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Abstract

Miedema, P., J. Post & P.J. Groot, 1987. The effects of low temperature on seedling growth of
maize genotypes. Agric. Res. Rep. (Versl. landbouwk. Onderz.) 926, ISBN %90 220 0919 X, (x)
+ 124 p., 54 tables, 22 figs, 93 refs.

This report describes investigations of what selection criteria are required for breeding cold-
tolerant maize. The effects of low temperatures on seedling growth were studied from germina-
tion until appearance of the sixth leaf. Ten single-cross hybrids of flint and dent maize were
tested for cold tolerance traits under field, greenhouse and growth-chamber conditions; some
experiments were carried out with varieties and a group of exotic accessions. Low temperatures
before emergence caused seed and seedling mortality, chilling injury, retarded emergence and
reduced seedling vigour. After emergence, low temperatures caused chlorosis, retarded leaf
extension and shoot dry matter accumulation. Genotypic variation was recorded for the low-
temperature responses but most of them were statistically not correlated with each other. This
suggests that different genetic and physiological characteristics are involved. Resistance to
chiorosis and rapid leaf extension at low temperature are considered major selection criteria for
the improvement of low-temperature adaptation.

Free discriptors: Zea mays, maize, genotypic variation, cold tolerance, low temperature, seed-
ling growth, chilling injury, chlorosis, germination, emergence, shoot morphology, leaf exten-
sion, shoot dry matter accumulation.
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1 General

1.1 Introduction

During the last 15 to 20 years the maize-growing area in North-Western Europe has
been increased considerably. A major part of this increase is the result of the intro-
duction of silage maize in northern regions that are too cool for grain maize {Bunting,
1978, 1980). In the Netherlands the area of silage maize increased from 4 000 ha, in
1969, to 196 000 ha, in 1986. Chemical weed control and mechanization of seeding
and harvesting were major factors that made the expansion possible. Early-maturing
grain-maize varieties developed for the traditional maize areas in France and Germany
were used for silage in cooler regions. Later on new varieties were developed that out-
yielded the original grain-maize varieties (te Velde, 1984).

A major growth-limiting factor in northern areas is the temperature at the begin-
ning of the season. Low temperatures may result in several types of damage, such as
seed rot, frost injury and chlorosis. Low temperatures above the injury threshold will
retard emergence and vegetative growth. The grain maize varieties already mentioned
have some degree of cold tolerance, but further improvements are possible (Dolstra &
Miedema, 1986). Adaptation to low temperatures has been an important objective in
the breeding of silage maize for northern areas. Screening for this adaptation is usually
done under cool field conditions, on such selection criterea as percentage of emerging
seedlings, rate of emergence, resistance to chlorosis and vegetative plant growth. The
question arises: how effective is this screening? First, field screening is subject to fluc-
tuations in temperature; with a warm season no screening is worthwhile. Second, little
is known about interrelationships between various cold-tolerance traits. Third, liftle
quantitative data are available about the effect of cold tolerance on initial growth in
terms of dry matter and leaf area. Initial growth is an important characteristic in
maize breeding, as shown by te Velde (1986), who reported a good correlation (r =
0.78) between initial growth and final dry matter yield in 12 silage maize varieties
tested over five years. More information on selection criteria may help make breeding
and screening more effective,

We started investigations on cold tolerance in maize in 1971, with special emphasis
on physiclogical aspects of genotypic differences. The ultimate objective was to find
plant characteristics that limit growth at low temperature and the appropriate screening
techniques to be used. This agricultural research report contains the experimental
result of our investigations. A review of the literature, as well as some of the main
results of our investigations, has been published by Miedema (1982). Other reviews on



the effects of low temperature on maize have been published by Stamp (1984c¢) and
Crévecoeur & Ledent {1984).

1.2 Plant material

Many experiments have been carried out with a group of 10 single-cross hybrids
(Table 1) that differ in cold tolerance under field conditions; the group comprised five
flint and five dent hybrids. Some experiments were carried out with commercial var-
ieties (three-way or double-cross flint x dent hybrids) more or less adapted to the cli-
mate of North-Western Europe. Finally, a group of exotic accessions comprising
various landraces and CIMMYT gene-pool populations was tested. Seed of the com-
mercially available varieties was supplied by seed companies; seed of the other mate-
rials was produced in a greenhouse.

1.3 Methods

The effects of temperature were studied from germination until emergence and
from emergence until the tip of the 6th leaf appeared (6th-leaf stage). Stages of plant
development after emergence were indicated by the number of visible leaves and not
by the number of fully grown leaves, which is usual (e.g. Hanway, 1963; Groot et al.,
1986). For comparison of both systems: in the 4th-leaf stage the 1st leaf is full-grown
(collar visible); in the 6th-leaf stage the 3rd leaf is full-grown.

Five types of growth conditions were used:

— Dark rooms with temperature conditioning; seeds or seedlings in soil or moist

perlite (e.g. Sections 3.2 and 4.2).

— Growth cabinets with artificial light (Section 5.2); plants in pots with potting com-
post.

— Glasshouse experiments with (Sections 6.3 and 6.4) or without {Section 5.3)
temperature conditioning; plants in pots with potting compost.

— Qutdoor experiments with potted plants (e.g. Sections 5.3 and 7.2).

— Field experiments (Section 2.2).

Detailed descriptions of these conditions are presented in the sections indicated.

The effects of temperature were assessed by visual observation of damage and by
investigating plant growth as extension growth or shoot dry-matter accumulation.
Extension growth included shoot elongation just after emergence and leaf elongation,
estimated by periodical measurements with a ruler of the distance between the soil
level and the tip of coleoptile or first leaf, or the tip of the leaf involved, usually the
3rd leaf. Shoot dry weight was estimated by oven drying (at 105 °C for 16 — 24 h) of
shoots cut off at the coleoptilar node. Relative growth rate of the shoot (RSGR) was
calculated using methods commeon to growth analysis (e.g. Radford, 1967). In some
cases leaf area (LA) and its relative growth rate (RLAGR) were estimated (see Sec-
tions 5.2.2 and 5.5.2).

Environmental variation is usually large in seedlings of maize. Therefore, several



plants (20— 50) were investigated per treatment and per genotype. Mean values and
standard deviation of the mean (¥ + s;) were calculated. For several traits, correla-
tions (#) have been calculated. In some cases analysis of variance was done. Path-
coefficient analysis was carried out for the major components of cold tolerance in the
group of single-cross hybrids (Chapter 8).

1.4 Scope of the investigations

The experimental work focused on adaptation of maize to the cool maritime
climate of the Netherlands, characterized by slow increase of temperature in spring
and summer. Diurnal fluctuations are compartively small; for the months May-Sep-
tember the difference between maximum and minimum is on average around 10 °C.
In the Netherlands, maize is sown at the end of April and harvested in October.
Temperature is a limiting factor mainly during early vegetative growth. Experiments,
therefore, were restricted to the seedling stage.

The experiments are described in Chapters 2 to 7; those chapters can be read sepa-
rately. Chapter 2 describes the effects of cool conditions, which will be met by early
sowing, on percentage and rate of emergence, chlorosis and shoot dry weight in the
6th-leaf stage in the 10 single-cross hybrids. The data of this field experiment are a
basis for further analysis of effects of low temperature under controlled conditions,
described in Chapters 3, 4, S and 6.

Chapter 3 describes the effect of temperature (6 — 40 °C) on the rate of germination
and shoot extension before emergence in cv. Fronica, and the rate of germination and
emergence at 12 °C in the 10 single-cross hybrids and a group of 11 exotics.

Chapter 4 describes various types of low temperature damage in imbibed seeds and
germinated seedlings of the 10 single-cross hybrids and other genotypes.

Chapter 5 presents a detailed description of seedling growth after emergence of 9
(of the 10) single-cross hybrids under different environmental conditions in growth
cabinets, a greenhouse and outdoors.

Chapter 6 describes low temperature damage after emergence in some varieties and
some of the single-cross hybrids.

In Chapter 7, experiments with a group of various exotics to investigate whether the
main results obtained from the 10 flint and dent single-cross hybrids also apply to
other material are described.

Chapter 8 describes path-coefficient analysis of data from the single-cross hybrids.

Chapter 9 contains a discussion of the main results, and some new data from liter-
ature not included in the review paper by Miedema (1982).



2 The effects of early sowing on emergence and seedling growth of ten
single-cross hybrids

2.1 Introduction

A group of ten single-cross hybrids were used in many experiments of this study.
Single-cross hybrids were chosen because they are genetically (more) uniform than
varieties and they are more vigorous than inbred lines. The plant material consisted of
genotypes that differed in response to low temperature under field conditions.

In the Netherlands, the period between 20 April and 1 May has been recommended
as the most suitable for sowing of maize (Becker, 1976). Sowing before 20 April in-
creases the risk of low-temperature damage during germination or damage by night
frost. Sowing after | May may facilitate emergence and seedling growth but final vield
is often reduced by the shorter growing season. Average monthly temperatures {°C)in
the Netherlands are:

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.
20 23 4.8 8.0 121 152 166 164 140 10.3 58 32

These data are averages of hourly recordings at the meteorological station KNMI, De
Bilt, in the middie of the country.

The experimental material was planted on six dates in the period 19 March tot 19
June; these six trials are designated by the symbols 81, 82, . .S6. The aim of the experi-
ments described in this chapter was to determine the effects of low temperature on the
ten single-cross hybrids. Date of emergence, percentage of emerging plants and dry
weight of shoots at the 6th-leaf stage were determined; in the early sowings, resistance
to chlorosis was assessed. Relationships between those characteristics were studied to
trace common factors in the response to low temperature.

2.2 Material and methods

The ten genotypes and their characteristics are listed in Table I. The inbred lines were
provided by the breeding company Zelder BV, Ottersum, the Netherlands. The
figures for cold tolerance of the single-cross hybrids were given by Ir. H.J.H. Weijs of
Zelder BV. They are based on visual observations of seedling vigour and chlorosis
under field conditions over a pericd of several years.

Seeds of the single-cross hybrids were produced under favourable conditions in a
greenhouse in 1974, The seeds were hand-threshed, dried, and stored at 2 °C and

4



Table 1. Characteristics of the 10 single-cross hybrids used in experiments. Cold tolerance is
indicated on a 1 -9 scale: 1 is the most sensitive and 9 the most tolerant to low temperatures
under field conditions.

Genotype Kernel Cold Kernel Parental lines Origin
type tolerance  weight (mg)
SHi1 flint 9 379 AxB Netherlands
SH2 flint 8 256 CxB Spain, Netherlands
SH3 flint 6 251 F7 x F2 France
SH4 flint 6 250 DxE Spain, various
SHS flint 5 299 G xH various
SHé dent 4 320 WH x WJ USA
SH7 dent k) 311 WI182E x W33 USA
SHS dent 2 256 W37 x W79A USA
SH9 dent 1 272 WI53R x W374B USA
SHI10 dent 1 284 WI53R x W182B USA

Table 2. Dates of sowing and harvest, duration of the periods from sowing to
emergence, and emergence to harvest, and average air temperatures during those
periods. The duration of the periods is based on the mean dates of emergence (see
Table 4).

Trial Sowing Harvest  Period sowing Period emergence
date date to emergence to harvest

time temperature  time temperature (°C)

(days) (°C) (days)
51 19March 11 June 53 6.8 k]! 12.0
S2 2 April 11 June 37 8.1 13 11.1
S3 16 April 11 June 23 10.4 34 11.1
54 30 April 13 June 18 11.4 26 13.0
S5 14 May 17 June 14 12,0 20 14.8
56 18 June 11 July 7 18.2 18 15.2

30 Y relative humidity. Seed weight was determined after exposure for a few hours to
ambient laboratery conditions. Moisture content was not determined but it will have
been similar for the seed lots, Seeds were dressed with a mixture of fungicide and in-
secticides that contained 250 g thiram, 100 g lindane and 250 g methiocarb per
kilogram of mixture.

Six sowing dates, in 1975, were used (Table 2). The experiment incorporated a ran-
domized block design. On each sowing date, eight replicates (rows) of five seeds per
genotype were planted. Plant distance was 10 cm in the row and 50 cm between the
rows, The experiment was carried out on a sandy soil. Soil moisture was sufficient



during the experimental period. On some nights all plots were covered with
transparant plastic sheeting to prevent damage by night frost.

Air temperature at 10 cm above ground level (+ 10 cm) and soil temperature at 5 cm
below level (=5 cm) were recorded with thermographs. Average day temperatures
were calculated; average temperatures of weekly periods are presented in Figure 1.

Dates of emergence were estimated for individual plants by daily observations. The
numbers of emerged plants of sowing dates S1, 52 and S3 were determined on 28 May,
and of S4, S5 and S6 at harvest time. On 18 May, chlorosis and intermediate plant size
of S3 material were assessed by visual observation. Shoots were harvested at about the
6th-lecaf stage (6th leaf just visible), Harvest dates are given in Table 2. Shoots were cut
off at soil level {in all other experiments at the coleoptilar node); shoot dry weight was
determined for individual plants. Plants that had not emerged and clearly abnormal
plants that were damaged or had emerged extremely late were omitted in the calculation
of date of emergence and shoot dry weight (see Table 3 number of ‘normal’ plants).

An additional experiment was carried out in which plants of the 10 single-cross
hybrids were grown in pots (diameter 16 cm) with potting compost. Twenty seeds were
used from each genotype. After sowing, the pots were kept in a greenhouse at
18 —23°C for 4 days. The pots were put outside on 5§ May. Date of emergence was
recorded. Shoots were harvested an 9 June, when the plants were in the 6th- or 7th-
leaf stage.

air temperatur {°C)

W0r

15

10

5.

oA~ . . . . . . L . ‘ R . ‘
16 2 16 3¢ 14 28 " 25 9
March April May Jure July

Figure 1. Average weekly air temperature during the experimental period 19 March-11 July 1975.
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2.3 Results

The air temperature during the experimental period is depicted in Figure 1. Average
soil temperatures at — 5 ¢m were similar to air temperature, but dailv maxima were
I — 2 °Clower and daily minima 1 — 3 °C higher in the soil than in the air. Temperature
was very low during the first four weeks. During this period, daily maxima of soil
temperature did not exceed 11 °C. Mean air temperatures during the periods from
sowing to emergence and from emergence (o harvest are given in Table 2.

The effects of sowing date on the number of emerged plants, time to emergence and
shoot dry weight are presented in Tables 3, 4 and 5, respectively. Shoots of 51, S2 and
53 were harvested on the same day, although plant development of S1 lagged behind
S3. On 28 May, seeds of S1 and S2 that had not emerged were dug up. Of the whole
group of 312 seeds, 12 % were not found, 44 % showed no signs of germination, 29 %
had shoots < 4cmand 15 % shoots > 4 cm. The smaller shoots were mostly dead and
decayed. The longer shoots were alive but had not emerged because ol their abnormal
morphology: the leaves had grown through the coleoptile and the shoots were distorted
and not able to grow in a vertical direction. Some of those seedlings eventually emerged
with a folded first leaf. This disoriented growth was mainly found in genotypes SHI,
SH4, SH6, SH7 and SHS8. The total number of emerged plus germinated plantsin S1

Table 4. Effect of sowing date on time from sowing to emergence of 10 single-cross hybrids,
Means in column followed by the same letter are not significantly different at P < 0.05.

Geno- Time from sowing to emergence (days) Emergence

type time
S1 S2 53 54 S5 S6 ratio S3/56
18 March 2 April 16 April 30 April 14 May 18 June

SH1 56.6de 38.80bcd 25.35¢ 192e t54e 8.7d 2.93

SH2 48.5a 324a 21.1a 16.9ab 129a 6.7 ab 3.15

SH3 52.9bc 40,0 cd 23.5d 17.8 ¢d 14.0 cde 6.6 ab 3.56

SH4 56.7 dc 37.2bc  22.9bed 18.4d 14.2 de 7.9¢ 2.90

SHsS 58.7e 40.4d 23.2ced  17.9¢d 142 de 6.7 ab 3.46

SHe 52.3bc 36.0b 22.2abc 17.6¢ 13.8bcde 7.20 3.08

SH7 52.4 be 37.9bed 21.5a 16.9ab  13.2 abc 7.1ab 3.03

SHS 51.0b 37.1bc 21.8ab 16.8a 13.1 ab 6.4a 3.41

SH¢ 54.7 cd 36.2bc  22.4abcd 17.6¢C 13.2abc  6.6ab  3.39

SHI10 50.3b 338a 21.2a 17.5 be 13.5abed 6.7 ab 3.16

Mean 53.4 37.0 22.5 17.7 13.8 7.1 i

s.d. of the

mean 1.02 0.80 0.42 0.23 0.24 0.23 0.07

Mean date of

emergence 11 May 9 May 8 May 18 May 28 May 25 June




Table 5. Effect of sowing date on shoot dry weight and shoot dry weight ratios of 10 single-
cross hybrids harvested at about their 6th-leaf stage. Plant numbers are given in Table 3. Dry
weight values in column followed by the same letter are not significantly different at P £ 0.05.

Geno- Shoot dry weight {mg/plant) Shoot dry weight ratio
type
S1 S2 S3 S84 Ss S6 L2 (81 +8582)/83 S3/586
19 March 2 April 16 April 30 April 14 May 18 June
SHI 300 be 390¢c 468d 435d 406d 34%9ab 0.74 1.34
SH2 389d 499d 517¢ 412d  40lcd 429bc  0.86 1.21
SH3 260 b 208b  391c¢ M6be 392cd 434 be 071 0.90
SH4 172a 0lb  383¢ 313ab 352bc 290a 0.62 1.32
SHS 256D 299b 387c¢ 346bc 389cd 354ab  0.72 1.09
SHé6 321 be 377¢  390¢c 374 ¢ 415d 473¢ 0.89 0.82
SH7 267 be 291b 3120 288a 319b  356ab (.90 0.88
SHS8 342¢c 327b  372c¢ 354bc 336b 395 Db¢ 0.90 0.94
SH9 173a 2243 268a 276a 272a 360ab 0.74 0.74
SHI10 259 b 278b 328D 31lab 323b  403bc  0.82 0.81
Mean 274 328 382 346 360 384 0.79 1.00
Coefficient
of variation 25.0 23.3 18.8 14.8 13.1 13.8  12.3 22.0

and S2 is given in Table 3. Because it was often difficult to distinguish between seeds
that had or had not germinated, these data are only indicative.

Assessments of chlorosis resistance and intermediate plant size of S3 material on
18 May are given in Table 6. Wilcoxon’s rank sum test showed that the group of flints,
SH1 - SH5 had a significantly (® < 0.005) higher chlorosis resistance and smaller in-
termediate plant size than the dents, SH6 — SH10. Chlorosis in S1 and $2 was similar
to that in S3. Plants of 84 were less chlorotic than those of 53. Plants largely recovered
from chlorosis when temperature rose (Figure 1). No chlorosis was found in plants of
S5 and Sé.

Percentage of emerged plants of S1, time to emergence of S3, shoot dry weight of
$3 and shoot dry weight ratio S3/56 were considered to be the main characteristics in
which low temperature response was expressed. Correlation coefficients between
those characteristics and other characteristics of the genotypes are given in Table 7.

Pot experiment. Shoot length (mesocotyl plus coleoptile) was about 1 ¢cm when the
pots were transferred from the greenhouse to the field. Date of emergence and data of
shoot dry weight are given in Table 8. The average date of emergence was 9 May, so
that shoot growth after emergence coincided with that of §3. Light conditions and air
temperature were the same as for 83, but on clear days soil temperature in the pots was
about 2 °C higher than soil temperature in the field.



Table 6. Resistance to chlerosis and intermediate plant
size of 10 single-cross hybrids sown on 16 April (83)
estimated on 18 May. The plants were in the 3rd-leaf stage.
Assessments were made per replicate of five plants, using a
| —9scale: 1is most yvellow and the smallest size; 9 is most
green and the largest size.

Genotype  Resistance (o Intermediate plant size
chlorosis (x + s7) (X = s¢)

SH1 7.2 + .31 3.1 = 0.69
SH2 g1 +0.35 5.4 = 0.18
SH3 6.2 = 0.16 3.6 = 0.46
SH4 8.1 + 0.23 1.5 £ 0.19
SHS 8.2 =+ 0.16 2.4 £ 0,37
SHé 1.1 £0.12 8.9 +0.12
SH7 1.8 £ 0.16 8.1 +0,12
SHS 4.8 = 0.16 6.6 + 0.18
SH9 3.4 = 0.16 5.9+ 0.69
SHI1G 3.6 + 0.26 7.1 £ 0.12

1.4 Discussion

Average temperatures during the growth period were higher for later sowing dates
(Figure 1 and Table 2). Effects of early sowing are considered, therefore, effects of
low temperature. Effects will be distinguished as occurring before and after
emergence. Before emergence, average air temperatures ranged from 6.8 °C in S1 to
18.2 °C in $6; after emergence they ranged from 11.1 °Cin 83 tot 15.2°Cin S6. The
data of the S3 trial will be used as standard for the effects of low temperature because
the temperature conditions during the growth period of this trial are representative
for a cool spring in the Netherlands. We will first discuss overall effects of low
temperature, 1.e. effects expressed in the mean data of the ten genotypes, and then the
differential response of the genotypes.

Early sowing reduced the number of emerged plants (Table 3). In S1 and S2 the pro-
nortion of emerged plants were 34 % and 68 %, respectively, and in S3 and later sow-
ings 96 — 99 M. Most of the non-emerged plants of S1 and S2 died during or after ger-
mination, probably because of fungi or physiological damage. Some seedlings were
alive but did not emerge because shoot growth was disoriented, resulting in distorted
seedlings below the soil surface. The distorted seedlings were similar to those found by
Buckle & Grant (1974), which were caused by large diurnal temperature fluctuations
and low night temperatures. There, too, disoriented growth occurred when leaves
grew through the coleoptile before emergence.

Time from sowing to emergence {Table 4} decreased from 33.4 days in S1 10 7.1
days in 86 as a result of increase of temperature. Early sowing may delay the date of
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emergence, since the average date of emergence of S1 lagged three days behind S3.
This delay is attributed to the adverse effects of the first four weeks of low
temperatures in $1,

Early sowing also influenced shoot dry-matter accumulation (Table 5). Plants of
81, S2 and S3 were harvested at the same date. Within this group of sowing dates,
shoot dry weight decreased with earlier sowing. The differences between S1 and $2
may be caused partly by the earlier emergence of $2 seeds. The main cause of the lower
yield of the earlier sowings seems to be some adverse after-effect of the long period of
low temperature between sowing and emergence, A quantitative measure of this after-
effect is the ratio of the average shoot dry weights in $1 and $2, and shoot dry weight
in 83, expressed as V2(S1 + 52)/53. The range of the value of this ratio shows that the
after-effects due to genetic variation were rather small. Further experiments on the
after-effects of low temperature before emergence and presented in Section 5.3, The
average data of shoot dry weight of S4, S5 and S6 cannot be compared with each other
because the growth periods were different.

Chlorosis was observed in S1, S2, S3 and to some extent in S84, but not in S5 en S6.
This chlorosis was due to low temperatures during the first weeks after emergence.

Considerable genetic variation was found in the proportion of emerged plants in S1
and S2, and in the time to emergence in S1, 82 and S3. Shoot dry weight showed
genetic variation in all sowings, although the coefficient of variation decreased with
later sowing dates (Table 5). To trace common factors in the low-temperature
response, correlations between various characteristics were considered (Table 7). The
percentage of emerged plants in S1 correlates with that of S2, but there are no strong
correlations with the other characteristics. Therefore reduction of emergence with
early sowing has to be considered a separate phenomenon.

Time to emergence in S3 is correlated with time to emergence for the other sowing
dates, which means that a common factor is involved that is largely independent of
temperature. Time to emergence in S3 is correlated with intermediate plant size
estimated at the 3rd-leaf stage but not with shoot dry weight at the éth-leaf stage. This
suggests that the advantage of early emergence disappeared as the seedling developed.
SHI1 was the genotype emerging latest in S3 and ranked second in shoot dry weight at
harvest (Tables 4 and 5). Shoot growth rate after emergence seems to be more impor-
tant, therefore, than rate of emergence. Path-coefficient analysis (Chapter 8) will
show, however, that initial shoot growth is more important for shoot dry weight in the
6th-leaf stage than the correlations in Table 7 would suggest.

Shoot dry weight for early sowing dates is considered an important criterion for
low-temperature adaptation since it is the end result of several processes. Because of
the higher plant numbers in S3, its data are more reliable than the data of S1 or S2.
Table 7 indicates high correlations between shoot dry weight in S3 and shoot dry
weight in §2, 54 and 85. There was, however, no correlation with shoot dry weight in
86. Genetic variation in $6 was not influenced by temperature stress. There is a high
correlation between the breeder’s estimate for cold tolerance and shoot dry weight in
83 (r = 0.877**} which was higher or much higher than for the other sowing dates
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Table 7. Correlation coefficients between characteristics of 10 single-cross hybrids,
* = P 005 **=P<0.0l

Number of Time to Shoot Shoot dry weight

emerged plants  emergence dry weight ratio

51 S3 53 S53/56
Kernel weight - 0.380 0.552% 0.158 0.186
Number of emerged plants S1 — 0.204 0.249 -~ 0,122
Number of emerged plants 52 0.856%* — 0.19i 0.132 - 0.140
Time to emergence Si - 0.517 0.727** - 0.122 0.371
Time to emergence S2 — 0.590% ¢.690* - 0.139 0.120
Time to emergence 53 - 0.204 0.277 0.457
Time to emergence S4 - 0.211 (.801 %= 0.229 0.553*
Time to emergence 55 — 0.365 (0.926%** 0.318 0.562*
Time to emergence Sé6 — 0.280 0.690* (.352 0.672%*
Emergence time ratio S3/56 0.217 — 0.082 - 0.24% — 0.486
Resistance to chlorosis S3 0.031 0.415 0.626* 0.814%*
Plant size S3 on 18 May 0.165 — 0.638% - (.340 — 0.724%*
Shoot dry weight S 0.294 — 0.214 0.675% 0.130
Shoot dry weight S2 0.356 - 0.017 0.918%* 0.533
Shoot dry weight S3 0.249 0.277 0.737%*
Shoot dry weight S4 0.270 0.421 0.920%** 0.5%0*
Shoot dry weight S5 - 0.003 0.403 0.832%* 0.508
Shoot dry weight 56 0.473 - 0.323 0.220 — 0.486
Shoot dry weight ratio S3/56 - 0.122 0.497 (0.737%%
Breeder’s cold tolerance 0.016 0.578* 0.877%* 0.838**

(data not presented). This is a second reason to consider the 83 data to be representa-
tive for the effects of a cool season.

Genetic variation in shoot dry weight of 86 is not caused by low-temperature stress
and is, therefore, attributed to genetic differences in growth potential, or vigour, in-
dependent of temperature. These differences in seedling vigour also affected shoot
dry matter accumulation in S3. Therefore, shoot dry-weight ratios S3/56 were
calculated, which may be a better indicator of the effects of low temperature than the
absolute values of shoot dry weight in §3. The shoot dry-weight ratio $3/S6 ranged
from 1.34in SH1 to 0.74 in SHY (Table 3). Again a significant difference (£ < 0.01)
was found between the flint and the dent group. High correlations were found bet-
ween shoot dry weight ratio $3/56 and resistance to chlorosis and the breeder’s
estimate of cold tolerance; a negative correlation was found with the plant-size
estimate of S3 in the 3rd-leaf stage.

Note that correlations do not imply causal relationships, Certain independent
features may coincide in genotypes as a result of selection, Selection for resistance to
chlorosis and seedling vigour under low-temperature conditions may result in
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genotypes that combine those characteristics. Moreover, the experiment concerns a
very restricted number of genotypes, consisting of two groups viz. European flints
and Corn Belt dents. Another restriction is that the results are from one experiment.
Temperature conditions during this experiment were suitable, however, and the high
correlations with the breeder’s estimate of c¢old tolerance suggests the results to be
representative of effects of low temperature in other years,

Pot experiment. The data of the pot experiment (Table 8) were compared with the
data of the field experiment. :

Average time from sowing to emergence in the pot experiment was short, 7.8 days,
which is similar to the field trial S6. Genetic variation was relatively small. Time to
emergence in the pot experiment correlated with that in S6 (r = 0.780%*).

Shoot dry weight in the pot experiment was compared with that in the field trial S3
since the growth period after emergence had the same weather conditions. Genetic
variation was as large as it was in 83. Shoot dry weight in the pot experiment cor-
related with that in 83 (# = 0.825**), but the average was 1.8 times higher. The higher
shoot dry weight may be due to the slightly higher temperatures in the pot soil after
emergence, although the growth period between emergence and harvest was three
days shorter. Another possible cause of the higher shoot dry weight in the pot experi-

Table 8. Time to emergence (days from sowing) and shoot dry weight of 10
single-cross hybrids in a pot experiment. Data are ¥ + s; of 20 plants.
Growth conditions were 1 — 5 May in greenhouse, 5 May — 9 June in field.
Shoot dry weight of 53 and the shoot dry weighi ratio S3/pot experiment arc
also presented.

Genotype Time to Shoot dry weight Shoot dry weight
emergence (mg/plant) ratio
(days) 83/pot experiment

pot experiment 53

SHI1 9.1 +£0.22 95 x 33 468 0.49

SH2 7.2 20,10 961 x 32 517 0.54

SH3 8.1 £0.15 665 = 22 391 0.59

SH4 7.8 + 0,14 3592 + 19 383 0.65

SH5 7.6 + 0.18 3586 = 27 387 (.06

SHé6 8.2 +0.19 643 + 26 390 0.61

SH7 7.4 £ 017 568 = 19 312 0.55

SHS 732015 620 + 25 372 0.60

SH9 73011 53225 268 0.50

SHI10 7.7+ 0.18 726 = 30 328 0.45

Average 7.8 685 382 0.56

Coefficient of

variation 7.4 22.5 288 12.4
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ment may be in the higher temperature and the shorter period between sowing and
emergence. In that case the low shoot dry weight in 83 may be attributed to adverse
after-effects of low temperature before emergence, comparable with such effects of
the earlier sowings S1 and S2. The shoot dry weight ratioc “2(S1 + 52)/53 is not
positively correlated, however, with the shoot dry weight ratio S3/pot experiment
(r = 0.238). Tt seems likely, therfore, that other factors are involved, for instance a
better soil fertility and soil structure in the pot experiment than in the field.

The first objective of the field experiment was to describe the effects of low tempera-
ture under natural conditions. We conclude that several effects can be distinguished:
— low temperature before emergence results in mortality of seeds and seedlings, mal-
formations and delayed emergence, and it reduces seedling vigour after emergence
— low temperature after emergence causes chlorosis and reduces dry matter accumu-
lation

Genetic variation was found for most of these effects, Chapters 3 — 6 describe experi-
ments which give more detailed information on the above phenomena. It will be at-
tempted to elucidate physiological backgrounds and to evaluate the significance of
plant responses for maize growing and maize breeding for low temperature adapta-
tion. Most experiments used the single-cross hybrids of the field experiment described
in this chapter; in some other experiments other materials were used.
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3 The effects of temperature on germination and seedling growth before
emergence

3.1 Introduction

To discuss the effects of temperature on initial seedling development, a distinction
will be made between imbibition, germination and early seedling growth. Germina-
tion is considered the activation of the embryo, which begins with the first metabolic
activity during imbibition and ends with the emergence of the radicle from the seed
(Heydecker, 1973). Early seedling growth refers to the development from radicle
emergence to emergence of the coleoptile from the soil. Seedling growth after
emergence will be discussed in Chapter 5.

The effect of temperature on imbibition of maize seeds has been described by
Blacklow (1972a), Parameters of the imbibition curve increased with temperature.
However, even at low temperature the water content of seeds increased condiderably
within the first hours. [t seems unlikely, therefore, that temperature restricts germina-
tion by its effect on imbibition.

The effect of temperature on germination can be expressed as its effect on time to
radicle emergence or on germination rate (i.e. the reciprocal of time to radicle
emergence). Blacklow (1972b) determined times of radicle emergence by linear ex-
trapolation of time curves of radicle length to zero for several temperatures. Radicle
emergence times ranged from about 6 days at 10 °Cto 17 h at 32 — 34 °C. Similar data
were obtained by Clegg & Eastin (1978) of time to 50 % radicle emergence. Minimum
germination temperatures are in the range of 4 — 8 °C (Segeta, 1964).

The effect of temperature on early seedling growth has been the subject of many
studies. Parameters of growth are elongation rate of the primary root or the shoot at
a certain stage of seedling development. In some studies, shoot length or seedling
weight is determined after a fixed time of temperature exposure.

The optimum temperature for root and shoot elongation of maize seedlings is
30 — 34 °C (Sachs, 1860; Lehenbauer, 1914; Erickson, 1959; Blacklow, 1972b). Erick-
son (1959) measured the elongation rate of primary roots at a length of 25 mm in seed-
lings reared at.25 °C. He obtained a sigmoid-shaped temperature curve in which the
elongation rate increased from 0.03 mmh-tat6°Cto 2.8 mmh-!at 30 °C. Black-
low (1972b) studied shoot and root elongation in seedlings that were continuously ex-
posed to a range of temperature. He found temperature curves that were close to
linear between 9.5 and 30 °C. The extrapolated minimum temperature for both pro-
cesses was 9 °C.,

Many reports describe differential response of genotypes to low temperatures.
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Segeta (1964) investigated the effects of low temperature on germination of six maize
varieties. After 28 days, percentages of seeds with coleoptiles = 4 mm was0—-2.3 %
at 4°C, 22-96% at 6 °C and 88— 98 % at 8 °C. Roder (1962) found that time (0
30 % germination at 8 — 10 °C ranged from 22 to 32 days in a group of 20 varieties.
(Genetic variation in percentage of germination, percentage of emergence and time to
emergence at low temperature were reported by Eagles & Hadacre (1979b) and Eagles
& Brooking {1981). Data of all these sources clearly show genetic variation in low-
temperature response during germination and early seedling growth. However, even
with the best materials the rate of the growth processes is extremely slow at tempera-
tures around 10 °C.

The reports mentioned so far in this chapter concern physiological effects of low
temperature. Deleterious effects of micro-organisms at low temperature will be dis- -
cussed in Section 4.6,

This chapter records three aspects of the experimental work. First, experiments to
obtain a temperature-response curve for germination and shoot elongation are de-
scribed. Second, the effects of temperature and temperature fluctuations on shoot
morphology are reported. Third, genetic variation in germination and emergence at
low temperature is analysed for two groups of genotypes.

3.2 The effects of temperature on the rate of germination and shoot elongation in cv.
Fronica

Data in the literature on the effects of temperature on germination and initial shoot
elongation usually concern temperatures above 10 or 12 °C. In Lehenbauer’s (1914)
extensive study on shoot elongation, 12 °C was the lowest temperature used in ex-
periments. The experiments described in this section repeat Lehenbauer’s classical
study, but with some modifications. First, the lowest temperature in our study was
6 °C. Second, Lehenbauer reared the seedlings at 27 —29 °C, until the shoots had
reached a length of 10— 12 mm, before exposure to different temperatures. His data
on shoot elongation at temperatures from 12 to 15 °C show a decrease of the elonga-
tion rate with time of exposure, probably due to a positive after-effect of the high
rearing temperatures. In our study, seedlings were exposed to the temperatures to be
studied at sowing. Third, Lehenbauer exposed his plants to weak day-light, which
might have inhibited shoot elongation (Vanderhoef et al., 1979). We kept the plant
material in complete darkness. Fourth, preliminary experiments showed that shoot
elongation rate increased with seedling development. Therefore, we made separate
estimates of the elongation rate of the first 2¢m (0 — 2 cm)and the next 2 cm (2 — 4 cm)
of the shoot. Fifth, we also investigated the effects of temperature on germination.



3.2.1 Material and methods

Seeds of cv. Fronica were imbibed between moistened tissue paper at 6 °C for 2 days;
a temperature of 6 °C s too low for root and shoot extension but high enough to pre-
vent chilling injury. The imbibed seeds contained 29 g water per 100 g fresh weight of
seeds. The imbibed seeds were dressed with 50 % w/w thiram and planted in pots fill-
ed with potting compost.

Four groups of pots were used:

Group A to estimate time to radicle emergence; radicles were considered emerged
when their length was 2 2 mm.

Group B to estimate time to shoot initiation; shoots were considered initiated when
the coleoptile tips were above the upper side of the kernels.

Group C to estimate time to shoot emergence of kernels planted at a depth of 2 cm.
Group D to estimate time to shoot emergence of kernels planted at a depth of 4 cm.

Each group comprised 100 seeds (10 pots of 10seeds). The technique is illustrated in
Figure 2. In all groups the seeds were placed with the embryo in a vertical position to
assure regular root and shoot growth. Pots of Group A were placed upside-downona
moist cotton sheet in Petri dishes. Pots of Group B were covered with five layers of
wet filter-paper to assure a sufficient water supply. Depths of 2 and 4 ¢cm (Groups Cen
D) were attained by filling the pots with soil to the required sowing depth. Soil and
seeds were pressed with special stamps so that the upperside of the seeds was exactly 2
or 4 cm below the rim of the pots. The pots were then completely filled with soil. The
pots were placed in covered trays to reduce evaporation.

The experiment comprised 12 temperature treatments from 6 to 40 °C. Observa-
tions were made at intervals of 7 days at 6 °C through to 2 — 3 hours at 24 —40°C.
Each time the number of emerged roots or shoots was counted. All data are based on
time to 50 % emergence, which was calculated by interpolation. Shoot-elongation
rates in the growth phase 0— 2 cm and 2 — 4 cm were based on time intervals of 50 %o
emergence in the Groups B, C and D.

¢ 0 ° 9

N& —_— —

Figure 2. Diagram of the technigue used. Seeds imbibed at 6 °C for 2 days were placed in pots
of soil with the embryo in a vertical position; 10 seeds were planted in each pot. Group A: seeds
were planted with their lower side level with the soil surface in pots that were placed upside-down
on a moist cotton sheet in Petri dishes. Group B: seeds were planted with their upper side level
with the soil surface and covered with filter paper. Groups C and D: seeds were planted with
their upper side at 2 and 4 ¢cm, respectively, below the soil surface.
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3.2.2 Results and discussion

The effect of temperature on germination rate of roots and shoots is depicted in
Figure 3. The minimum temperature for radicle emergence was about 6 °C. At 6 °C,
34 of the 100 seeds had visible radicles 44 days after sowing. With [onger exposure to
6 °C this number did not increase and the emerged radicles did not elongate. At 8 °C,
50 % of the radicles had emerged after 10.6 days, and 98 %o 14 days after sowing. At
8 °C, radicles were able to elongate to some extent. The root germination —
temperature curveis at an optimum at 32 — 36 °C and a maximum for temperatures >
40 °C. The germination rate of shoots has a similar response to temperature. No
shoots were obseved at 6 °C. At 8 °C, shoots grew to lengths of up to 10 mm. Shoot
growth ceased at prolonged exposure to 8 °C, however, and no shoots emerged from
the sowings at 2 and 4 cm depth. Seventy-six days after sowing seeds of Groups C and
D that had been kept at 6 °C and 8 °C were exposed to room temperature. It appeared
that imbibed and germinated seeds had survived those extreme treatmens. Of the
material originally exposed to temperatures of 6 °C, 85 % of the seedlings emerged;
of the material, originally exposed to temperatures of 8 °C, only 38 % did. In the lat-
ter case, all primary roots and most of the shoots were killed, probably by seil fungi.
The reasons for the higher mortality in material exposed tot 8 °C than to 6 °C may be

germination rate ([day™!)
15

0.5 ¢

0 1 i L i i L " L L rh
6 8 10 12 15 13 21 24 28 32 36 &0
temperature (°C)

Figure 3. The effect of temperature on the germination rate of roots (a) and sheots (#) of ¢v.
Fronica.
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Figure 4. The effect of temperature on the elongation rate of shoots of length 0-2 cm () and
2-4 ¢m (o) of ¢v, Fronica.

higher activity of soil fungi at 8 °C or a more advanced stage of germination at 8 °C
than 6 °C.

Shoot-elongation rates are depicted in Figure 4, Temperatures for minimum, op-
timum and maximum elongation were 8, 32 and 40 °C, respectively. Shoots elongate
slower in the 0—2 ¢m phase than 2 -4 cm phase; this difference increased with
temperature, which is attributed to increased mesocotyl extension {Section 3.4).

Times from sowing at — 4 cm tot 50 % emergence were:

Temperature (°C) 10 12 15 18 21 24 28 32 36
Days 22.9 139 B.O 5.1 38 28 22 1.9 2.1

There is a large time interval between 10 and 12 °C.

The temperature-response curve for shoot elongation from 2 to 4 cm shows two ap-
proximately linear parts, one from 8 to 18 °C and one with a steeper slope from 18 to
32 °C. A similar curve was obtained by Lehenbauer (1914) with measurements of a
9 hour temperature-exposure time. Above 32 °C, Lehenbauer (1914) also found a
steep decline but the maximum temperature was 44 °C. In our study the maximum
temperature for shoot elongation was 40 °C. This difference is attributed to
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deleterious effects of the long exposure time in our experiment. The germination ex-
periment (Figure 3) shows that shoots start elongation at 40 °C but growth ceases
before the shoots reach a length of 2 cm.

3.3 Shoot growth and morphology at 18/6 (day/night), 12, 18 and 24 °C

Emergence, i.e. the appearance of the coleoptile tip above soil level, is the result of
growth of two distinct parts of the shoot, the mesocotyl and the coleoptile. Buckle &
Grant (1973} reported that low night temperatures inhibited elongation of the
mesocotyl more than that of the coleoptile. This section describes an experiment to in-
vestigate rthe influence of temperature and temperature fluctuation on the relative
contribution of mesocotyl and coleoptile plus plumute to shoot elongation and shoot
dry matter accumulation around the time of emergence.

3.3.1 Material and methods

Seeds of cv, Fronica were pretreated and sown in pots at a depth of 4cm, as describ-
ed in Subsection 3.2.1. Shoot morphology and shoot growth were investigated at con-
stant temperatures of 12, 18 and 24 °C and for diurnal fluctuations of 18/6 °C {12
h/12 h). To estimate the rate of growth processes around emergence, two groups of 10
pots (100 seeds) were used in each temperature treatment. Group 1 was harvested just
before emergence (Harvest 1) and Group Il when the shoots were 1 —2 ¢m above soil
level (Harvest IT). The material was kept completely dark until harvest. To assess the
proper time of harvesting, a third group of 10 pots was used to observe shoot develop-
ment. At each harvest, length of shoots, mesocotyls and coleoptiles were measured.
In some cases the first leaf had broken through the coleoptile; then the length of the
plumule was used instead of the length of the coleoptile. Dry weight of mesocotyls and
coleoptiles with enclosed plumules was determined for each pot of 10 seedlings.

3.3.2 Results and discission

In most cases the coleoptile enclosed the plumule, the tip of the first foliage leaf be-
ing just below rthe tip of the coleoptile. Sometimes growth of the plumule lagged
behind thar of the coleoptile, in other cases the plumule had grown through the col-
eoptile. The frequency of those aberrations is given in Table 9. Relative inhibition of
plumule growth is mainly found at 12 °C. Of more importance is the breaking of the
coleoptile by a faster growing plumule, which was observed at 1876 °C. This
phenomenon is to some extent associated with coleoptile length, since it was more fre-
quently found in Group I than in Group I at 18/6 °C. Breaking of the coleoptile can-
not be attributed to low temperatures only, as it was rarely observed at 12 °C. The
phenomenon is probably caused by temperature fluctuations. Similar results were
observed by Buckle & Grant (1973) at diurnal fluctuations of 27 —32 °C (day} to
10— 15 °C (night), When the plumules break through the coleoptile below soil level,
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Table 9. Morphological aberrations of coleoptiles and plumules in seedlings of ¢v. Fronica
germinated under four temperature regimes. Times from sowing to harvest (I, II) are presented
in Table 10. Each value concerns 100 seedlings.

Temperature Harvest Length of Proportion of Proportion of

°C) coleoptile plumules plumules
{mm/plant) more than 3 mm longer than
X + s¢ shorter than coleoptile (o)

coleoptile (%)

18/6 I 219 £ 0.33 3 11

18/6 I1 28.5 £ 0.81 6 44

12 I 16.1 £ 0.29 6 1

12 I 27.0 £ 0.40 20 I

18 I 12.5 = 0.29 3 ¢

18 II 18.6 = 0.44 2 ¢

24 | 11.4 + 0.32 1 0

24 11 15.0 + 0.46 o 0

seedlings form distorted shoots that will not emerge.

Table 10 gives data of shoot length and dry weight and mesocotyl/shoot ratios of
length and dry weight. Shoot dry weight divided by shoot length decreases from
18/6 °C to 24 °C, which is attributed to a decrease in shoot diameter, mainly of the
mesocotyl. For a decrease of temperature from 24 to 12 °C the proportion of
mesocotyl in the shoot length decreases from about 70 % to 54 % . For a regime of
18/6 °C the proportion of mesocotyl is as low as 40 Y. The dry-weight data illustrate
a similar trend although the differences are less pronounced. Elongation rate and the
relative growth rate between Harvest I and Harvest [I are presented in Figure 5. At
12 °C the contributions of ¢coleoptile and mesocotyl to shoot elongation are similar,.
whereas at 18 and 24 °C the mesocotyls elongate much faster than the coleoptiles.
Relative growth rates responded to temperature similarly. The conclusion is that rapid
emergence at high temperature is mainly caused by rapid elongation of the mesocotyl.
However, low temperatures — and temperature fluctuations especially — cause a
beneficial dry matter distribution. The high proportion of the plumule dry matter
may lead to more vigourous seedlings, because the plumule is the starting material for
the shoot, whereas the mesocotyls die after some time. Another beneficial effect of
short mesocotyls is a good standability of the seedlings, when crown roots develop on
the relatively deeply situated coleoptilar node (cf. Section 3.5).
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Figure 5. The effect of temperature on elongation rate and the relative growth rate (RGR) of
coleoptile phus plumule ( 4 ), mesocotyl ( @) and total shoot including the mesocotyl (#) in seed-
lings of ¢v, Fronica.

3.4 Germination and emergence of some landraces and CIMMYT gene-pool popula-
tions at 12 °C

Germination and emergence at low temperatures are considered selection criteria
for adaptation of maize to a cool climate. Genetic variation has been reported by
several authors (Section 3.1).

The aims of the following experiment were:

— to investigate time to germination and time to emergence at 12 °C in a group of
exotic materials and European landraces

— to investigate relationships between germination and emergence

— to study shoot morphology of the materials in relation with emergence.

A temperature of 12 °C was chosen because it is just above the minimum temperature
for germination, even for non-adapted materials.

3.4.1 Materials and methods

Twelve accessions of maize were investigated. The materials consisted of seven
landraces of tropical and temperate origin, two CIMMYT gene-pool populations for
tropical highland, two CIMMYT gene-pool populations for tropical lowland, and the
Dutch hybrid variety Fronica (Table 11). Those materials were also used in the ex-
periments on seedling growth after emergence reported in Chapter 7.

Germination and emergence experiments were done at 12 °C. The experiments were
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started with dry seeds. For germination experiments, five Petri dishes with 10 seeds of
each accession were used; the seeds were kept in the dark berween moist tissue papers.
Emergence and shoot morphology were investigated on seedlings grown in pots con-
taining potring compost. The seeds were dressed with 50 %o (w/w) thiram and sown in
a vertical position at a dept of 4 cm. Five pots with 10 seeds were used per accession.
To assure normal shoot development this experiment was carried out in continuous
fluorescent light of an intensity (400 — 700 nm) of about 20 W m 2, Time to 50 %
germination, i.e. radicle emergence, and time to 50 % emergence were estimated by
observations two times a day. In the experiment on emergence and shoot morphology,
shoots were harvested 20 days after sowing, Lengths of shoot, coleoptile plus plumule,
and mesocotyl were measured for individual seedlings. Dry weight of coleoptile plus
plumule and mesocotyl was estimated for each pot, containing 10 seedlings, Non-
gserminated seeds were omitted in the calculation of the means. Correlation coeffi-
cients between time to germination, time to emergence and shoot characteristics were
calculated.

3.4.2 Results and discussion

The main results are given in Table 11. The first radicles became visible in materials
No 2 and No 12, 4 days after sowing. The germination experiment was terminated 10
days after sowing. At that time germination percentages ranged from 86 to 100 %.
The average time to 50 % germination was 6.5 days; the difference between the
material germinating earliest (No 2) and latest (No 10) was 3 days.

The average time to emergence was 17.7 days. The earliest material (No 12) emerg-
ed about 5 days before the latest (No 8). The first 4 cm of the shoot had grown below
soif level, in the dark. Some time after emergence, exposure to light stopped extension
of the coleoptiles and the plumules broke through. Only in materials No 7 and No 8
did some plumules (12 % in both) grow through the coleoptile below soil level.
Coleoptile length (not presented in Table 11) showed little variation; average length was
26.3 mm, ranging from 21.6 mm in No 3 to 32.3 mm in No 12 material. Shoot length
ranged from 44,8 mm in No 8 material to 1.7 mm in No 12. Mesocotyl length was
about 30 to 40 mm for most of the materials; extremely short mesocotyls were found
in the tropical lowland materials, No 7 and No 8, and also in material No 2. At the
time of harvesting, on average half the amount of shoot dry matter was in the plumule
and coleoptile. Dry weight of the plumule is significant because it is the starting
biomass of the shoot, Dry weight of the plumule plus coleoptile ranged from 7.2 mg in
material No 2 to 18.9 mg in material No 12; the tropical lowland materials, No 7 and
No 8 had, relatively large plumules.

Correlation coefficients are given in Table 12. Time to germination correlated with
none of the other characteristics except plumule length. Time to emergence is strongly
correlated with shoot length and also with mesocotyl length, but not with length of
coleoptile or plumule. Shoot length is correlated with mesocotyl length and dry
weight, but not with plumule length. Shoot dry weight is correlated with plumule dry
weight, but not significantly with dry weight of the mesocotyl.
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Table 11. Time to germination and emergence, and shoot characteristics of 12 maize accessions
exposed to a temperature of 12 °C. Length and dry weight of shoots and shoot parts were
determined 20 days after sowing. Values are means of 5 replicates of 10 seeds or plants cach.

Materials (and their origin) Time (days) to Length Dry weight
(mm/plant} {mg/plant)

50 % 50 %  shoot mesocotyl shoot plumule +
germi-  emer- coleoptile
nation gence

1 Conico, Zacatecas 34

(Mexico) 6.3 16.7 62.9 35.8 18.3 8.3
2 Chapalote-Reventador,

Sinaloa 2 (Mecxico) 4.8 18.3 54.2 17.3 14.8 9.6
3 Chalquefio, Mexico Grupo

17 (Mexico) 6.7 15.9 62.7 39.1 18.6 7.1
4 Tuxpeiio, Queretaro

Grupo 17 (Mexico) 5.8 15.7 70.7 36.5 21.6 10.8
5 CIMMYT gene pool 4,

HEYF 6.5 15.6 70.3 36.7 21.5 11.4
6 CIMMYT gene pool 5,

HEYD 6.5 16.3 66.9 36.8 21.7 10.8
7 CIMMYT gene pool 21,

LIYF 6.4 19.5 47.8 13.6 19.9 14.2
8 CIMMYT gene pool 22,

LIYD 6.7 19.7 44.8 11.6 17.2 12.4
9 Branco de Pias (Portugal) 7.7 17.7 59.5 5.2 22.9 10.4
10 Rheintaler (Switzerland} 7.8 17.3 59.3 1.8 21.0 10.0
11 Mestnaja scorospelaja

(USSR) 6.9 17.6 58.0 30.8 16.8 8.0
12 cv. Fronica 5.5 14.4 81.7 29.7 28.8 18.9
Average 6.5 17.7 61.6 29.6 20.3 11.0

Mesocotyl length and dry weight are strongly correlated, like plumule length and
dry weight. Therefore length measurements can be replaced by an estimate of dry
weight (Section 3.5).

It can be concluded that at 12 °C, genetic variation of time to emergence and time to
germination are independent, Time to emergence is closely related to mesocotyl exten-
sion, but it has no relationship with dry weight of the plumule.

Note that the above relationships concern the material chosen for this experiment.
Figure 6 shows the relationship between time to germination and time to emergence.
Three of the accessions, materials No 2, 7 and 8, differ from the other materials: they
are characterized by short mesocotyls (Table 11). Short mesocotvls are probably
typical for tropical lowland maize,
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3.5.2 Resuits and discussion

The results of this experiment are given in Table 13. Time to emergence ranged
from 14.0 days in SH2 to 18.3 days in SH4. Shoot dry weight ranged from 14.8 mg in
SH3 t0 29.8 mg in SH6, and dry weight of mesocotyl from 6.6 mgin SH3 to 12.6 mg
in SHé6. Those ranges were only slightly smaller than in the previous experiment (see
Table 11).

Correlation coefficients are given in Table 14. Shoot dry weight is strongly cor-
refated with dry weight of plumules and mesocotyls; in the previous experiment

Table 13. Time to emergence and dry weight of plumule
{plus coleoptile), mesocotyl and total shoot of 10 single-
cross hybrids and two cultivars grown at 12 °C for 19 days.
Data are the means of four replicates of 10 plants.

Genotype  Timeto Dry weight {(mg/plant)

emergence

(days) plumuie  mesocotyl  shoot
SHI 17.5 13.0 9.6 22.6
SH2 14,0 14.5 9.2 23.7
SH3 17.8 8.2 6.6 14.8
SH4 18.3 8.6 6.8 15.4
SHSs 17.2 10.0 8.7 18.7
SH6 17.0 17.0 12.8 29.8
SH7 15.7 14.2 12.0 26.2
SHS8 15.5 il.4 10.5 21.9
SH9 18.0 1.7 9.6 21.3
SHI0 17.2 12.1 10.0 22.1
Eta ipho 15.1 13.0 8.4 21.4
Fronica 15.6 13.9 8.7 22.6
Average 16.6 12.3 9.4 21.7

Table 14. Correlation coefficients between time to emergence and shoot characteristics at 12 °C
and date of field emergence (Chapter 2, sowing date S3) of 10 single-cross hybrids and two
varieties. Data from Tables 13and4. * = P 0.05 ** = P g 0.01

i 2 3 4 5
1 Time to emergence 1.000
2 Dry weight of plumule ~0.533 1.000
3 Dry weight of mesocotyl -0.252 (.790%* 1.000
4 Dry weight of shoot —0.439 0.963** 0.926%* £.000
5 Emergence date in ficld, 19752 0.576* —0.323 —-0.377 —0.356  1.000

@ Characteristics of 10 single-cross hybrids only
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(Table 12) the correlation coefficients between those characters were much lower.
Time to emergence did not significantly correlate with the shoot characteristics, in
constrast to the previous experiment, in which cerrelations with dry weight of shoot
and mesocotyl were found. For the group of 10 single-cross hybrids, a significant but
low correlation was found between time to emergence at 12 °C in the laboratory and
time to emergence of early sowing (S3) in the field.

It can be concluded that with early seedling growth at 12 °C, no close relationships
were found between time to emergence and shoot characteristics such as mesocotyl
growth.

3.6 Discussion and conclusions

Temperature-response curves for germination and initial shoot elongation (Figures
3 and 4) were similar to those reported in the literature. Germination and shoot
elongation were very slow at 8 — 10 °C. Shoot elongation rate at a given temperature
was not constant but increased with shoot development.

Temperature also affected shoot morphology (Section 3.3.). Low temperatures
resulted in seedlings with relatively short mesocotyls, since mesocotyl extension is
more impeded by low temperatures than plumule growth is; large diurnal temperature
fluctuations had a similar or even stronger effect (see also Buckle & Grant, 1974). This
implies that data from laboratory experiments at constant temperatures cannot be ex-
trapolated to field conditions, where there are diurnal temperature fluctuations.
Another morphogenetic effect of temperature fluctuations (see Table 9, 18/6 °C) was
plumule growth through the coleoptile, which may be attributed to different exten-
sion rates of the two organs. In the field this may decrease the number of emerging
plants.

Genotypes adapted to tropical lowlands had extremely short mesocotyls under low
temperature conditions (Table 11; see also Chapter 7). It may be assumed that such
materials have a normal mesocotyl length under tropical conditions, with high
temperatures and little diurnal fluctuation, whereas mesocotyls of varieties from
temperate regions become too long under such conditions (Table 10, 24 °C),

In maize breeding much attention is paid to the effects of low temperature on the
rate of germination and emergence. Laboratory tests at constant low temperatures are
often used to characterize genotypes. The value of the results is questionable,
however, for several reasons. First, diurnal temperature fluctuations should be used
instead of constant temperatures. Second, there is insufficient evidence to support the
presumption that rapid germination and emergence are beneficial for seedling
growth. Selection for rapid emergence may lead to genotypes with relatively long
mesocotyls and small plumules. Such seedlings have a small shoot biomass and a poor
standability.
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