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Abstract

Influence of moderate chilling stress on vascular bundle sheath cell (BSC) and especially mesophyll cell (MC) chloro-
plasts of mature maize leaves was studied by electron microscopy and stereology. Plants of two inbred lines of maize,
differing in their photosynthetic activity, and their F, hybrids were cultivated during autumn in heated or unheated glass-
house. Generally, chilling temperatures resulted mainly in the decrease in stereological volume density (VD) of both
granal and intergranal thylakoids of MC chloroplasts, while the ratio of granal to all thylakoids (granality) was less af-
fected. The VD of peripheral reticulum and plastoglobuli usually increased after cold treatment of plants. The volume of
MC chloroplasts usually increased under chilling stress, the shape of the chloroplasts changed only slightly. The ultra-
structure of chloroplasts differed between individual genotypes; chilling-stressed hybrid plants showed positive heterosis
particularly in the granal thylakoids’ VD of MC chloroplasts.

Additional key words: bundle sheath cells; electron microscopy; genotypes; heterosis; intra-specific variability; mesophyll cells; peri-
pheral reticulum; plastoglobuli; stereology; thylakoids.

Introduction

Chloroplasts are of prime importance in the study of plant
response to various stress factors including low tempera-
ture. The changes in their ultrastructure are usually the
earliest visible symptoms of stress-induced injury in plant
cells. These changes often include chloroplast swelling,
depletion of starch, formation of peripheral reticulum,
thylakoid dilatation, and reduction of thylakoid granal
stacks (their three-dimensional structure is still a matter
of debate, see Arvidsson and Sundby 1999, Mustardy and
Garab 2003), and increase in the number and size of plas-
toglobuli (e.g. Mostowska 1997, Biswal and Biswal
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1999, Ciamporova and Trgitiova 1999, Hudak and Salaj
1999, Kratsch and Wise 2000).

Maize (Zea mays L.) is an ideal model plant for the
study of chloroplast ultrastructure. It possesses “dimor-
phic” chloroplasts (in MCs and BSCs) typical for plants
with C, type of photosynthesis that differ not only in the
type of photosynthetic reactions occurring there but also
in their size, ultrastructure, and contents of various photo-
synthetic proteins (e.g. Hudak 1997). As a plant with 18—
20 distinctive leaf insertion levels and well characterised
developmental stages (Ritchie et al. 1993) it can be with
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advantage used for the study of leaf age-specific differ-
ences in the chloroplast ultrastructure and photosynthetic
processes (Catsky and Sestak 1997). Moreover, maize be-
longs to the grass family and as such displays a distinc-
tive developmental heterogeneity in structural and func-
tional characteristics of chloroplasts along whole length
of leaf blade (such heterogeneity was observed not only
in young leaves, but in mature and senescing leaves as
well, see Kutik et al. 2001).

In a temperate climate, maize plants, which originate
from tropics, often suffer from chilling stress. This type
of stress usually occurs when the air temperature is sub-
stantially lower than the temperature optimum for given
plant species but does not yet decrease below zero. For
maize, the 14—15 °C is usually cited as the upper margin
of chilling stress-inducing temperature (e.g. Haldimann
1996, Verheul ef al. 1996, Lidon et al. 2001). As maize is
one of the world’s most important crops, the agricultural
losses due to chilling stress can be very substantial. This
is why various aspects of chilling stress have been
studied in this plant species. A great number of these
studies focused on photosynthesis and photosynthetic
organelles—chloroplasts (e.g. Robertson et al. 1993,
Ciamporova and Trgifiova 1996, Verheul et al. 1996,
Pinhero et al. 1999, Pastori et al. 2000, Fracheboud et al.
2002). However, substantially less studies deal with the
differences between maize hybrids (now almost ex-
clusively used in the commercial cultivation of this crop
species) and their parental inbred lines in the response of

Materials and methods

The seeds of all genotypes were obtained from Maize
Breeding Station CEZEA in Cej¢ (Czech Republic).
Plants were cultivated in planting dishes with soil, placed
at first in heated glasshouse (24-27/16-20 °C day/night)
till the appearance of the first leaf (i.e. 9-10 d from the
date of sowing). After that, seedlings were divided into
two groups; one remained in heated glasshouse (control),
the other group was transferred to another, unheated
glasshouse (chilling stress). Their cultivation then pro-
ceeded for four weeks in October, during which period
the temperature in unheated glasshouse gradually de-
creased from approx. 25 to 18 °C during day and from 13
to 8 °C during night (i.e. conditions of moderate chilling
stress). Plants were well watered with tap water, the rela-
tive humidity in both glasshouses was kept between 70—
100 %, and no additional irradiance was applied.

The plants developing under chilling conditions were
usually smaller and had fewer and shorter leaves com-
pared with the control ones (Hola er al. 2003). For this
reason, the fourth leaves (counting from the bottom, num-
bered from coleoptile as leaf zero) were usually sampled
from the control plants, whereas the samples representing
the stressed plants were taken from their third leaves. In
all cases, these leaves were mature (fully developed, not
growing further). According to Bongard-Pierce et al.
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photosynthetic apparatus to chilling stress (Fracheboud
et al. 1999, Du et al. 1999, Kdrnerova and Hola 1999,
Holé et al. 2003) and to our knowledge no one has as yet
tried to analyse these differences with respect to chloro-
plast ultrastructure.

The ultrastructure of MC and BSC chloroplasts was
studied in two maize (Zea mays L.) hybrid combinations,
2013xCE810 and CE704xCE810. Each hybrid combina-
tion comprised of the respective parental inbred lines and
their reciprocal F, hybrids. Parental line 2013 is charac-
terized by good photosynthetic and yield performance in
the field conditions, parental line CE810 shows also good
photosynthetic performance but rather delayed reproduc-
tive stage and poor seed yield, and parental line CE704 is
generally characterized by low stature and poor photosyn-
thetic performance. All four F; hybrids, and especially
CE704xCES810 and its reciprocal hybrid, display a positi-
ve heterotic effect in photosynthesis when grown in the
field conditions (Hola ef al. 1999).

Thus, the aim of the present work was to study the in-
fluence of chilling stress on ultrastructure of photosynthe-
tic organelles in maize inbred lines and their F; hybrids.
Particular attention was paid to the possibility of the oc-
currence of positive heterotic effect in chloroplast ultra-
structural parameters that could be associated with the
better ability of hybrids to withstand chilling conditions,
observed on this material in some functional aspects of
photosynthetic apparatus (Koérnerova and Hola 1999,
Hola et al. 2003).

(1996), maize leaves from the first to the fourth all have
juvenile features (wax on the surface, no trichomes) and
they all are formed in embryo (Vega et al. 2002). Four
plants (i.e. four leaves) were always examined for each
variant.

Small pieces (approx. 4 mm?) were cut from the mid-
dle third of the leaf blade, between the edge and middle
vein of the leaf. Samples for transmission electron micro-
scopy were prepared according to the standard procedure
(Kutik et al. 1999). They were double-fixed with glutar-
aldehyde followed by osmic acid, dehydrated through an
ethanol series, and embedded into Spurr’s low viscosity
resin. For an orientation in the objects and their light-mi-
croscopic examination, semi-thin sections of embedded
objects were stained by toluidine blue solution. The num-
ber of MCs forming “outer ring” of vascular bundle and a
number of chloroplast cross sections in these cells were
evaluated using a light microscope (Olympus BX 40,
Olympus, Japan, at a magnification of 600x, the objective
lens 60x).

Chloroplast ultrastructure was evaluated on transver-
se ultrathin sections of the objects contrasted with ura-
nyl acetate solution followed by lead citrate treatment.
The transmission electron microscopes Philips EM 300
and later Philips EM 268 Morgagni (Philips, The
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Netherlands) were used at primary magnifications of
about 7000x. On electron microphotographs, the length
and width of nearly median cross sections of MC
chloroplasts were determined at final magnifications of
about 30 000x. The approximate chloroplast volume was
evaluated from these parameters as the volume of circular
ellipsoid. On the same micrographs, the volume densities
(relative partial volumes) of main chloroplast compart-
ments, i.e. granal and intergranal thylakoids, peripheral
reticulum, starch inclusions, plastoglobuli, and stroma
(including also the small periplastidial space between the

Results

Anatomical structure typical for maize leaves (“Kranz
anatomy” of C, plants, i.e. vascular bundles surrounded
by parenchymatous bundle sheaths and then by MCs) was
apparent on semithin leaf cross sections (ca. 1 pm thick),
both in control and chilling-stressed plants. The number
of MCs forming “outer ring” of leaf vascular bundle was
usually 13—-14; it did not much differ between the control
plants and the plants grown in chilling conditions. No ap-
parent differences were found in the number of chloro-
plasts (or, more precisely, chloroplast cross sections) per
MC cross section, either; on average, five chloroplast
cross sections were observable in one MC on semi-thin
leaf cross sections.

Chloroplasts were present in both MCs and BSCs in
all plants examined. In BSC chloroplasts, prevailing ab-
sence of larger starch inclusions was conspicuous both in
stressed and control plants. The ultrastructure of these
chloroplasts was characterised by many non-appressed
thylakoids with more or less developed small rudimenta-
ry grana, more or less pronounced peripheral reticulum
and some plastoglobuli (Fig. 1). Small starch inclusions
were present mostly in leaves of some control plants (see
Table 1). In MC chloroplasts, the ultrastructural differen-
ces between stressed and control plants were more pro-
nounced, particularly concerning the quantity and diffe-
rentiation pattern of thylakoids, eventually the extent of
peripheral reticulum (see Fig. 2).

The scarcity of starch inclusions and apparent simi-
larity of the BSC chloroplasts of all studied plants were
the reasons why we decided to stereologically analyse
only the ultrastructure of MC chloroplasts. The results of
this stereological evaluation of the MC chloroplasts di-
mensions and ultrastructure are presented in Figs. 3-5.
Chilling stress resulted in a considerable decrease of both
granal (appressed) and intergranal (non-appressed) thyla-
koid VD. However, granality, i.e. the ratio of granal to all
thylakoid VD, was not much affected by chilling. On the
other hand, the VD of peripheral reticulum and that of
plastoglobuli usually considerably increased due to chil-
ling stress (with the exception of CE810xCE704 hybrid).
The changes in the size of MC chloroplasts were also ob-
served after cold treatment of plants; all genotypes exa-
mined (with the exception of CE810) displayed a signifi-

outer and the inner chloroplast envelope membrane) were
evaluated using stereological grids with regularly distri-
buted points. For each sample, five chloroplast sections
were evaluated, making a total of 20 MC chloroplasts
analysed for each experimental variant.

Statistical significance of differences in MC chloro-
plast parameters between plants cultivated under stress or
control conditions, as well as between individual geno-
types was tested by Scheffé’s test using the 5 % level of
statistical significance as the critical one.

cant increase in MC chloroplast size compared to the con-
trol plants. MC chloroplast shape, described by length/
width ratio of chloroplast cross sections, also changed
from rather flat in the control plants to more round in the
plants subjected to chilling stress, but these differences
were usually statistically non-significant.

Fig. 1. (4) BSC chloroplast of CE704 control plant without
starch inclusions, with many non-appressed thylakoids, rudi-
mentary grana (R), peripheral reticulum (arrowheads) and two
plastoglobuli. (B) BSC chloroplast of CE704 chilling-stressed
plant with slightly dilated non-appressed thylakoids, small rudi-
mentary grana (R), peripheral reticulum (arrowheads), and se-
veral plastoglobuli. Bar = 1 um (for both parts).
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Fig. 2. (4) MC chloroplast of CE704 control plant with well
developed system of grana and intergranal thylakoids. Several
plastoglobuli are seen, as well as peripheral reticulum
(arrowheads). (B) MC chloroplast of CE704 chilling-stressed
plant with less-developed system of thylakoids compared to the
control plant, several plastoglobuli and peripheral reticulum
(arrowheads). The magnification is the same as in Fig. 1.

Statistical significance of the differences found
between MC chloroplast characteristics of the chilling-
stressed and control plants of both hybrid combinations is
shown in Table 2. The differences between VD of granal
thylakoids in chilling-stressed plants compared to the
control ones were highly significant in all genotypes of
the hybrid combination 2013xCE810 and in both parental
lines of the hybrid combination CE704xCE810. Concern-
ing intergranal thylakoids, the values of statistical signifi-
cance for these differences were usually higher (i.e. lower
significance) compared to those for granal thylakoids;
significant differences were found for all three inbred
lines and CE704xCE810 hybrid but not for other hybrids
examined. The differences in the VD of all thylakoids
(granal plus intergranal ones) usually followed the pattern
observed for granal thylakoids, whereas the differences in
granality were mostly non-significant. The increase in the
VD of peripheral reticulum observed in the cold-stressed
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plants was statistically significant only in the hybrid com-
bination 2013xCE810 (with the exception of F; hybrid
2013xCE810), whereas in the CE810xCE704 hybrid the
values of this parameter significantly decreased. As for
plastoglobuli VD, the differences between cold-stressed
and control plants were highly significant in all genotypes
of the hybrid combination 2013xCE810, but non-signifi-
cant in the second hybrid combination (with the excep-
tion of its parental line CE810). The differences in the
stroma VD were usually significant in all genotypes exa-
mined (more “free” stroma in chilling-stressed plants).
Statistical analysis of the differences between indivi-
dual genotypes of plants stressed or non-stressed by chil-
ling temperatures is shown in Tables 3 and 4. Generally,
these differences were usually more pronounced in the
stressed plants compared to those grown in optimum tem-
perature, and in the hybrid combination CE704xCE810
compared to the other hybrid combination analysed. MC
chloroplasts of F; hybrid CE810xCE704 grown in
optimum temperature (Table 3) showed significantly
lower VD of all thylakoids compared to CE704 inbred
line (as well as to the mean value of both parental lines),

2013=CE810

CE704xCES810
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Fig. 3. The volume densities of granal (TG) and intergranal (TT)
thylakoids and the granality (i.e. the ratio of granal to all
thylakoids) in mesophyll cell chloroplasts of two maize hybrid
combinations, 2013xCE810 and CE704xCE810, grown in
either optimum temperature (hatched bars) or chilling (solid
bars) conditions. P; = 2013 or CE704 inbred line, P, = CE810
inbred line, F; = 2013xCE810 or CE704xCE810 F, hybrid, F,”
= CE810x2013 or CE810xCE704 F, hybrid, respectively.
Means + SEM.
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Fig. 4. The volume densities of plastoglobuli (PG), peripheral
reticulum (PR), and stroma (S) in mesophyll cell chloroplasts of
two maize hybrid combinations, 2013xCE810 and
CE704xCE810, grown in either optimum temperature (hatched
bars) or chilling (solid bars) conditions. P; = 2013 or CE704
inbred line, P, = CES810 inbred line, F; = 2013xCE810 or
CE704xCE810 F, hybrid, F,” = CE810x2013 or CE810xCE704
F| hybrid, respectively. Means + SEM.

and higher VD of peripheral reticulum and stroma com-
pared to CE704. They were probably smaller compared to
CES810 inbred line, as inferred from the results of sta-
tistical analysis of MC chloroplast volume. Significant
difference in MC chloroplast volume was found also
between CE810 and CE704 inbred lines.

In the cold-stressed plants of the CE704xCE810 hy-
brid combination, the situation was somewhat different
(Table 3). MC chloroplasts in leaves of the chilling-
stressed plants of both F; hybrids were characterised by
significantly higher VD of granal and all thylakoids com-
pared to both CE704 inbred line and the parental mean
(the only exception was the difference in the all thyla-
koids VD between CE810xCE704 hybrid and the paren-
tal mean, that was statistically non-significant). F, hybrid
CE704xCES810 stressed by chilling displayed also signifi-
cantly higher granality and lower VD of stroma in MC
chloroplasts than CE704 inbred line. Its reciprocal hybrid

Discussion

A study of chloroplast ultrastructure in higher plants is
based on the evaluation of randomly chosen individual

showed under these conditions significantly lower VD of
plastoglobuli and peripheral reticulum compared to both
CES810 inbred line and the parental mean. The difference
in the VD of peripheral reticulum between both F; hy-
brids of this hybrid combination stressed by chilling was
also statistically significant.
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Fig. 5. The approximate volume of mesophyll cell chloroplasts
(MCC) and their length to width (L/W) ratio determined on
their nearly median cross sections in two maize hybrid
combinations, 2013xCE810 and CE704xCE810, grown in
either optimum temperature (hatched bars) or chilling (solid
bars) conditions. P; = 2013 or CE704 inbred line, P, = CE810
inbred line, F; = 2013xCE810 or CE704xCES810 F; hybrid, F,”
= CE810x2013 or CE810xCE704 F, hybrid, respectively.
Means + SEM.

No significant differences in VD of either granal, in-
tergranal, or all thylakoids, or in granality and peripheral
reticulum VD were found in plants of the hybrid combi-
nation 2013xCE810; this applied both to control and chil-
ling-stressed plants (Table 4). The only differences
between genotypes of this hybrid combination, that were
statistically significant in the control plants, were those in
plastoglobuli VD, observed between inbred lines CE810
and 2013 or CE810x2013 hybrid. They were retained
even under chilling conditions, when CE810 line showed
significantly higher value of this parameter compared to
all three remaining genotypes of the 2013xCE&10 hybrid
combination. F; hybrid CE810x2013 stressed by chilling
was also characterised by significantly lower stroma VD
compared to both CE810 inbred line and the parental
mean, and greater volume of MC chloroplasts compared
to CE810, parental mean and 2013xCE810 hybrid.

chloroplasts in more-or-less randomly selected photosyn-
thesizing cells of individual plants. This approach is,
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naturally, different from the measurement of mean spe-
cimens from the leaf material, usually used in bioche-
mical and biophysical studies of photosynthesis. It means
that chloroplasts subjected to stereological evaluation
have to be selected very carefully, as the structure (and
function) of these organelles can be strongly affected by
factors such as plant and leaf age, leaf insertion level, or
cell position in individual cell layers or on the leaf blade
(see Kutik 1998, Kutik et al. 1999, 2001). In our study of
chloroplast ultrastructure in maize leaves under moderate
chilling, we tried to minimize this chloroplast hetero-
geneity as best as we could. Thus, the leaf insertion on
plant, ontogenic state of the leaf, and the part of the leaf
blade used were, as far as possible, the same throughout
all experiments. Diurnal variability of chloroplast ultra-
structure (see Vicankova et al. 2002) was also respected:
the specimens were taken always at the same time, i.e. in
the morning, 2-3 h after sunrise. Moreover, chloroplast

cross sections close to the median and with well-observ-
able thylakoids, i.e. those sectioned roughly perpendicu-
larly to the prevailing plane of thylakoid membranes,
were always evaluated. Our analysis should therefore
give sufficiently representative results concerning the
quantitative changes in chloroplast ultrastructure that are
due to chilling stress.

Firstly, let us briefly consider BSC chloroplast ultra-
structure. The scarcity or absence of starch inclusions in
BSC chloroplasts, observed both in control and chilling-
stressed plants, was probably caused by relative shortage
of sun radiation during plant cultivation in autumn.
A slight tendency for the presence of more starch under
control conditions was apparent. However, differences
between individual BSC chloroplasts and individual
plants in this parameter were frequently conspicuous. The
BSC chloroplasts under chilling conditions had usually
lesser amount of unstacked thylakoids than those of

Table 1. Semi-quantitative description of the occurrence of starch inclusions (SI) in bundle sheath cell chloroplasts in leaves of two
maize hybrid combinations, 2013xCE810 and CE704xCE810, grown in either optimum (control) or chilling conditions.
F; = 2013xCES810 or CE704xCE810 F, hybrid, F;” = CE810x2013 or CE810xCE704 F, hybrid. + frequently occurring SI, + rarely

occurring SI, - no SI.

2013xCES810 CE704xCE810

2013 CE810 F, F,” CE704 CE810 F, F,
Control + - - - £ + +
Chilling-stressed - - - - - + -

Table 2. The differences between plants grown in optimum and chilling temperature in ultrastructural parameters (volume densities of
main chloroplast compartments) and dimensions of mesophyll cell chloroplasts in leaves of two maize hybrid combinations,
2013xCE810 and CE704xCE810. F; = 2013xCE810 or CE704xCE810 F, hybrid, F,” = CE810x2013 or CE810xCE704 F; hybrid.
The statistical significances (p) as determined by Scheffé’s test are shown.

2013xCE810 CE704xCES810

2013 CE810 F, Fy’ CE704 CES810 F, Fy’
Granal thylakoids 0.008 0 0.004 0.022 0 0.007  0.721 0.427
Intergranal thylakoids 0 0.754  0.057 0986  0.018 0.030  0.006  0.436
All thylakoids 0 0.002  0.001 0.031 0 0 0.015  0.159
Granality 0.201 0.002 0920 0.234 0.040 0.838  0.066  0.988
Peripheral reticulum ~ 0.003  0.011  0.179  0.006 0.099 0348 0.064  0.001
Plastoglobuli 0.003 0.014 0.037 0.016 0.453 0.005 0.797 0.231
Stroma 0 0.012 0.001 0.453 0 0 0.034 0.020
Chloroplast volume 0 0.165 0.498 0.015 0.002 0.188  0.032  0.008
Length to width ratio  0.177  0.176 ~ 0.397 0257 0.026 0233  0.405  0.666

control plants and they were frequently somewhat dilated,
which is common phenomenon under stress (Kratsch and
Wise 2000).

For more detailed analysis of chloroplast ultrastruc-
ture and dimensions, we have concentrated on MC chlo-
roplasts. The choice of MC chloroplasts for very labo-
rious and time-consuming stereological evaluation was
substantiated, along with our own experience, also by
their greater susceptibility to chilling compared to BSC
chloroplasts as reported by Slack et al. (1974). As far as
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we know, quantitative data comparable with those ob-
tained by us are not currently available. Generally, our re-
sults are in good agreement with those presented in older
papers dealing with the influence of chilling stress on
chloroplast ultrastructure (as reviewed by Hudak and
Salaj 1999 or Kratsch and Wise 2000). We recorded, to a
various extent, particularly the thylakoid swelling and
distortion or the lesser development of thylakoid
membranes (flexibility of granal structure must play a
role here, see Arvidsson and Sundby 1999, Mustardy and
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Garab 2003), the disappearing or absence of starch inclu-
sions, and the increase in the size of chloroplast peri-
pheral reticulum and in the number and size of plasto-
globuli. The increase in peripheral reticulum probably in-
creases the surface area of the transport-limiting chloro-
plast inner membrane in response to the reduction of
metabolite transport caused by chilling stress. The in-
crease in the volume density of plastoglobuli is another
indicator of stress or senescence (Hudak and Salaj 1999,
Kratsch and Wise 2000). As concerns chloroplast stroma,
we found a significant increase of its VD in all genotypes
of both hybrid combinations examined. This was partly
caused by the decrease in thylakoid VD, but the increase

in the whole chloroplast volume was also observed. How-
ever, this volume was calculated only approximately,
taking chloroplasts as symmetric circular ellipsoids,
which is not quite true, as seen from electron micro-
graphs. The shape of the chloroplasts generally changed
under chilling stress slightly towards more rounded one,
which agrees well with the chloroplast swelling observed
by other authors (Kratsch and Wise 2000). All these
changes are typical for chloroplasts of plants subjected to
low temperature for longer periods (Rogers et al. 1977,
Hudak and Salaj 1999, Sopher et al. 1999), which was
also our case.

The electron micrographs of dimorphic chloroplasts

Table 3. The differences between individual genotypes in ultrastructural parameters (volume densities of main chloroplast
compartments) and dimensions of mesophyll cell chloroplasts in leaves of maize hybrid combination CE704xCE810 grown in either
optimum (control) or chilling conditions. P; = CE704 inbred line, P, = CE810 inbred line, F; = F; hybrid CE704xCES810, F," = F,;
hybrid CE810xCE704, @P = parental mean. The statistical significances (p) as determined by Scheffé’s test are shown.

P-P, F-F’ F-P, F’-P, F-P, F'-P, F-OP F -OP

Control Granal thylakoids 0.609 1.000 0.278 0.309 0.941 0.958 0.522 0.569
Intergranal thylakoids ~ 0.769 0.380 0.944 0.138 0.977 0.630 1.000 0.215
All thylakoids 0.183 0.608 0.109 0.003 0.995 0.453 0.468 0.023
Granality 1.000 0.664 0.920 0.958 0.951 0.929 0.907 0.918
Peripheral reticulum 0.338 0.541 0.453 0.028 0.997 0.668 0.882 0.107
Plastoglobuli 0.982 0.999 0.953 0.916 0.999 0.993 0.980 0.951
Stroma 0.360 0.793 0.225 0.026 0.993 0.627 0.586 0.095
Chloroplast volume 0.020 0.136 0.455 0.900 0.461 0.002 1.000 0.064
Length to width ratio 0.614 0.444 0.834 0.915 0.981 0.244 0.993 0.466

Chilling-stressed ~ Granal thylakoids 0.458 0.979 0.004 0.012 0.186 0.370 0.010 0.036
Intergranal thylakoids ~ 0.851 0.998 0.851 0.927 1.000 0.998 0.966 0.995
All thylakoids 0.821 0.994 0.023 0.046 0.189 0.298 0.027 0.059
Granality 0.456 0.976 0.041 0.114 0.631 0.864 0.119 0.301
Peripheral reticulum 0.473 0.005 0.289 0.362 0.988 0.013 0.619 0.036
Plastoglobuli 0.127 0.604 0.990 0.790 0.061 0.001 0.581 0.038
Stroma 0.432 0.702 0.005 0.106 0.253 0.869 0.016 0.295
Chloroplast volume 0.696 0.089 0.599 0.681 0.094 1.000 0.168 0.913
Length to width ratio 0.085 0.645 0.082 0.614 1.000 0.656 0.506 1.000

of maize grown at 25 or 14 °C, published by Robertson
et al. (1993), resemble our micrographs from control or
cold-stressed maize plants, showing also mostly quantita-
tive, not qualitative differences in chloroplast ultrastruc-
ture between both temperature variants. According to
these authors, as well as to Nie and Baker (1991) or Nie
et al. (1995), the content of majority of thylakoid proteins
as well as the content of chlorophylls are significantly re-
duced under chilling conditions. This reduction can reach
such a level that in a certain fraction of leaf cells, the di-
morphic chloroplasts completely lack several thylakoid
proteins. Such cells are not able to synthesize these pro-
teins even after transfer of plants to optimum tempera-
ture, which can negatively affect chloroplast functions
and plant photosynthetic performance (Nie et al. 1995).
In our laboratory, Kornerovd and Hola (1999) and
Hola et al. (2003) studied the effect of low growth tempe-
rature on photochemical activities of isolated MC chloro-

plasts and photosynthetic pigment contents on the same
maize inbred lines and F, hybrids as those used in our
present work. However, they examined mostly the effect
of more severe chilling (in the spring season) and they
did not follow the ultrastructure of chloroplasts. Their re-
sults showed a considerable decrease in the contents of
chlorophylls in all genotypes studied, the decrease in PS2
activity in the inbreds but usually not in the hybrids, and
the increase or no changes in PS1 activity and total caro-
tenoid content under these conditions. When analyzing
the effect of moderate chilling on the above mentioned
parameters, they found a statistically significant increase
both in PS2 and PS1 activity (Hold et al. 2003, Ticha
et al. 2003). This is surprising especially as we found that
the VD of granal and, to a lesser extent, also of inter-
granal thylakoids in MC chloroplasts of the same plants
clearly and significantly decreases with moderate chilling
stress. The PS2 is localized mainly in the stacked
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thylakoid membranes and thus should be particularly sus-
ceptible to the chilling stress, so we would expect the de-
crease in granal thylakoids’ VD accompanied by the de-
crease in PS2 activity. A possible explanation of this dis-
crepancy lies in the nature of stress: our experiments were
made in autumn when plants were exposed to low tempe-
rature almost exclusively during the night. The chilling
stress was thus not accompanied by high irradiances that

would eventually lead to the photoinhibition or irrever-
sible photo-oxidative damage to both photosystems. The
function of these complexes was therefore probably not
much impaired (though their amount could be, as inferred
from the decrease of thylakoids’ VD). However, a more
detailed study of the changes in thylakoid protein amount
in plants stressed by moderate or severe chilling is clearly
indicated.

Table 4. The differences between individual genotypes in ultrastructural parameters (volume densities of main chloroplast compart-
ments) and dimensions of mesophyll cell chloroplasts in leaves of maize hybrid combination 2013xCE810 grown in either optimum
(control) or chilling conditions. P; = 2013 inbred line, P, = CE810 inbred line, F; = F; hybrid 2013xCE810, F,” = F; hybrid

CE810x2013, OP = parental mean. The statistical significances (p) as determined by Scheffé’s test are shown.

P-P, F-F,’ F-P, F/ '-P, F-P, F,/-P, F-OP F,-OP

Control Granal thylakoids 0.998 0.999 0.997 0.989 1.000 0.999 1.000 0.994
Intergranal thylakoids ~ 0.466 0.512 0.997 0.383 0.602 0.999 0.935 0.747
All thylakoids 0.888 0.892 1.000 0.894 0.885 1.000 0974 0.979
Granality 0.561 0.598 0.997 0.464 0.695 0.999 0.957 0.788
Peripheral reticulum 0.487 0.998 0.855 0.924 0924 0.855 1.000 1.000
Plastoglobuli 0.006 0.254 0372 0.996 0314 0.003 1.000 0.128
Stroma 0.994 0.780 0.994 0.903 0954 0974 0970 0.919
Chloroplast volume 0.164 0.837 0.823 0.325 0.620 0.982 0.997 0.870
Length to width ratio 0.778 0.907 0.820 0.997 1.000 0.876 0.968 0.989

Chilling-stressed ~ Granal thylakoids 0.613 0.876 0.993 0989 0441 0.114 0.736 0.236
Intergranal thylakoids ~ 0.119  0.921 0342 0.383 0.944 1.000 0918 0.516
All thylakoids 0.997 0.713 0.602 0.894 0.728 0.157 0.555 0.057
Granality 0.069 1.000 0.870 0.464 0328 0.374 0.950 0.972
Peripheral reticulum 0.237 0.870 0.988 0.924 0.124 0473 0.462 0.938
Plastoglobuli 0 0.170  0.522  0.996 0.003 O 0.577 0.002
Stroma 0.811 0.058 0.652 0.903 0.993 0.028 0.841 0.001
Chloroplast volume 0.244 0.029 0.726 0.325 0.840 0.002 0.999 0.012
Length to width ratio 0.985 0.806 0.506 0.997 0.729 0.218 0.500 0.074

Ciamporova and Trgifiova (1996, 1999) compared
cold resistant and sensitive genotype of maize and ob-
served the increase of plastoglobuli in MC chloroplasts in
both genotypes but a disruption in thylakoid arrangement
(empty regions in chloroplast stroma) only in the sen-
sitive genotype. According to them, the changes in the
amount and organization of thylakoid membranes and the
associated changes of chloroplast stroma VD depend not
only on temperature treatment but also on the examined
genotype. We also recorded genotypic differences in se-
veral ultrastructural parameters of MC chloroplasts that
were more pronounced in chilling-stressed plants. The
most interesting finding was that F, hybrids showed
lower decrease in thylakoid VD (especially in granal thy-
lakoids) due to chilling stress, compared to their parental
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