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Summary &mdash; The investigation was conducted in the frame of early maize (Zea mays L) adaptation to northern Eu-
rope climatic conditions. In these countries, tolerance to low temperature during the first stages of development is nec-
essary to ensure a good yield. We were therefore interested in seedling behaviour during heterotrophic growth. We
observed rates of radicle elongation of 13 genotypes (inbred lines, hybrids or populations) at 18 controlled tempera-
tures from 6 to 40 °C. One group of genotypes was used to determine endosperm influence. Results of non-linear
analysis were in favour of the existence of genetic variation, even if seed effects were not clearly determined. This
variation was found to be due to differences in temperature sensitivity or seedling vigour. It was particularly evident for
elongation rates (from 0 to 0.2 mm/s in a cold environment, and for optimum temperature between 27 and 30 °C).
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Résumé &mdash; Variabilité génétique pour la croissance hétérotrophe chez le maïs en relation avec la tempéra-
ture. Cette étude se situe dans le cadre de l’adaptation des maïs (Zea mays L) précoces aux conditions climatiques
du Nord de l’Europe. Dans ces régions, la tolérance aux basses températures pendant les premiers stades de déve-
loppement est nécessaire pour assurer un bon rendement. Nous nous sommes intéressés au comportement de plan-
tules pendant la phase de croissance hétérotrophe. Nous avons observé la vitesse d’élongation de la radicule de 13
génotypes (lignées, hybrides ou populations) à 18 températures comprises entre 6 et 40 °C (fig 4). Un groupe de gé-
notypes a permis d’étudier l’influence de la qualité de la semence. Les résultats de l’analyse non linéaire permettent
de conclure à l’existence d’une variabilité génétique, même si l’effet du support-semence n’a pas pu être précisément
défini. Cette variabilité trouve son origine dans des différences de sensibilité aux températures ou dans des diffé-
rences de niveaux de vigueur. Elle se traduit en particulier par des variations de la vitesse de croissance à basse tem-
pérature entre 0 et 0,2 mm/s (tableau III) ou des déplacements de l’optimum thermique entre 27 et 30 °C (tableau II).

maïs / température / croissance hétérotrophe / radicule / analyse non linéaire

INTRODUCTION

Numerous studies have investigated the relation-
ships between growth and temperature. Some
have shown the existence of genetic variation for
maize behaviour related to temperature.

In the frame of early maize adaptation to north-
ern Europe climatic conditions, tolerance to low
temperatures during the first stages of develop-
ment is necessary to ensure a good yield. In

these countries, the interception of solar radiation
is a limiting factor because the canopy is not fully
developed until August, when solar radiation is

decreasing (Varlet-Grancher, 1982). Thus it is im-

portant to accelerate crop implantation in spring
when days are longer. But during this period,
temperatures are often too low for a temperature-
sensitive species such as maize.

To this end, it would be interesting to find geno-
types with an ability to grow at low temperatures
during the first stages of development. Some au-
thors (Lehenbauer, 1914; Blacklow, 1972a; Tolle-
naar et al, 1979) have established response
curves of seedling growth to temperature; but

they have not investigated a wide genetic vari-
ability. Our study consisted of examining radicle
elongation in several genotypes (including in-

breds and hybrids) as a function of temperature.
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MATERIALS AND METHODS

Ten genotypes were studied: 3 populations (Cimmyt
Pool 4, Cimmyt Pop 86, INRA population Sexa), 2 sin-
gle-cross hybrids (F2 x W117, W64A x F546), and 5
inbred lines (F2, W117, F546, W64A, EP1). They dif-
fered in maturity and kernel texture (table I). The sin-
gle-cross hybrid W117 x F2 was studied in the 2 meth-
ods of crossing (W117 and F2 as female parent) and
in each case with 2 seed sizes (large size: > 6.5 mm

with F2 as female parent; or > 8 mm with W117 as fe-
male parent and small size: &le; 6.5 mm or &le; 8 mm).

About 30 seeds per genotype were pregerminated
at 25 °C between 2 sheets of blotting paper in Petri
dishes. After 2 or 3 days, 12 seedlings with a radicle
length of > 10 mm but < 50 mm were chosen and
transferred to 3 Petri dishes at the desired tempera-
ture, each with 2 degrees difference in the range 6-
40 °C. Radicle length was recorded after 8, 24 and

32 h and elongation rate was then calculated over a
16- and an 8-h period.
We have shown that radicle growth is linear after 10 

and up to 50 mm (Giauffret, 1989). Thus, all the geno-
types were compared at the same stage of develop-
ment during the linear phase of radicle growth. The re-
sults for the 2 periods were identical. Only those for
the 16-h period are presented here.

The experiment was conducted in the dark in an in-
cubator. To take into account the thermal gradient in
the incubator, the Petri dishes were arranged accord-
ing to a 3-block design.

Statistical analysis

The temperature response curves for elongation rate
were drawn and compared. Comparisons were first

made for the linear phase of response. To this end, lin-
ear regressions between 14-28 °C were calculated



and the parameters compared between genotypes us-
ing a Student test. Analysis was then conducted with a
non-linear fitting method.

The maximum of likelihood estimator was chosen in
order to perform the likelihood ratio test. This test is
based on the comparison of the likelihood of a particu-
lar model (estimation of parameters under constraint)
to the likelihood of a general model (without con-
straint). It allows the comparison to be made of fitted
curves and estimated parameter. CS-NL procedures
(Bouvier et al, 1985) were used to solve the a, b, c, d,
coefficients in the following model:

yij : elongation rate value for the ith temperature and jth
repetition; ti: ith temperature; and Eij: error.

Figure 1 shows an example of fitted curve. This
gamma model was chosen from the commonly used
models with an optimum and which are defined on an
infinite interval because of the biological interest of its
coefficients. It was slightly modified in order to intro-
duce an additional parameter (d) with a biological sig-
nificance.

Thus the parameters are: a, a scale parameter; b,
the value of temperature for which the maximum rate
occurs:

c, no determined significance; d, the estimate of elon-
gation rate at 0 °C: d = f(ti) when ti = 0.

Fittings are realized according to Gauss-Marquardt
algorithm (Lebreton and Millier, 1982).

The comparisons were made in order to determine
3 points:
- does a genetic variation exist for radicle growth be-
tween inbred lines, hybrids and populations?
- what is the relation between hybrid and parental in-
breds?

- is there an influence of the methods of crossing on
kernel size?

RESULTS AND DISCUSSION

In accordance with the observations of Blacklow

(1972a), Crawford and Huxter (1977); McAdam
and Hayes (1978), Clarkson and Gerloff (1979),
the response curves of radicle elongation rate to
temperature are curvilinear with an optimum at =
30 °C and a linear phase between 10-14 °C and



28-30 °C (see fig 1 for the elongation rate of line
F2).

Research of genetic variation
using linear regression

Test of parallelism of the regression lines shows
a significantly higher slope for W64A and W64A
x F546. The other lines behave in a similar man-
ner to F2 x W117 and exotic populations.

Another important parameter to compare is
the base temperature (BT). The BT was defined
as the value of temperature when predicted elon-
gation rate was equal to zero. But, because of
the dubiousness of the value, none of the statisti-
cal tests used was precise enough to distinguish
all the BT. According to the confidence intervals,
EP1 is the only genotype with a BT significantly
higher than the others (fig 2).

It was therefore not possible to prove the exis-
tence of genetic variation for sensitivity to tem-
perature. As a matter of fact, when 2 genotypes
differ only by slope, they differ in vigour but ra-
tios between elongation rates at 2 given temper-
atures are equal for both of them (fig 3). In this

case, a genotype with a higher slope is more
suitable for breeding because it is not more sen-
sitive but grows faster.

Determination of genetic variation
using non-linear methods

The fitted curves obtained for most of the geno-
types are presented in figure 4. The inbred lines

are all different except for the c parameter. Even
if W64A shows a higher value, there is no statisti-
cal difference between the 5 coefficients and a
common estimate (0.203) was thus calculated.
Except for W64A, the optimum temperature (b) is
29.5 °C (common value estimated for the 4 other
lines) and the growth rates at 0 °C (d) are equal
(0-0.04 mm/h) (table II).

Concerning hybrids, W64A x F546 is com-

pletely different from F2 x W117 and W117 x F2.
It had the same characteristics as its parent
W64A: an optimum which is low, a growth rate at
0 °C and a c parameter which are high.

The populations are also different except for
growth at 0 °C. A common estimation can be
found (89.9 &mu;/h) in spite of the lower value
shown by Pop 86. Pool 4 and Sexa have the
same optimum at 29 °C. It occurs at a lower tem-

perature (26.4 °C) for Pop 86.

Behaviour at low temperature

Equality to zero of mean elongation rate was

tested by a Student test. Radicles of most of the
genotypes grow longer at 6 °C (table III). These
results do not agree with the thresholds usually
quoted for heterotrophic growth (Barloy, 1984).
This is probably due to the feature studied: elon-
gation is not equivalent to growth measured by
an increase in dry matter weight. Elongation
probably results here in passive absorption of
water. According to Blacklow (1972b), this phe-
nomenon is not inhibited by low temperature.

It is also possible to use the non linear meth-
od. Equality to zero of the d parameter was de-





termined. This test gives a good idea of the be-
haviour at low temperature due to the flatness of
the curves between 6-10 °C.

Equality is accepted for EP1 and F2 x W117.
The interest of Pool 4 and Sexa against POP 86
is confirmed (table IV).

Comparison between hybrids
and parental inbred lines

The linear regression coefficients are equal for
F2 x W117, W117 x F2 and W117, as for W64A x
F546 and W64A. On the other hand, non-linear



comparison shows that hybrids are different from
all their parental inbreds. Nevertheless, F2,
W117 and their hybrids differ only in the scale pa-
rameters, possibly in vigour effects. It is also in-

teresting to observe the common features of
W64A and its hybrid W64A x F546 which prove
the possibility of inheritance of juvenile growth
characteristics.

Influence of crossing method and seed size

The linear method showed no difference between

crossing method or seed size of the hybrid be-
tween F2 and W117. On the other hand, the
non-linear method allows the 2 crossing methods
to be distinguished. This result confirmed the

general opinion about seed influence on juvenile
characteristics.

CONCLUSION

The investigation shows the existence of genetic
variation for maize seedling growth at different

temperatures. Genotypes are characterized by
different elongation rates at low temperature, dif-
ferent optimum temperatures and different sensi-
tivities to temperature. Sometimes there is only a
difference in vigour which is possibly an expres-
sion of heterosis.

It should be noted that this study does not al-
low seed reserve effects to be separated from

genotype influence. It would be interesting to

study grain filling in order to examine this point.
In other respects, observations have not been

based on dry matter weight measures but on e-
longation. A study of dry matter accumulation
during the seedling stages of development
would be necessary to characterize genotypes
according to another criterium more closely as-
sociated with early vigour tests used by breed-
ers.
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