclusions, stroma or granal
thylakoids), the interaction between experimental sets and

parts of leaf blade was also statistically significant (Table
1). This indicated that the differences in structural and
functional characteristics of MC chloroplasts between the
examined three parts of leaf blade, found in ES 1, were
unlike those observed in ES 2.

Table 1. The differences between experimental sets (ES), genotypes (G), and various parts of leaf blade (LP) in selected structural and
functional photosynthetic characteristics of maize leaves. Both experimental sets were analysed together. The statistical significances

for individual components of variation are shown.

0.63
0.60
0.57
0.54
0.54
0.70

0.55
0.11
0.61
0.60
0.31
0.06
0.84
0.96
0.86
0.04

0.16
0.49
0.38
0.01
0.88
0.13
0.21
0.50

Characteristic ES G LP ESxG ESxLP GxLP ESxGxLP
Photochemical activities of mesophyll chloroplasts
HRA (LAU) 0 001 0.03 065 0.02 0.14
HRA (DMU) 0 0 0 023 0 0.06
HRA (CCU) 0 007 034 017 0.22 0.07
PS1 (LAU) 0 027 0.02 002 0.01 0.71
PS1 (DMU) 0 029 0 077 0 0.83
PS1(CCU) 0 0 029 0© 0.52 0.60
Contents of photosynthetic pigments
Chl(a+b)(LAU) © 0 001 003 0 0.48
Chl (a+b) (DMU) 0 0 0 020 0 0
Chl a (LAU) 0 0 002 004 0 0.56
Chl a (DMU) 0 0 0 062 0 0.23
Chl b (LAU) 0 0 0 001 o0 0.20
Chl 6 (DMU) 0 0 0 0612 0 0
Car (LAU) 011 09 0 035 0 0.33
Car (DMU) 017 © 0 0.04 0.02 0.65
Chl /b 0.01 045 056 0.58 0.73 0.82
Chl/Car 0 0 0 0 0.09 0
Ultrastructure of mesophyll chloroplasts
TG 0 041 O 0.02 0.07 0.14
TI 0.01 001 021 0 0 0.55
TT 0 0.04 0 0.88 0.03 0.37
P 0 0 0 003 0 0
SI 027 0 031 023 0.11 0.52
PR 0 0 085 O 0 0.07
S 0 090 0.03 075 052 0.26
L/W 0 0 0 0.50 0.04 0.06
Dry matter expressed per leaf area unit
DMA 063 0 0 0.01 047 0.19

0.51

Differences between genotypes: Plants of the 2023x
CE810 genotype were slightly higher and had longer
leaves compared to 2023 in both experimental sets.
Structural and functional characteristics of MC chlo-
roplasts, as well as the contents of photosynthetic pig-
ments and DMA usually differed between those geno-
types. In some cases (especially in ES 1), this difference
depended also on the examined part of leaf blade, as
proven by the statistically significant interaction between
genotypes and leaf parts (Tables 1 and 2).

In ES 1, the parent and its hybrid did not show statis-
tically significant differences either in the amount of
granal, intergranal, or total thylakoids, or in the volume
density of chloroplast stroma. They differed, however, in
some minor chloroplast compartments. The hybrid was
characterised by greater volume density of plastoglobuli
and starch inclusions per MC chloroplast, and lower
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amount of peripheral reticulum (with the exception of the.
middle part of leaf blade) compared to the parental
genotype (Figs. 1D,E). The shape of MC chloroplasts in
2023xCE810 was also more flat, especially in basal or
middle part of leaf blade (Fig. 1F). In ES 2, on the other
hand, the shape of MC chloroplasts in both parent and
hybrid was similar, rather flat (Fig. 2F). The differences
between genotypes in the volume density of plastoglobuli
and starch inclusions were similar to those found in ES 1
(Fig. 2E). As for peripheral reticulum, the hybrid dis-
played noticeably greater amount of this chloroplast
component compared to 2023 in this set of experiments
(Fig. 2D). Inversely, the parental line showed signifi-
cantly more intergranal thylakoids compared to its hybrid
(Fig. 2B).

Comparison of parent and hybrid genotype with re-
spect to the photochemical activity of isolated MC chlo-
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roplasts showed that 2023 displayed higher HRA values
compared to 2023xCE810 in all three parts of leaf blade
examined (Figs. 34, 44). This difference was especially
pronounced in ES 1. The same phenomenon was recorded

for PS1 activity in this experimental set, while in ES 2 the

relationship between both genotypes was reverse (Figs.

3B, 4B).
Higher content of Chls a and & and higher Chl/Car

Table 2. The differences between genotypes (G) and various parts of leaf blade (LP) in selected structural and functional photosyn-
thetic characteristics of maize leaves. Each experimental set was analysed separately. The statistical significances for individual com-

ponents of variation are shown.

Characteristic First experimental set  Second experimental set
G LP GxLP G LP GxLP
Photochemical activities of mesophyll chloroplasts
HRA (LAU) 0 0.66 0.31 022 0.04 0.32
HRA (DMU) 0.01 047 0.26 0.01 0.01 0.20
HRA (CCU) 002 044 037 0.78 0.27 0.18
PS1 (LAU) 0 0.14 0.29 0.11 0.04 0.64
PS1 (DMU) 0 0.03  0.08 0.70 0.01 0.69
PS1 (CCU) 0.77 0.03 0.90 0.01 049 0.65
Contents of photosynthetic pigments
Chl (a+b) (LAU) 0 0 0.04 0.07 0.01 1.00
Chl (a+b) (DMU) 0 0 0.04 0 0 0
Chl a (LAU) 0 0.01 0.06 0.09 0.02 1.00
Chi a (DMU) 0 0 0.04 0 0 0.83
Chl b (LAU) 0 0 0.01 0.03 © 0.98
Chl 5 (DMU) 0 0 0.04 0 0 0
Car (LAU) 031 0.06 0.57 063 0 0.53
Car (DMU) 012 0 0.71 001 O 0.80
Chl a/b 041 050 074 0.89 0.91 0.99
Chl/Car 0 0.01 0.0l 0 0.12 0.26
Ultrastructure of mesophyll chloroplasts
TG 0.07 0.01 0.64 019 0 0.01
TI 070 0 0.26 0 0 0.88
T 035 0 0.93 0.06 0.05 0.06
P 0 0 0 001 O 0.44
SI 0.04 0.03 0353 0 0.71 0.79
PR 004 0 0 0 0 0.98
S 1.00 050 044 0.88 0.03 0.06
L/w 0 0 0.03 010 0 0.34
Dry matter per leaf area unit
DMA 050 0 0.92 0 0 0.05

ratio in 2023 compared to 2023xCE810 was found in
both sets of experiments (Figs. 3D,E, 4D,E). However,
only in ES 1 the differences were statistically significant
for both types of Chl content expression (LAU or DMU);
they were also more pronounced than in ES 2. No signifi-
cant differences between genotypes were found for total
Car content {with the exception of Car per DMU in ES 2)
or for the Chl a/b ratio (Figs. 3F, 4F). As for DMA,
greater values in the hybrid genotype compared to the
parental line were observed only in ES 2 (Fig. 4C).

Differences between parts of leaf blade: In both ex-
perimental sets, the differences between individual parts
of leaf blade were statistically significant for most char-
acteristics examined (Tables 1 to 3). Certain general

observations were made, concerning mainly various
structural characteristics, DMA, or the contents of photo-
synthetic pigments.

The shape of MC chloroplasts changed from rather
flat one in basal part of the leaf to more rounded one in
leaf apex (Figs. 1F, 2F). The difference in this parameter
between middle and apical part of leaf blade was statisti-
cally significant in ES 1 only (Table 3). In this experi-
mental set, many MC chloroplasts in leaf apex showed
various symptoms of advanced senescence, e.g., thyla-
koid breakdown or envelope membrane rupture. This was
characteristic especially for the hybrid 2023xCE810.

The volume density of plastoglobuli increased from
middle to apical part of leaf (Figs. 1E, 2E). The amount
of starch did not change with increasing distance from
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Table 3. Differences between basal (B), middle (M), and apical (A) parts of leaf blade in selected structural and functional photosyn-
thetic characteristics of maize genotypes 2023 (I) and 2023xCE810 (H). Each experimental set was analysed separately. The statisti-

cal significances as determined by Scheffe’ test are shown.

Characteristic First experimental set Second experimental set
B-M B-A M-A B-M B-A M-A
I H I H 1 H I H I H I H
Photochemical activities of mesophyll chloroplasts
HRA (LAU) 095 016 076 006 061 050 001 070 O 073 007 1.00
HRA (DMU) 08 09 040 . 048 064 060 001 047 O 038 007 097
HRA (CCU) 093 012 073 015 055 095 009 099 003 097 029 093
PS1 (LAU) 037 033 095 013 049 058 063 021 044 006 091 040
PS1 (DMU) 045 021 009 056 026 058 029 012 017 004 082 028
PS1 (CCU) 022 031 09 08 025 020 100 08 .09 013 099 022
Contents of photosynthetic pigments
Chl (a+b) (LAU) 070 047 091 001 049 O 0 038 0 027 0 0.92
Chl (a+b) (DMU) 001 007 002 05 050 009 004 010 O 0.09 001 0.02
Chl a (LAU) 072 051 089 001 049 O 0 041 0 030 0 0.94
Chl a (DMU) 001 007 002 094 044 009 O 023 0 012 013  0.74
Chl 6 (LAU) 06t 038 098 002 053 001 O 025 0 015 006 086
Chl b (DMU) 001 007 001 08 08 010 002 009 ©0 009 001 0.01
Car (LAU) 044 016 077 015 078 099 0 017 0 007 0 0.52
Car (DMU) 0 002 001 001 079 091 O 011 0 004 007 035
Chl a/b 06t 087 097 098 073 095 098 100 092 099 08 0.9
Chl/Car 081 069 095 0 095 001 075 072 042 024 021 0.50
Ultrastructure of mesophyll chioroplasts
TG 099 072 006 0.60 008 020 O 077 ¢ 0 09 0
Tl 0.14 004 002 O 066 034 032 082 0 0 0.01 0.03
TT 052 065 O 003 004 022 098 009 007 062 011 046
P 033 012 0 0 0 0 010 057 0 0 0 0
SI 076 092 0.02 056 010 081 014 088 100 097 014 0.7
PR 081 0 003 027 012 001 004 016 003 010 1.00 0.97
S 079 093 021 099 055 097 004 093 053 008 036 0.16
L/W 0 0 0 0 005 0 0 0 0 0 057 0.54
Dry matter per leaf area unit
DMA 001 011 001 010 09 099 004 002 003 001 084 049

leaf base; the same applied to the volume density of chlo-
roplast stroma except for the statistically significant dif-
ference between basal and middle part observed in 2023
in ES 2 (Table 3, Figs. 1C, 2C). The volume density of
granal thylakoids slightly diminished from basal to apical
part of leaf blade. The lowest amount of granal tflylakoids
was observed in leaf apex, while the difference between
basal and middle part was usually less pronounced (Figs.
14, 2A4). However, there were some differences between
experimental sets or genotypes (Table 3). As regards
intergranal thylakoids, the values clearly differed between
experimental sets. In ES 1, the basal part of leaf was
characterised by the highest volume density, while in ES
2 it displayed the lowest volume density of these thyla-
koids (Figs. 1B, 2B). The MC chloroplasts in this part of
leaf blade also showed the lowest (in ES 1) or the highest
(in ES 2) content of peripheral reticulum (Figs. 1D, 2D),
respectively.

No statistically significant differences in photo-
chemical activities of MC chloroplasts were found in
ES 1 (Table 3). However, in ES 2, the basal part of leaf
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blade in the parental line displayed the lowest HRA com-
pared to the middle or apical part (Fig. 24). The differ-
ences in PS1 activity were usually statistically insignifi-
cant in either experimental set (Table 3).

The contents of Chls ¢ and & and total Cars in fully
developed, non-senescing leaves (i.e., those analysed in
ES 2) increased from basal to apical part of leaf blade
(Fig. 4D-F). However, the differences between leaf parts
were statistically significant in the parental line only
(Table 3). No differences between various parts of leaf
blade in Chl or Car content per LAU were observed in
senescing leaves (ES 1) 0f 2023 genotype, but the apex of
2023xCE810 leaves showed significantly lower contents
of Chls compared to their basal or middle part (Table 3,
Fig. 3D,E). When the content of photosynthetic pigments
was expressed per DMU, the results were similar to those
found in ES 2 (Table 3). The Chl/Car ratio or Chl a/b
ratio did not differ between individual parts of leaf blade
in either of genotypes examined (Table 3). The highest
DMA was found for leaf base both in 2023 and
2023xCE810 (Figs. 3C, 40).
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Fig. 1. Structural characteristics of mesophyll chloroplasts in
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blade (experimental set 1) of two maize genotypes (hatched
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Fig. 2. Structural characteristics of mesophyll chloroplasts in
basal (B), middle (M), and apical (A) part of mature leaf blade
(experimental set 2) of two maize genotypes (hatched bars —
2023, solid bars — 2023xCE810). Means + standard error of
mean (SEM).
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Fig. 3. Photochemical activities of mesophyll chloroplasts,
contents of photosynthetic pigments, and dry matter expressed
per leaf area unit (DMA) in basal (B), middle (M), and apical
(A) part of senescing leaf blade (experimental set 1) of two
maize genotypes (hatched bars — 2023, solid bars -
2023xCE810). Means + standard error of mean (SEM).
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Fig. 4. Photochemical activities of mesophyll chloroplasts,
contents of photosynthetic pigments, and dry matter expressed
per leaf area unit (DMA) in basal (B), middle (M), and apical
(A) part of mature leaf blade (experimental set 2) of two maize
genotypes (hatched bars — 2023, solid bars — 2023xCE810).
Means + standard error of mean (SEM).
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Discussion

Our study of MC chloroplasts in maize leaves showed
that the chloroplast structural and functional characteris-
tics in various parts of leaf blade were heterogeneous
both in mature and senescing leaves. The chloroplasts
from leaf apex were characterised by various parameters
usually associated with advanced development, while
those localised in basal part of leaf blade were clearly
younger. This observation applied to both mature and
senescing leaves. In both types of leaves, an increasing
volume density of plastoglobuli was observed from basal
to apical part of leaf blade: the changes were more abrupt
in senescing leaves. This increase in plastoglobuli num-
ber or volume (or both) is a sign of advancing chloroplast
senescence, as the products of breakdown of thylakoid
lipids are probably accumulated in this compartment
(Kutik et al. 1993, Ram et al. 1994, Kutik 1985, 1998,
Hudak 1997).

Another symptom associated with development of
mature chloroplasts and their gradual conversion to ge-
rontoplasts, or senescing chloroplasts, is the change of
chloroplast shape and dimensions (Somersalo and Aro
1987, Hashimoto er al. 1989, Chonan et al. 1991, Ono et
al. 1995, Kutik 1998, Kutik ez al. 1999). Senescing leaves
of maize examined in our study contained smaller chlo-
roplasts in mesophyll cells compared to non-senescing,
mature leaves. A gradual transformation of flat chloro-
plasts found in leaf base to more rounded ones in middle
or apical part of leaf blade was also observed. This phe-
nomenon is characteristic for advanced developmental
stage of these organelles (Kutik et al. 1999). In senescing
leaves, MC chloroplasts of leaf apex were often de-
formed, with ruptured envelope and broken thylakoid
membranes. These chloroplasts could be regarded as the
final stage in the chloroplast development (Hudak 1997).

Certain interesting differences in the organisation of
thylakoid membranes were also found in MC chloroplasts
from various parts of leaf blade. Contrary to the increase
of size and amount of granal thylakoids often described
for young, growing leaves (Kutik 1998), we observed a
slightly decreasing gradient from leaf base to apex for
chloroplasts both in mature and senescing leaves. This is
in good agreement with general trend depicted in many
other developmental studies: once the mature, photosyn-
thetically fully active chloroplasts with large grana are
formed, the size of this chloroplast compartment slowly
decreases, thylakoid membranes dilate and finally break
up (Kutik et al. 1988). It can be therefore concluded that
the chloroplasts of leaf apex analysed in our study are
characterised by more advanced developmental stage
compared to those from basal part of leaf blade. As for
intergranal thylakoids, our observation that even in ma-
ture, fully developed and non-growing leaves their
amount increases with the increasing distance from leaf
base is fairly interesting. In senescing leaves, the volume
density of both granal and intergranal thylakoids de-

504

creased with the increasing distance from leaf base which
shows that MC chloroplasts have already undertaken
further step toward their senescence.

No significant changes associated with the heteroge-
neity of leaf blade were found in the volume of chloro-
plast stroma. The same applied to the amount of starch
inclusions, which was extremely small; the differences
between various parts of leaf blade in the volume density
of this chloroplast compartment were usually statistically
insignificant. It might be interesting to compare the num-
ber and size of starch inclusions along the whole leaf
blade in MC and BSC chloroplasts: the ultrastructure of
BSC chloroplasts from our experiments is presently
evaluated and preliminary results of this analysis have
already been published (Vicankovd er al 2000). We
found interesting differences for the peripheral reticulum:
its amount in mature leaves decreased with the increasing
distance from leaf base, but in senescing leaves a reverse
trend was observed. The role of peripheral reticulum in
chloroplasts is still far from being fully solved; it is pre-
sumed that this compartment (often found in C4 plants) is
involved in various metabolic and transport processes not
directly associated with photosynthesis (e.g, Hudak
1997). We can therefore only speculate that the intensity’
of metabolite efflux from chloroplasts in leaf apex of
senescing leaves increased before their final degradation.

The heterogeneity in MC chloroplast ultrastructural
parameters observed in various parts of leaf blade was in
some cases also accompanied by differences in other
photosynthetic characteristics. The content of Chls in
mature leaves increased from leaf base to apex, while in
senescing leaves this trend was reverse, which is in ac-
cord with the findings of other authors (Davies et al.
1989, 1990). The content of total Cars increased from
basal to middle part of mature, non-senescing leaf blade;
no further changes were detected either from middle to
apical part of mature leaf blade or in senescing leaves,
similarly to Wellburn et al. (1982). Lower Chl a/b ratio in
senescing leaves compared to mature ones could be at-
tributed to more abrupt decrease in the amount of Chl g,
but no differences in this parameter along the length of
leaf blade were detected. The slower decrease in the
content of Chl & is rather interesting because this pigment
is associated with light-harvesting complexes, important
in thylakoid stacking (Jackowski and Kluck 1993). On
the other hand, Chl a is bound in large quantities to PS1
complexes, the number of which strongly decreases dur-
ing leaf senescence (Lebedev et al. 1986), while PS2 or
light-harvesting complexes account for much lesser
amount of Chl a. These results are thus in good agree-
ment with our findings that the reduction in PS1 activity
observed in senescing leaves compared to mature ones
was more abrupt than the reduction in HRA (which is a
measure of PS2 activity). As for various parts of leaf
blade, the decrease of photochemical activities of MC
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chloroplasts observed from basal to apical part of se-
nescing leaf blade was not statistically significant, due
probably to rather large residual variation in those char-
acteristics. On the other hand, an increase both in HRA
and (though insignificant) in PS1 activity was observed
with an increasing distance from leaf base in mature
leaves, similarly to the findings of Webber et al. (1986)
or Bredenkamp and Baker (1988) in Triticum.

The differences in structural and functional photo-
‘synthetic characteristics observed between both examined
genotypes, as well as the presence of statistically signi-
ficant interaction between genotypes and leaf parts or
genotypes and experimental series can be attributed to the
faster development of the hybrid compared to its parental
inbred line. The lower content of Chls, lower photo-
chemical activity of isolated MC chloroplasts, greater
volume density of plastoglobuli and starch inclusions,
more developed peripheral reticulum in mature leaves—
all these parameters can be associated with more advan-
ced developmental stage of the 2023xCE810 genotype.
The apparent discrepancy in observation that MC chloro-
plasts of both genotypes contain similar amount of thyla-
koid membranes while the activities of PS1 and PS2 in
senescing leaves are lower in the hybrid than in the par-
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