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Mitochondria are affected by low temperature during seedling
establishment in maize (Zea mays L.). We evaluated the associated
changes in the mitochondrial properties of populations selected for
high (C4-H) and low (C4-L) germination levels at 9.5°C. When
seedlings of the two populations were grown at 14°C (near the
lower growth limit), the mitochondrial inner membranes of C4-H
showed a higher percentage of 18-carbon unsaturated fatty acids, a
higher fluidity, and a higher activity of cytochrome c oxidase. We
found a positive relationship between these properties and the
activity of a mitochondrial peroxidase, allowing C4-H to reduce
lipid peroxidation relative to C4-L. The specific activity of recon-
stituted ATP/ADP translocase was positively associated with this
peroxidase activity, suggesting that translocase activity is also af-
fected by chilling. The level of oxidative stress and defense mech-
anisms are differently expressed in tolerant and susceptible popu-
lations when seedlings are grown at a temperature near the lower
growth limit. Thus, the interaction between membrane lipids and
cytochrome c oxidase seems to play a key role in maize chilling
tolerance. Furthermore, the divergent-recurrent selection proce-
dure apparently affects the allelic frequencies of genes controlling
such an interaction.

Tolerance to low temperatures above 0°C expressed in
the first phase of the plant life cycle is an important char-
acteristic for warm-season crops, even when they are
grown in temperate regions. In fact, consistent germination
and rapid growth in cold soils should increase the stability
of performance across environments and should allow
early sowing, leading to important agronomic advantages
such as flowering prior to the onset of the hottest and driest
period of the year.

At the cellular and molecular levels, cold stress affects
fatty acid composition, the fluidity of cellular membranes,
metabolic rates, and protein turnover (Levitt, 1980; Graham

and Patterson, 1982; Miedema, 1982; Blum, 1988; Guy,
1990; Nishida and Murata, 1996). Stewart et al. (1990a,
1990b) studied the influence of various temperatures on
germination and seedling establishment of cold-resistant
and -susceptible maize (Zea mays L.) genotypes, and con-
cluded that rates of respiration were affected by cold treat-
ment, and that the activity of the respiratory oxidase alter-
native to COX was stimulated at temperatures near the
lower limit of growth.

Mitochondria have been found to be the main cellular
compartment affected by chilling treatment, and three
chilling-acclimation-responsive nuclear genes have been
isolated. One of these proved to be the catalase gene (Prasad
et al., 1994a; Anderson et al., 1994, 1995; Prasad, 1997).

Compared with more favorable growth temperatures,
chilling temperatures have been reported to lower expres-
sion and activity of COX in the mitochondrial inner mem-
branes of a chilling-susceptible genotype of maize (Prasad
et al., 1994b). However, the decline in this activity was
partially counterbalanced by an increase in the rate of the
alternative oxidase (Prasad et al., 1994b). Studies con-
ducted by Rich et al. (1976) and Huq and Palmer (1978)
demonstrated that the reduction of complex I and ubiqui-
none in the respiratory chain (caused by the decrease in
terminal oxidase activity) led to an increased production of
ROS such as superoxide and H2O2. Therefore, chilling in-
duces oxidative stress, and the ability of maize seedlings to
survive depends on their capacity during acclimation to
increase the synthesis and the activity of antioxidant en-
zymes such as superoxide dismutase, catalase, and peroxi-
dases (Prasad et al., 1994a, 1994b, 1995; Zhang et al., 1995;
Prasad, 1996, 1997; Hodges et al., 1997a, 1997b). These
scavenging mechanisms prevent the accumulation of ROS,
and consequently, the irreversible damage to mitochon-
drial membrane components (Prasad et al., 1995).

In nonacclimated seedlings grown at 4°C, chilling dam-
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protein and lipid molecules caused by ROS produced in
mitochondria, and to an inhibition of two protease activi-
ties (Prasad, 1996). In acclimated seedlings the early spurt
in ROS during acclimation induced expression of antioxi-
dant genes. Consequently, with ROS maintained at steady-
state levels, the progression of protease inhibition and the
oxidation of proteins and lipids during low-temperature
stress were prevented (Prasad, 1996).

In the majority of recent works conducted in maize, the
relationships between responses to chilling and other cel-
lular functions were studied by comparing acclimated and
nonacclimated seedlings of a susceptible genotype (Ander-
son et al., 1994, 1995; Prasad et al., 1994a, 1994b, 1995;
Prasad, 1996, 1997) or by comparing genotypes of different
origins and with varying levels of tolerance to chilling at
various growth stages (Stewart et al., 1990a, 1990b; Li et al.,
1992; Zhang et al., 1995; Hodges et al., 1997a). However, the
chilling tolerance of maize inbreds was not an accurate
predictor of that of maize hybrids (Hodges et al., 1997b).
The latter proved to be affected by maternal effects associ-
ated with germination and early seedling growth (Maryam
and Jones, 1983). The level of activities of antioxidant en-
zymes (catalase, monodehydroascorbate reductase, and
ascorbate peroxidase) is a useful screening tool for chilling
resistance of maize hybrids (Hodges et al., 1997b).

In previous investigations of few inbred lines and hy-
brids, the interpretation of the cause-effect relationship
between traits related to chilling tolerance could have been
biased by specific gene combinations fixed in the materials.
For this reason, a suitable approach for obtaining further
information on the mechanism of chilling tolerance could
be the investigation of materials developed from the same
source through divergent selection for chilling tolerance
(i.e. for both its high and low expression). These materials,
which share a common genetic background, should differ
only in the allelic frequencies of the genes controlling the
selected trait, thereby allowing a meaningful analysis of
their correlated effects on other properties.

Four cycles of divergent-recurrent selection for tolerance
to germination at low temperatures were conducted by
Landi et al. (1992) in a maize population exposed to a
controlled environment. The populations selected down-
ward (for a low level of tolerance) were exceeded by the
populations selected upward (for a high level of tolerance)
for germination percentage and germination rate at 9.5°C.
In contrast, no substantial differences in germination per-
centage or rate were detected among populations at 25°C
(Landi et al., 1992).

In the current study we examined seedlings of the plants
developed by this selection procedure at two growth tem-
peratures (favorable, 25°C; and near the lower limit, 14°C)
to study the associated changes in mitochondrial proper-
ties related to the expression of chilling tolerance. For these
purposes we evaluated the fatty acid composition of the
inner membranes, membrane fluidity, activities of the ter-
minal respiratory complex COX, activities of antioxidant
enzymes within the mitochondria, lipid peroxidation, and
the activity of ANT.

When seedlings were grown at 14°C, the population
selected for high germination at 9.5°C (H) showed, in com-

parison with the population selected for low germination
(L): (a) a higher content of 18-carbon unsaturated fatty acid
species in the mitochondrial inner membrane, (b) a higher
membrane fluidity, (c) a higher activity of COX, (d) a
higher activity of a mitochondrial peroxidase, (e) a lower
level of lipid peroxidation products, and (f) a higher ex-
change rate of ATP in liposomes reconstituted with puri-
fied ANT. Thus, the divergent selection procedure affected
allelic frequencies of genes controlling the interactions be-
tween membrane lipids and COX activity of mitochondria.
Such interactions apparently alleviated the induction of
oxidative stress and its effects on ANT activity when seed-
lings of the tolerant population (C4-H) were grown at a
temperature near the lower growth limit.

MATERIALS AND METHODS

Plant Material

The maize (Zea mays L.) populations analyzed in this
study were developed through divergent-recurrent selec-
tion for tolerance to germination at 9.5°C, conducted in the
F2 of the single cross B73 3 IABO78. B73 is an inbred line
derived from U.S. Corn Belt germplasm that has a dented
kernel type and is well-known for its superior agronomic
performance. IABO78 is an Italian inbred line with a flint
kernel showing a higher ability to germinate under condi-
tions of cold and wet soils compared with B73. The selec-
tion procedure has been described in detail by Landi et al.
(1992).

The effects of growth temperature on mitochondrial
properties were studied by comparing the two final pop-
ulations obtained by the divergent-selection procedure,
C4-L and C4-H. The source F2 (the population obtained
from the cross B73 3 IABO78, hereafter referred to as C0)
was also tested to reveal a possible asymmetry of the
response to selection. To gain an insight into the genetic
variability available in C0 and of the gene distribution
between the two parental lines, B73 and IABO78 were
tested as well. The five materials (the two parental lines
and the three populations) were reproduced in 1995 at
Bologna (in northern Italy) to have seeds of the same age
and in the same environment. Within each population,
approximately 100 pairs of random plants were crossed,
and an equal number of seeds was taken from each ear and
bulked. For each inbred line 10 plants were selfed, and all
seeds obtained were bulked.

Seed Germination and Seedling Growth

Seed germination and seedling growth of the five mate-
rials took place in a controlled chamber at 95% RH in
darkness. Two continuous temperatures of growth were
used: a favorable temperature (25°C) and a cool tempera-
ture (14°C). A temperature of 14°C (instead of 9.5°C, as
during the selection work) was chosen to obtain seedlings
from those seeds that probably would not germinate at
9.5°C. Stewart et al. (1990a, 1990b) also performed their
experiments on maize seedlings at 14°C to study the effects
of temperature near the lower limit of growth.
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Seeds were surface-sterilized for 5 min in 1% (w/v)
sodium hypochlorite, rinsed in sterile distilled water, and
allowed to imbibe in aerated water overnight at 25°C or
14°C. Seeds were then sown on a layer of hydrophilic
cotton in plastic boxes and covered with a sheet of thin, wet
paper. Seedlings were grown for 4 d at 25°C or for 21 to
23 d at 14°C, and were harvested at the same growth stage
(i.e. when shoots were 4–5 cm tall).

For investigation at both 25°C and 14°C, the five mate-
rials were compared in two experiments conducted at dif-
ferent times. In each experiment about 2000 plants were
grown for each material. Shoots of all plants were used for
the preparation of purified mitochondria. Then, two sam-
ples were used for each material (line or population) in
each experiment, giving a total of four samples per material
across the two experiments.

Purification of Mitochondria

Maize shoot mitochondria were isolated as described by
Genchi et al. (1996). Purification of the mitochondria from
other contaminants was carried out according to the
method of Douce et al. (1972), except that 5 mm Tris-Cl, pH
7.2, was used instead of 10 mm phosphate buffer in all
purification steps. Purified mitochondria were suspended
at a concentration of 15 to 25 mg protein mL21 in a medium
containing 0.3 m Suc and 5 mm Tris-Cl, pH 7.2.

The purity of mitochondrial preparations was routinely
checked by assaying marker enzymes: fumarase for mito-
chondria, antimycin A-insensitive Cyt c reductase for ER,
isocitrate lyase for glyoxysomes, glycolate oxidase for per-
oxysomes, K1-ATPase for plasma membranes, and lipoxy-
genase and lipolytic acyl hydrolases for vacuoles. The as-
say methods have been summarized by Quail (1979) and
Neuburger (1985). Etioplast contamination of the mito-
chondrial membranes was assayed spectrophotometrically
by testing for the carotenoid level (Venturoli et al., 1986).

Mitoplasts (mitochondria deprived of the outer mem-
brane) were prepared from the whole, purified mitochon-
dria by hypotonic treatment (10 mm Suc and 5 mm Tris-Cl,
pH 7.2) for 15 min (Douce et al., 1973). After centrifugation
at 9000g, mitoplasts were suspended in 0.3 m Suc and 5 mm
Tris-Cl, pH 7.2, frozen in liquid nitrogen, and stored at
280°C.

Fatty Acid Composition of the Mitochondrial
Inner Membranes

Lipids were extracted from mitoplasts by the method of
Folch et al. (1957). The preparation of fatty acid methyl
esters and the final extraction with n-hexane were carried
out according to the method proposed by Kock et al. (1985).
The fatty acid methyl esters were analyzed and identified
by gas chromatography according to the method of Augus-
tin (1989). The degree of fatty acid unsaturation (D/mol)
and mean chain length were defined and calculated also
according to the method of Augustin (1989).

Fluidity of the Mitochondrial Inner Membranes

The fluidity of the mitochondrial inner membrane was
estimated by measuring the steady-state fluorescence po-
larization of the hydrophobic probe DPH (Shinitzky, 1978).
Mitoplasts were incubated for 30 min at room temperature
with 7.5 mm DPH to incorporate the probe. The fluores-
cence polarization of DPH was measured in a spectroflu-
orometer (model MPF4, Perkin-Elmer) equipped with po-
larization accessories (excitation and emission wavelengths
of 360 and 460 nm, respectively). The degree of polarization
(p) was calculated using the following expression:

p 5
Ivv 2 IvhZ
Ivv 1 IvhZ

,

where Z 5 Ihv/Ihh and the first and second subscripts
represent the position of the excitation and emission polar-
izers (vertical and horizontal). The factor Z compensates
for slightly unequal horizontal and vertical excitation in-
tensities (Ford and Barber, 1980). We corrected for intrinsic
fluorescence and scattering from the membrane suspension
by subtracting the values obtained with unlabeled samples.

Although the steady-state polarization cannot discrimi-
nate between static and dynamic components (order pa-
rameter and viscosity, respectively; Zannoni, 1981), it can
be taken as a semiquantitative indication of membrane
fluidity (Shinitzky, 1978).

Mitoplasts obtained from shoots of the five materials
grown at 25°C or at 14°C were tested for DPH fluorescence
polarization at several assay temperatures ranging from
14°C to 33°C.

Enzyme Analyses

COX was determined as described by Prasad et al.
(1994b) in a reaction medium containing 90 mm phosphate
buffer, pH 7.0, 50 mm Cyt c (previously reduced with 3 mg
of sodium hydrosulfite), and 15 mg of mitochondrial pro-
tein in a final volume of 1 mL. The activity was determined
as the rate of oxidation of the reduced Cyt c measured at
A550 (e550 5 21 mm21 cm21). The oxidase content was
estimated by measuring spectrophotometrically levels of
Cyt a 1 a3, from DA605–630 (e605–630 5 37.4 mm21 cm21) and
DA605–590 (e605–590 5 19.3 mm21 cm21), as described by van
Gelder (1966).

mtPOX was determined by the method of Chance and
Maehly (1955) using guaiacol (e470 5 26.6 mm21 cm21) as
the electron donor. CPX activity was measured by moni-
toring the oxidation of reduced Cyt c (e550 5 21 mm21

cm21) according to the method of Verduyn et al. (1988).

Determination of TBARS

One-hundred-fifty-microliter samples of the mitochon-
drial suspension (containing approximately 3–6 mg of pro-
tein) were assayed for TBARS as described by Oteiza and
Bechara (1993) with minor modifications. One-hundred-
fifty-microliters of 3% (w/v) SDS, 250 mL of 3% (w/v)
thiobarbituric acid in 50 mm NaOH, and 250 mL of 25%
(v/v) HCl were added sequentially to the mitochondrial
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suspension, with mixing after each addition. The mixture
was heated to 80°C in a water bath for 20 min and cooled
on ice. TBARS were extracted with 800 mL of butanol, the
specific A532 of the organic phase was measured, and the
nonspecific A600 was subtracted. Measurements were ex-
pressed as (A532–A600) mg21 protein.

Purification of ANT Protein from Mitochondria and
Reconstitution of Transport Activity in Liposomes

As emphasized by Schünemann et al. (1993), a suitable
method to compare the specific activity of carrier proteins
from various sources implies their solubilization and chro-
matographic purification, insertion of protein into lipo-
somes, and functional reconstitution of transport activities
(Palmieri et al., 1995).

Purification of the ANT protein, one of the most abun-
dant and physiologically relevant proteins of the mitochon-
drial inner membrane, was performed as described by
Genchi et al. (1996). Only seedlings of C0, C4-H, and C4-L
were used, because seeds of the two parental lines pro-
duced in the same environment were no longer available.

We assessed the reconstituted transport activities by
measuring the amount of substrate transported into pro-
teoliposomes (Genchi et al., 1996). Using the reconstitution
method we were able to compare the specific activity of the
ANT proteins purified from seedlings of all populations
grown at 25°C and 14°C; moreover, we could avoid differ-
ences in ANT activity due to changes in the protein level in
the inner mitochondrial membrane and/or to differences in
the concentration within the mitochondria of the metabo-
lite to be transported. Each analysis of ATP-transport activ-
ity was performed at both temperatures used for growing
seedlings.

Experimental Design and Statistical Analysis

Analysis of variance was conducted separately for the
experiments on seedlings grown at 25°C and 14°C, given
the large differences in growing conditions. For each
growth temperature, the analysis was done separately for
each experiment according to a completely randomized
design, with two samples per material. Next, a combined
analysis of the two experiments was made given the ho-
mogeneity of their error variances. The variation among
the five materials was partitioned into four orthogonal
comparisons as follows: (a) between parental lines, (b)
between selected populations C4-L and C4-H, (c) between
the mean value of the two selected populations and the
source C0, and (d) between the mean value of the two
parental lines and the mean value of the three populations.
We considered this latter comparison to be residual and
therefore irrelevant because it involved both materials that
were homozygous (parental lines) and those that were
heterozygous, with different allelic frequencies (popula-
tions). With respect to the fatty acid composition of the
mitochondrial inner membrane, the analysis of variance
was carried out only when the mean value of each material
was equal to at least 0.1%.

The effects of different temperatures on DPH fluores-
cence polarization were investigated by regressing the lat-
ter on the former variable. Before running regression anal-
ysis, we plotted the different temperatures of the assay
(expressed in K) as their reciprocal (1/T). We used a Stu-
dent’s t test to make the orthogonal comparisons between
regression coefficients.

RESULTS

The purity and identity of the mitochondrial membranes
were routinely checked by measuring the activity of the
cellular marker enzymes (see “Materials and Methods”).
Results of these analyses showed that the tested marker
enzymes for other cellular compartments were almost un-
detectable. On the contrary, fumarase (a mitochondrial
marker enzyme) activity was about 24 times higher on a
protein basis in purified mitochondrial preparations than
in total extract. Etioplasts and glyoxysomes, which have
been indicated as the major contaminants of crude mito-
chondrial fractions (Neuburger, 1985), were also negligible
in our preparations: we obtained an average of 1.5 ng mg21

protein for carotenoids and 0.8 nmol min21 mg21 for iso-
citrate lyase. Thus, we found no significant cross-
contaminations by ER, peroxisomes, plasma membranes,
enzymes deriving from the vacuole, etioplasts, or glyoxy-
somes in our mitochondrial fractions purified on Suc
gradients.

The analysis of variance pointed out that for most mito-
chondrial properties the interaction between materials and
experiments was not significant (data not shown); there-
fore, only the mean values of the two experiments on the
five materials are presented. The error variance and the
coefficient of variation of the traits investigated at 25°C
were often lower than the corresponding values at 14°C
(data not shown), indicating that the precision level tended
to be higher for traits measured on mitochondria isolated
from seedlings grown at the favorable temperature.

Fatty Acid Composition of the Mitochondrial
Inner Membrane

As a general trend, we found higher contents of satu-
rated fatty acids when seedlings were grown at 25°C,
whereas unsaturated fatty acid contents were higher at
14°C (Table I). For most traits, small differences among
materials at 25°C were consistent with greater differences
observed at 14°C. However, such differences were more
often significant at 14°C (despite the tendency for a lower
precision level at this temperature than at 25°C), indicating
that a greater distinction among materials was achieved
when they were grown at a temperature near the lower
limit of growth.

Seedlings of the two parental lines did not show any
significant difference in mitochondrial fatty acid content
when grown at 25°C, but when grown at 14°C, they dif-
fered significantly in the levels of 16:0 (palmitic acid),
18:1[9] (oleic acid), and 18:1[11] (vaccenic acid). At 14°C
mitochondria from B73 seedlings had a higher content of
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saturated fatty acids than mitochondria from IABO78 seed-
lings.

The difference between the two selected populations,
C4-L and C4-H, was significant for the content of 16:0, 18:0,
and 18:2 in seedlings grown at 25°C and significant for
other tested properties except 16:1 content at 14°C. More-
over, at 14°C differences between C4-L and C4-H followed
a clear trend that was similar to that observed for differ-
ences between the two parental lines. The most relevant
changes in the fatty acid composition of C4-H relative to
C4-L at 14°C were: a 7.0% decrease in 16:0, a 2.8% decrease
in 18:0, a 3.2% increase in 18:1[9], and a 4.0% increase in
18:3. These differences were greater than those observed at
14°C among the parental lines and C0. Indeed, at 14°C and
for all fatty acids except 16:1, the two selected populations
exhibited transgressive percentages, with C4-L showing
values beyond those of the B73 parental line and C4-H
showing values beyond those of IABO78. The fatty acid
composition of the C0 population at 14°C was generally
intermediate between C4-L and C4-H.

Comparison between the mean of the two selected pop-
ulations and the source C0 was significant for the content
of 16:0 at 25°C and for the content of 14:0, 16:0, 18:0, 18:1[9],
18:2, and 18:3 fatty acids at 14°C. The results thus indicate
that for these traits the associated responses to selection
were asymmetric. The asymmetry of such responses, how-
ever, did not follow a clear trend, because C0 was closer to
C4-L for the content of some fatty acids, whereas C0 was

closer to C4-H for the content of others, irrespective of
whether these species were saturated or not.

The mean values of the unsaturation degree, the chain
length, and other properties of mitochondrial fatty acids of
the five materials grown at 25°C were in most cases lower
than the corresponding mean values at 14°C (Table II).

Compared with B73, IABO78 had higher values for all
properties at both temperatures (with the exception of the
ratio between 18:1 and 18:0 at 25°C); however, such higher
values were always not significant at 25°C and were always
significant at 14°C. Likewise, C4-H exceeded C4-L for all
mitochondrial properties at both temperatures, and these
differences were significant in almost all instances. At 14°C
the overall shift from saturated to unsaturated fatty acids
in C4-H relative to C4-L was about 10%, including minor
fatty acid components. This shift was due almost com-
pletely to the increase in 18-carbon unsaturated fatty acids.
Thus, at 14°C, C4-H relative to C4-L showed an increase of
3.8 times in the ratio between 18:1 and 18:0 fatty acid
content and an increase of 2.5 times in the ratio of total
18-carbon unsaturated:18-carbon saturated fatty acids.

Differences between the means of the two selected pop-
ulations and C0 were not significant for the unsaturation
degree and for the chain length at either 25°C or at 14°C,
indicating that the associated responses to divergent se-
lection were symmetric. However, these symmetric re-
sponses were achieved by balancing the asymmetric re-
sponses observed for some components. In fact, the

Table I. Fatty acid composition of the mitochondrial inner membrane isolated from shoots of maize seedlings of parental lines and popula-
tions grown at 25°C and 14°C

Results are the mean values of four determinations (two experiments and two samples per experiment).

Material 12:0 12:1 14:0 16:0 16:1 18:0 18:1[9] 18:1[11] 18:2 18:3

mass %

25°C
Parental lines

B73 0.3 1a 0.5 45.4 0.4 4.0 4.4 1 42.4 2.5
IABO78 0.3 1 0.5 45.1 0.4 4.0 4.5 1 42.5 2.6

Populations
C0 0.3 1 0.5 45.5 0.4 4.0 4.4 1 42.3 2.6
C4-L 0.3 1 0.5 45.4 0.4 4.2 4.6 1 41.9 2.6
C4-H 0.3 1 0.5 44.3 0.4 3.9 4.9 1 43.1 2.7
Meanb 0.3 1 0.5 44.8 0.4 4.1 4.8 1 42.5 2.7
LSDc NSd 1 NS 0.5 NS 0.1 NS 1 0.4 NS

LSDe NS 1 NS 0.4 NS NS NS 1 NS NS

14°C
Parental lines

B73 0.1 1 0.3 38.5 0.5 3.2 5.4 0.3 48.3 3.3
IABO78 1 0.3 0.3 36.7 0.5 2.9 6.3 0.5 49.0 3.6

Populations
C0 1 1 0.3 36.7 0.5 3.1 5.3 0.3 50.2 3.6
C4-L 0.1 1 0.5 39.3 0.5 5.3 4.7 0.1 47.3 2.4
C4-H 1 0.1 0.3 32.3 0.5 2.5 7.9 0.6 49.5 6.4
Meanb 1 1 0.4 35.8 0.5 3.9 6.3 0.3 48.4 4.4
LSDc 1 1 0.1 0.9 NS 0.4 0.3 0.1 1.0 0.5
LSDe 1 1 0.1 0.7 NS 0.3 0.2 NS 0.8 0.4

a 1, Trace amounts with values , 0.1%; in this case the analysis of variance was not carried out and the LSD was not calculated. b Mean
value of the two selected populations, C4-L and C4-H. c LSD (P # 0.05) for comparing parental lines and/or populations. d NS, Not
significant. e LSD (P # 0.05) for comparing the source population C0 with the mean of C4-L and C4-H.
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comparison between C0 and the mean of C4-L and C4-H
was significant for the sum of unsaturated species, the
sum of unsaturated 18-carbon fatty acid species at 25°C,
the content of monounsaturated species, and the ratios of
18:1 to 18:0 and 18-carbon unsaturated to 18-carbon satu-
rated fatty acids at 14°C.

DPH Fluorescence Polarization

DPH fluorescence polarizations of the mitochondrial in-
ner membrane obtained from seedlings of the five materi-
als grown at 25°C and at 14°C were markedly affected by
the assay temperature (Fig. 1). A stringent consistency was
found between the observed data and the ones predicted
by the regression lines, with the determination coefficients
(r2) ranging from 99.84% for IABO78 and C4-H seedlings
grown at 14°C to 99.98% for C4-H at 25°C. Moreover, these
results showed that no transition phase of the mitochon-
drial inner membranes occurred within the range of tem-
peratures investigated. No significant differences were
found among the regression coefficients of the five groups
grown at 25°C or at 14°C, nor between the regression
coefficients at the two temperatures averaged over the five

genetic materials. The common slope for all of the regres-
sion lines was 0.234 6 (1 3 1023 p)K.

Given the lack of significant differences among the re-
gression coefficients, the DPH fluorescence polarization of
each material grown at 25°C and at 14°C could be also
examined as the mean value of the six assayed tempera-
tures. Such mean values for plants grown at 25°C were
0.272 (B73), 0.270 (IABO78), 0.271 (C0), 0.272 (C4-L), and
0.270 p (C4-H). When seedlings were grown at 14°C, the
mean values were 0.263 (B73), 0.261 (IABO78), 0.261 (C0),
0.265 (C4-L), and 0.258 p (C4-H). The lsd at P # 0.05 for
comparing parental lines and/or populations was 1 3 1023

p at both 25°C and 14°C. Mean values were higher for
mitochondria of seedlings grown at 25°C, whereas differ-
ences among mean values were larger for mitochondria of
plants grown at 14°C. At both temperatures B73 was sig-
nificantly higher than IABO78, and the same was true for
C4-L in comparison with C4-H. Moreover, at 14°C the two
selected populations showed transgressive mean values,
with C4-L being beyond B73 and C4-H beyond IABO78.

These results are consistent with most of the results seen
in Tables I and II. In particular, highly significant and
negative linear relationships were found at 14°C between

Table II. Characterization of fatty acid composition of the mitochondrial inner membrane isolated from shoots of maize seedlings of parental
lines and populations grown at 25°C and 14°C

Results are the mean values of four determinations (two experiments and two samples per experiment).

Material
Unsaturation

Degreea
Mean

Chain Lengthb
Monounsaturated

Species
Unsaturated

Species

Unsaturated
18-Carbon

Species
18:1/18:0 Unsat C18/Sat C18c

D/mol Carbon atom no. mass %

25°C
Parental lines

B73 0.970 17.04 4.9 49.8 49.3 1.1 12.3
IABO78 0.980 17.05 5.1 50.2 49.6 1.1 12.5

Populations
C0 0.970 17.04 4.9 49.8 49.3 1.1 12.3
C4-L 0.968 17.05 5.1 49.6 49.2 1.1 11.6
C4-H 0.990 17.07 5.3 51.0 50.7 1.2 12.8
Meand 0.979 17.06 5.2 50.3 49.9 1.2 12.2
LSDe 0.011 0.02 NS 0.6 0.6 0.1 0.5
LSDf NSg NS NS 0.5 0.5 NS NS

14°C
Parental lines

B73 1.125 17.20 6.2 57.8 57.3 1.8 17.8
IABO78 1.163 17.23 7.6 60.1 59.3 2.3 20.5

Populations
C0 1.173 17.24 6.1 59.9 59.4 1.8 19.3
C4-L 1.068 17.18 5.1 54.9 54.4 0.9 10.4
C4-H 1.273 17.33 9.1 65.0 64.4 3.4 25.6
Meand 1.170 17.25 7.1 59.9 59.4 2.1 18.0
LSDe 0.020 0.02 0.3 1.3 1.3 0.2 1.2
LSDf NS NS 0.3 NS NS 0.2 1.0

a Calculated as follows: Dmol 5 (1[% monoenes]/100) 1 (2[% dienes][/100) 1 (3[% trienes]/100). b Calculated as follows: ( (percentage
of the fatty acid 3 its carbon atom number)/100. c Unsat C18/Sat C18, Ratio of unsaturated 18-carbon species and saturated 18-carbon
species. d Mean of the two selected populations C4-L and C4-H. e LSD (P # 0.05) for comparing parental lines and/or popula-
tions. f LSD (P # 0.05) for comparing the source population C0 with the mean C4-L and C4-H. g NS, Not significant.
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the mean values of the five materials for DPH fluorescence
polarization versus the percentage of the unsaturated spe-
cies of fatty acids (r 5 20.995) and versus the ratio between
unsaturated and saturated 18-carbon species (r 5 20.972).
These findings therefore indicate that most of the variation
observed for DPH fluorescence was accounted for by these
linear relationships. The DPH fluorescence of C0 was in-
termediate between that of C4-L and that of C4-H at 25°C
or at 14°C, revealing that the associated response to selec-
tion was symmetric.

COX and mtPOX Activities and Levels of TBARS

For COX activity mean values of the materials grown at
25°C were higher than the corresponding mean values at
14°C, whereas the reverse was found for the other three
traits (higher mean values were detected at 14°C than at
25°C; Table III). Differences among materials grown at
25°C reached the significance level for COX and CPX ac-
tivities, whereas at 14°C differences were significant for all
of the traits except CPX.

When grown at 14°C, IABO78 exceeded B73, as did C4-H
compared with C4-L for COX and mtPOX, whereas the
opposite findings were noted for TBARS accumulation. In
particular, the negative relationship between the former
two traits and the latter was not significant for mtPOX
versus TBARS, but it was highly significant (r 5 20.998) for
COX versus TBARS. Moreover, for the three traits for
which significant differences among materials were found,
the two selected populations exhibited transgressive mean
values: C4-H and C4-L were beyond IABO78 and B73,
respectively. The associated response to selection was sym-
metric for mtPOX and asymmetric for both COX and

TBARS (the mean value of the two selected populations
being significantly higher than that of the source).

As noted for DPH fluorescence polarization, COX,
mtPOX, and TBARS levels at 14°C showed consistency
with the results seen in Tables I and II. In particular, the
ratio between unsaturated and saturated 18-carbon species
(Table II) was correlated positively with COX (r 5 0.960;
P # 0.01) and mtPOX (r 5 0.983; P # 0.01) and negatively
with TBARS (r 5 20.950; P # 0.05).

Because the COX activity decreased markedly (especially
for C4-L) at 14°C, we also investigated whether such
changes were dependent on the different COX level in the
inner membrane. Results not shown in Table III indicated
that Cyt a 1 a3 content was very similar for the five
materials grown at 14°C (ranging from 0.87 to 0.93 nmol
Cyt a 1 a3 mg21 mitochondrial protein). Therefore, differ-
ences in COX activities among the investigated materials at
14°C should not be ascribed to variations in COX content
but, rather, to COX specific activity.

Rate of ATP Transport Activity across Liposome
Membranes Reconstituted with Purified ANT Protein

Mean values of the reconstituted ANT specific activities
(Table IV) were higher when seedlings were grown at 25°C
than at 14°C, irrespective of the assay temperature (25°C or
14°C). In all instances the rate of reconstituted ATP trans-
port obtained with ANT protein purified from the C4-H
population was significantly higher than that obtained
from C4-L, whereas the rate of C0 was intermediate. At
both assay temperatures, differences between the two se-
lected populations were quite limited when seedlings were

Figure 1. Effect of the assay temperature on DPH fluorescence polarization of the mitochondrial inner membrane. A,
Mitochondria isolated from shoots of maize seedlings of parental lines B73 (E and F) and IABO78 (M and f) grown at 25°C
(E and M) and at 14°C (F and f). B, Mitochondria isolated from shoots of seedlings of populations C0 (L and l), C4-L
(ƒ and �), and C4-H (‚ and Œ) grown at 25°C (L, ƒ, and ‚) and at 14°C (l, �, and Œ). Data are the means of four
determinations (two experiments and two samples per experiment). The assay temperatures were transformed as 1/T 3 103.
Errors were homogeneous; the SE of each mean value was 0.2 3 1023 p.
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grown at 25°C and much more marked when seedlings
were grown at 14°C.

DISCUSSION

Effect of Temperature

The two growth temperatures utilized in this study (25°C
versus 14°C, constant) led to different effects on the phys-
iological properties of the mitochondria of the investigated
materials. In particular, mitochondria isolated from seed-
lings grown at the temperature near the lower limit of
growth (14°C) showed, compared with mitochondria iso-
lated from seedlings grown at the more favorable temper-
ature (25°C): (a) a higher unsaturation degree, (b) higher
values of DPH polarization over a wide range of assayed
temperatures, (c) a lower activity of the inner membrane
complex COX, (d) higher activities of the enzymes mtPOX
and CPX, (e) a higher presence of TBARS, and (f) a lower
rate of reconstituted ATP transport.

Stewart et al. (1990a) grew seedlings of the B73 inbred
line at 14°C and at 30°C, and found that at the lower
temperature mitochondria showed a higher capacity of
alternative oxidase activity, which resulted in elevated res-
piration rates. The authors’ hypothesis was that a higher
respiration rate prevents the accumulation of a toxic me-
tabolite, and that the alternative pathway functions in that
respiration. A subsequent study by Stewart et al. (1990b)

conducted on genotypes showing different levels of chill-
ing tolerance indicated that the ability of maize seedlings to
grow at temperatures near the lower limit is influenced by
a number of genetic determinants and not only by the
alternative oxidase activity.

Genetic Aspects of the Associated Responses to Selection

The present study on chilling tolerance used maize pop-
ulations obtained by a divergent-recurrent selection proce-
dure for tolerance to germination at low temperature. Re-
sults indicated that the associated changes for several
physiological properties of the mitochondria were ob-
tained. The size of such associated changes was for most
properties reduced or even negligible at 25°C, but much
greater at 14°C. At the lower temperature of growth, the
two selected populations showed mean values beyond
those of the two parental lines. This transgression was
always consistent in that C4-H exceeded IABO78 (the pa-
rental line showing greater chilling tolerance), as did C4-L
compared with B73. We can account for these transgres-
sions by assuming that the traits in question are controlled
by more than one gene and that the favorable alleles are to
some extent dispersed in the two parents. On the other
hand, the hypothesis that the less-tolerant parental line,
B73, is homozygous for favorable alleles at some loci is not
surprising, because in field trials (Mock and McNeill, 1979)

Table III. Activities of COX, mtPOX, and CPX, and the degree of lipid peroxidation (TBARS) of the
mitochondria isolated from shoots of maize seedlings of parental lines and populations grown at
25°C and 14°C

Results are the averages of four determinations (two experiments and two samples per experiment).

Material COX mtPOX CPX TBARS

mmol Cyt c min21

mg21 protein
mmol guaiacol min21

mg21 protein
mmol Cyt c min21 mg21

protein
(A532–A600)

mg21 protein

25°C
Parental lines

B73 1.81 0.21 0.13 0.13
IABO78 1.87 0.23 0.15 0.13

Populations
C0 1.86 0.23 0.14 0.14
C4-L 1.82 0.22 0.13 0.12
C4-H 1.88 0.24 0.14 0.14
Meana 1.85 0.23 0.14 0.13
LSDb 0.02 NSc 0.02 NS

LSDd NS NS NS NS

14°C
Parental lines

B73 1.23 0.36 0.35 0.29
IABO78 1.33 0.40 0.36 0.25

Populations
C0 1.27 0.38 0.35 0.26
C4-L 0.80 0.27 0.34 0.46
C4-H 1.41 0.51 0.35 0.22
Meana 1.11 0.39 0.34 0.34
LSDb 0.03 0.02 NS 0.02
LSDd 0.02 NS NS 0.02

a Mean value of the two selected populations, C4-L and C4-H. b LSD (P # 0.05) for comparing
parental lines and/or populations. c NS, Not significant. d LSD (P # 0.05) for comparing the
source population C0 with the mean of C4-L and C4-H.
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and laboratory studies (Stewart et al., 1990a, 1990b) the line
demonstrated a high level of chilling tolerance.

Changes associated with recurrent selection can be as-
cribed to random genetic drift, linkage, and/or pleiotropy
(Falconer, 1981). For each cycle of the recurrent selection,
15 families were selected upward and 15 downward (Landi
et al., 1992), so that some genetic drift may have occurred
due to the reduction of the effective population size.
Changes caused by genetic drift are expected to be erratic,
however. But the observed changes followed consistent
trends, as revealed by the comparisons involving the three
populations and the two parental lines. Also, linkage could
have contributed to the associated changes because the
source was an F2 population (i.e. a population with a high
level of linkage disequilibrium). However, C4-H and C4-L
were developed after four cycles of recurrent selection, a
procedure in which materials are selected and then inter-
mated before starting the subsequent selection cycle. Be-
cause intermating allows recombination among linked loci,
we can assume that the linkage contribution was limited
mainly in the first selection cycles and for those genes tightly
linked. In all likelihood, and given both the consistency and
the size of the associated changes, pleiotropy should have
played a basic role in the achievement of such changes. This
would imply that the recurrent selection for a high or low
level of chilling tolerance at germination changed the allelic
frequencies at genes that, either directly or indirectly, also
affect mitochondrial characteristics of seedlings grown at a
temperature near the lower limit (14°C).

For several traits C0 was intermediate between the two
selected populations (symmetry of response), indicating

that the associated changes were consistent (similar in
absolute value) in both upward and downward directions.
Also, in the recurrent selection for tolerance to germination
at 9.5°C conducted by Landi et al. (1992), the direct re-
sponse (i.e. for the trait under selection) was symmetric.
According to Falconer (1981), and given the material used
as a source population (an F2 population with equal allelic
frequencies at segregating genes), the prevalence of sym-
metric responses could be due to the fact that selection
acted on genes showing important additive effects.

Involvement of Fatty Acid Composition and
Membrane Fluidity

The selected populations differed markedly in the fatty
acid composition of mitochondrial inner membrane and
DPH fluorescence polarization when grown at 14°C. Com-
pared with C4-L, C4-H showed a higher concentration of
18-carbon unsaturated fatty acids and, therefore, a higher
ratio between unsaturated and saturated 18-carbon fatty
acids. It is worth noting that 18-carbon fatty acids repre-
sented the most abundant component of unsaturated fatty
acids. Moreover, C4-H showed lower values of DPH po-
larization and consequently higher fluidity in the whole
range of temperatures used in the assay. The term “fluid-
ity” (the reciprocal of viscosity) is used loosely to describe
the extent of disorder and molecular motion within a lipid
bilayer (Cossins, 1994). This single term includes all of the
very different dynamic characteristics of a lipid bilayer,
such as lateral diffusion of molecules, molecular wobbling,
and chain flexing (Murata and Los, 1997). A role of fluidity
in plant cell membranes in the perception of low temper-
atures and the involvement of a membrane component in
the subsequent signal transduction was also proposed by
Murata and Los (1997).

Prasad (1996) suggested a possible involvement of the
content of the unsaturated fatty acids in chilling tolerance
of maize seedlings. Our data emphasize a role in chilling
tolerance for the ratio of the level of 18-carbon unsaturated
fatty acids to the level of 18-carbon saturated fatty acids,
which is linked to changes in the fluidity of the membrane.

Involvement of COX Activity

When seedlings were grown at 14°C, the activity of COX
was higher in C4-H than in C4-L. Moreover, this property
was positively associated with the ratio between unsatur-
ated and saturated 18-carbon species. The higher level of
COX activity is probably due to higher mitochondrial
membrane fluidity of C4-H compared with C4-L, at least in
some specific microdomains. Trivedi et al. (1986) investi-
gated the nature of the interactions between COX and fatty
acid composition in phospholipids of the mitochondrial
membranes in a double-fatty-acid mutant of Saccharomyces
cerevisiae that was auxotrophic for both unsaturated and
saturated fatty acids. The activity and level of COX
changed when the unsaturated and saturated fatty acid
content was altered by varying the fatty acid supplements
in the growth medium. In particular, mitochondria whose
membranes were characterized by enhanced levels of 18:1

Table IV. Rate of ATP transport in proteoliposomes reconstituted
with ANT protein purified from mitochondrial membranes isolated
from maize seedlings of populations grown at 25°C and at 14°C

Proteoliposomes were loaded with 20 mM ATP. Transport was
initiated by adding 0.1 mM [3H]ATP. Results are the averages of four
determinations (two experiments and two samples per experiment).

Population
ATP Transport

25°C 14°C

nmol 10 min21 mg21

protein

Seedlings grown at 25°C
C0 9109 8481
C4-L 9033 8327
C4-H 9239 8604
Meana 9136 8466
LSDb 84 149
LSDc NSd NS

Seedlings grown at 14°C
C0 7624 6648
C4-L 6824 5571
C4-H 8920 7730
Meana 7872 6651
LSDb 615 228
LSDc NS NS

a Mean value of the two selected populations C4-L and C4-
H. b LSD (P # 0.05) for comparing populations. c LSD (P #

0.05) for comparing the source population C0 with the mean of C4-L
and C4-H. d NS, Not significant.
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and depressed levels of 18:0 fatty acids had the highest
heme Cyt a 1 a3 content and also showed higher COX
specific activity, whereas those membranes that contained
18:2 and increased 16:0 levels had the lowest heme Cyt a 1
a3 level and decreased activity of COX.

Prasad et al. (1994a, 1994b, 1995) and Prasad (1996, 1997)
studied chilling tolerance of dark-grown seedlings of the
susceptible G50 maize inbred line subjected or not to accli-
mation at 14°C and then chilled to 5°C. They observed a
decline of the synthesis and activity of COX after acclima-
tion and after chilling treatment. Therefore, our data on the
COX activity of C4-H and C4-L are consistent with data
concerning the mechanism of acclimation to chilling con-
ditions studied by Prasad and coworkers. In addition we
can hypothesize a relationship between fatty acid unsat-
uration in the mitochondrial membrane and COX activity,
as Trivedi et al. (1986) found in yeast.

Effects on Peroxidase Activities and on the Accumulation
of TBARS in Mitochondria

The exposure of seedlings to a temperature near the
lower limit of growth (14°C) led to a higher activity of
mtPOX in the C4-H than in the C4-L population. The fact
that the antioxidant effect of this enzyme might also occur
in whole seedlings was confirmed by the finding that the
TBARS accumulation proved to be lower in C4-H than in
C4-L. The accumulation of TBARS measures the level of
short- and long-chain aldehydes in the membrane. This
assay is considered by several authors (Oteiza and Bekara,
1993; Zhang et al., 1995; Prasad, 1996) as a general indica-
tion of lipid peroxidation, even if it cannot be taken as a
strictly quantitative assay. The physiological need to main-
tain membrane fluidity at low temperatures is generally
associated with increased lipid unsaturation (Guy, 1990;
Nishida and Murata, 1996). The increased level of unsat-
urated fatty acid that we observed when maize seedlings
were grown at 14°C provided a higher substrate concen-
tration for peroxidation, a necessary price to be paid for the
maintenance of membrane function. The cells of C4-H,
however, counteracted this challenge by enhancing their
antioxidant properties, thus keeping the peroxidation dam-
age as low as possible. It is plausible that the cells of C4-H
synthesized unsaturated fatty acids at a higher rate than
the rate of their chemical modification.

To demonstrate that oxidative stress might be responsi-
ble for lipid peroxidation, seedlings of C4-H grown at 14°C
were treated with 0.1 mm H2O2 for 4 h in the dark, and
mitochondria were then isolated and purified. Treatment
with H2O2 caused a small but significant increase in TBARS
accumulation (about 8% on the average; results not
shown), confirming that this assay method measures the
effects of lipid peroxidation.

Our results on the mtPOX activities of C4-H and C4-L are
consistent with the hypothesis of Prasad et al. (1994b) and
Zhang et al. (1995), suggesting that tolerance to chilling
temperature requires the scavenging of H2O2 (the en-
hanced production of which is related to lowered COX
synthesis and activity) by mtPOX. As a consequence, the

level of lipid peroxidation in the mitochondrial membranes
of the tolerant population (C4-H) is lowered.

Involvement of ANT Activity

Seedlings of the selected population C4-H grown at 14°C
showed a greater specific activity of reconstituted ATP
transport than those of C4-L when the assay was per-
formed at both 25°C and 14°C. The lesser effect of chilling
temperatures on ANT activity of C4-H may be due to the
protection of the enhanced mtPOX activity, which lowered
peroxidation of unsaturated fatty acids.

Metabolite transfer by carrier protein in the inner mem-
brane of animal mitochondria proved to be strongly de-
pendent on fatty acid changes in specific phospholipid
molecules tightly bound with carrier molecules (cardiolip-
in) (Hoch, 1992; Paradies et al., 1992, 1994; Petit et al., 1994;
Brustovetsky and Klingenberg, 1996). The induction of
lipid peroxidation in rat heart mitochondria preferentially
affected ANT protein (Zwizininsky and Schmid, 1992). The
peroxidative modification was found to be a small increase
in its apparent molecular mass, up to 1.2 kD (Girón-Calle et
al., 1994), which occurred under relatively mild peroxida-
tive conditions similar to those observed in the present
study in maize.

The active center of maize ANT has not yet been char-
acterized; we know only that the purified maize ANT1
protein can transport ATP, ADP, and also GTP, GDP, and
deoxy-ATP (Genchi et al., 1996). Thus, its active site is
similar but not identical to the ANT protein of rat heart
mitochondria. Further investigations into the peroxidative
modification of specific phospholipids connected with the
active center of maize ANT protein might clarify the mech-
anism by which the decrease in ANT activity is related to
chilling sensitivity in maize seedlings.

CONCLUSIONS

The application of divergent-recurrent selection proce-
dures to the maize population herein investigated using
germination percentage at 9.5°C as the selective trait af-
fected allelic frequencies of genes controlling mitochon-
drial functions connected with chilling tolerance. The final
two selected populations showed transgressive segregation
in that they were beyond the parental boundaries, indicat-
ing that such mitochondrial functions are quantitatively
inherited. These populations allowed us to investigate the
cause-effect relationship between functions related to chill-
ing tolerance. In particular, our data demonstrated that the
content of 18:1 and 18:3 unsaturated fatty acids in the inner
mitochondrial membrane can control the level of activity of
COX at temperatures near the lower limit of growth. More-
over, the transport of ATP by the transmembrane ANT
protein was positively associated with 18-carbon unsatur-
ated fatty acid level and with mtPOX activity, suggesting
that ANT activity is also affected by chilling.

The information that this study provides can be useful
for breeding purposes; some of the mitochondrial proper-
ties of seedlings grown at 14°C (such as the 18:1[9] and the
18:1[11] contents or the level of fluidity of the inner mem-
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brane) could help identify suitable parental lines for the
development of chilling-tolerant plants.
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