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Abstract Prolonged low temperature phases and short-
term cold spells often occur in spring during the crucial
stages of early maize (Zea mays L.) development. The
effect of low temperature-induced growth retardation at the
seedling stage on final yield is poorly studied. Therefore,
the aim was to identify genomic regions associated with
morpho-physiological traits at flowering and harvest stage
and their relationship to previously identified quantitative
trait loci (QTLs) for photosynthesis and morpho-physiolog-
ical traits from the same plants at seedling stage. Flowering
time, plant height and shoot biomass components at harvest
were measured in a dent mapping population for cold toler-
ance studies, which was sown in the Swiss Midlands in
early and late spring in two consecutive years. Early-sown
plants exhibited chilling stress during seedling stage,
whereas late-sown plants grew under favorable conditions.
Significant QTLs, which were stable across environments,
were found for plant height and for the time of flowering.
The QTLs for flowering were frequently co-localized with
QTLs for plant height or ear dry weight. The comparison
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with QTLs detected at seedling stage revealed only few
common QTLs. A pleiotropic effect was found on chromo-
some 3 which revealed that a good photosynthetic perfor-
mance of the seedling under warm conditions had a
beneficial effect on plant height and partially on biomass at
harvest. However, a high chilling tolerance of the seedling
seemingly had an insignificant or small negative effect on
the yield.

Introduction

Maize (Zea mays L.) is a crop from the (sub) tropics but
was cultivated at higher geographic latitudes in America
already before the New World was discovered. Early
North-American flint populations were introduced to Cen-
tral Europe shortly afterwards (Rebourg et al. 2003; Revilla
et al. 2003). However, maize of the dent type is still charac-
terized by a low chilling tolerance (Dolstra et al. 1988). In
particular, it is essential to maximize the yield potential of
maize under a combination of suboptimal temperature and
moderately high light intensity. Adaptation to such mar-
ginal growth conditions has been successful due to breed-
ing for early maturing maize plants, compromising between
the risk of yield loss and an acceptable level of yield gain
(Stamp 1986). In the temperate regions, suboptimal temper-
atures occurring during spring affect seedling establishment
and photosynthesis (Stirling etal. 1991; Leipner et al.
1999). They preclude early sowing, so that at high-latitude,
flowering and grain filling occur when both radiation and
temperature are declining, which can affect yield potential
(Otegui and Bonhomme 1998). Furthermore, drought
occurs frequently around flowering which is a critical
period for grain set (c.f. Hall et al. 1981). Therefore, maize
with improved chilling tolerance could be sown earlier,
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resulting in a better fit between crop cycle and availability
of natural resources.

Although the beneficial effects of a high chilling toler-
ance on early vigor is widely recognized, its effect on the
further plant development and finally on the yield is less
clear. Few studies indicate that seedling development has
indeed an effect on grain yield. For example, transplanting
experiments in southern England revealed that in cool years
yield was higher when seedlings were raised for some days
under more favorable conditions in greenhouses as com-
pared to field-sown plants (Dale and Drennan 1997).
Recently, Chenu et al. (2007) showed that organ growth
and development was affected during the whole plant cycle
by low temperature although the cold period was limited to
the first stages of maize development. Therefore, improve-
ment of chilling tolerance of maize seedlings is a desirable
aim for a more stable and higher crop yield. However,
Greaves (1996) points out that improving a single subopti-
mal temperature tolerance trait per se may not influence the
yield performance of a particular genotype in a tempera-
ture-limiting environment. Rather the combination of mul-
tiple tolerance traits might allow a better performance
throughout the growing season resulting finally in a higher
yield.

In order to unravel the interaction of such complex traits,
quantitative trait loci analysis has become a useful tool for
plant physiologists and breeders (Vreugdenhil et al. 2007).
Extensive genome mapping of maize based on DNA mark-
ers has been accomplished. These maps and their associated
technology have been used successfully for a number of
quantitative trait loci (QTL) analyses. A number of papers
deal with the chilling tolerance of maize seedlings (Frache-
boud etal. 2002, 2004; Hund et al. 2005; Jompuk et al.
2005; Pimentel et al. 2005; Presterl et al. 2007). Once the
significance of these QTLs for chilling tolerance has been
verified, it should become possible to pyramiding the favor-
able alleles into elite germplasm through marker-assisted
selection (MAS).

Using a method based on chlorophyll fluorescence mea-
surements, we have developed a set of inbred lines with
contrasting chilling tolerance of photosynthesis (Frache-
boud et al. 1999). Since these lines were selected solely on
the basis of chilling tolerance of photosynthesis they are a
unique material to identify genetic loci associated with
chilling tolerance of photosynthesis by QTL analysis. In
previous studies, we have examined this material in respect
to chilling tolerance at the seedling stage under controlled
conditions (Fracheboud et al. 2004) and in the field (Jom-
puk et al. 2005). These studies revealed major QTLs for
chilling tolerance of photosynthesis which were stable
across cold environments. Furthermore, consistent QTLs
for biomass accumulation and for photosynthesis under
warm conditions were identified.
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The aim of this study was to elucidate the relevance of
chilling tolerance of seedlings for yield-related traits. Stud-
ies investigating the effect of chilling tolerance of maize
seedlings on the grain yield were conducted with individual
genotypes (Mock and McNeill 1979) or hybrids (Revilla
et al. 2000). So far, there are no studies in term of QTL for
chilling stress during seedling stage and its relation to the
biomass yield at harvest. We hypothesized that if chilling
tolerance at seedling stage has a beneficial effect on maize
yield then common QTLs for chilling tolerance at seedling
stage and for yield-related traits at harvest will be found. In
order to corroborate this, a QTL analysis was conducted in
a segregating F,.; population grown in the field; flowering
and yield-related traits were determined. The QTLs for
these traits were compared with QTLs for photosynthesis-
related traits and for growth parameters obtained from the
same plants during early development under low tempera-
ture (Jompuk et al. 2005).

Materials and methods
Plant material

A dent maize (Zea mays L.) mapping population in the F).;
generation, consisting of 226 families derived from the cross
ETH-DH7 and ETH-DL3, was used in the present QTL
experiment (for details, see Fracheboud et al. 2004). The
source material was derived from the actual breeding popu-
lation of the Swiss DSP (Delley Samen und Pflanzen AG,
Delley, Switzerland). The parental lines of the population
are characterized by a contrasting chilling-tolerance of pho-
tosynthesis and were obtained by a divergent selection from
a Swiss dent maize breeding population using the chloro-
phyll fluorescence parameter ¢pgy; (quantum efficiency of
PSII) as selection criteria (Fracheboud et al. 1999).

Field experiments

The field experiments were conducted at the experimental
station of the Institute of Plant Sciences of the ETH in
Eschikon near Zurich, Switzerland (47°26" N, 8°40’ E,
550 m a.s.l.). In 2002, the F,.; population was sown on 26
April (early sowing) and 24 May (late sowing). In 2003,
sowing was done on 14 April (early) and 15 May (late) (see
also Jompuk et al. 2005). Fertilization was applied accord-
ing to good agricultural practice. The N fertilization
(NH,NO;) was 115 kg ha™! and was split into two applica-
tions at the 3- and 6-leaf stage. Weeds were controlled by a
combination of atrazin, sulcotrion and nicosulfuron.

The experiments were over-sown by machine and thinned
to the final plant number of 13 m~2 after emergence. The
experimental unit was a single-row plot with 50 plants, 5 m
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long, and 0.75 m between the rows. Trials of the 226 F,.; lines
were conducted using an alpha (0,1) lattice design with 23
blocks per replication (Patterson and Williams 1976) and two
replications for each sowing date. Each replication was bor-
dered by two rows of a mixture of the F, ; lines. In each exper-
imental unit, the first two plants were not used for
measurements. The soil was a Eutric Cambisol (FAO classifi-
cation) with a clay loam (CL) texture and a low content of
organic matter (3%) (Richner et al. 1996). Meteorological data
were recorded at 15-min intervals, 2 m above the soil surface.

Morpho-physiological traits

Female and male flowering was defined as the number of
days from sowing to the day when half of the plants from
each experimental unit showed the female flower and began
to shed pollen, respectively. The plant height was deter-
mined from ten plants per experimental unit before harvest.
The dry weight at final harvest was determined from ten
plants. The shoot of the plants was cut at ground level; ears
without husk leaves and the remaining plant (straw) were
separately shopped by machine. Aliquots of samples were
oven dried at 90°C for at least 72 h.

Statistical analysis and QTL mapping

The broad-sense heritability (h*) was estimated over the
2 years as described by Hallauer and Miranda (1981). Con-
fidence intervals of heritability were calculated according
to Knapp et al. (1985).

As input for the QTL analyses, adjusted means of the
trait values were calculated by the program Alphagen ver-
sion 2.3 (Scottish Agricultural Statistics Service, Edin-
burgh). The QTL analyses were performed using the
program QTL Cartographer version 1.17b (Basten et al.
2005). The method of composite interval mapping, model 6
of the Zmapqtl program module of QTL Cartographer, was
deployed for mapping the QTLs (Basten et al. 1994). Joint
analyses of the phenotypic data from multiple environ-
ments by composite interval mapping were computed with
the JZmapgqtl procedure of QTL Cartographer (Jiang and
Zeng 1995). In both cases, the genome was scanned at 2-
cM intervals, and the window size was set at 30 cM. Co-
factors were chosen using the forward—backward method of
step-wise regression at p(F,,) = p(F,,) =0.05. The pres-
ence of a QTL was declared significant when the likelihood
of odds (LOD) value was higher than 3.5 for a single-envi-
ronment analysis and higher than 6.0 for the joint analysis
of four environments. These values correspond to a Type-I
error rate (o level) of 0.021, assuming that all the chromo-
some arms segregate independently. Additive effects of the
detected QTLs were estimated by the Zmapqtl procedure of
QTL Cartographer; the R* value (coefficient of determina-

tion) from this analysis indicated the percentage of pheno-
typic variance explained by marker genotypes at the locus.

Results
Environmental effects

The two experimental years were characterized by different
climatic conditions throughout the experimental phases
(Fig. 1). In both years, seedlings of the early-sown set
developed under a much lower temperature than the late-
sown plants (see also Jompuk et al. 2005). In general, the
growing season of 2002 was cooler than 2003. The average
daily temperature of July and August 2002 and, in particu-
lar, of September 2002 was below the long-standing aver-
age (MeteoSchweiz, http://www.meteoschweiz.ch).
However, the temperature in June 2002 was considerably
above this average. The climatic conditions of 2003 were
characterized by very high temperatures and low precipita-
tion. In 2003, the warmest June since beginning of record-
ing in 1753 was measured for Switzerland. Furthermore,
the meteorological summer of 2003 was one of the ten dri-
est in the region of Eschikon (station Zurich) since 1900
(MeteoSchweiz, http://www.meteoschweiz.ch).

The time from sowing until flowering reflected the
different climatic conditions. In 2003, the time until male
flowering was in average 12 days (early sowing) and 6 days
(late sowing) shorter than in 2002 (Table 1). The time until
male flowering of late-sown F,.; plants was 14 days (in
2002) and 7 days (in 2003) shorter than the one of early-
sown plants. The contrasting climatic conditions were also
reflected in the time until maturation, which was about
10 days shorter in early-sown plants in 2003 than in 2002.
In 2002, plants of the late-sown set had to be harvested
before the black layer of the seeds was fully developed.
Consequently, shoot dry weight was considerably lower in
the late-sown set of 2002 as compared to the other sets
(Table 1). Differences between the years were also found in
respect to the proportion of the ear weight on the shoot
weight; it was significantly lower in 2003 than in 2002
(data not shown). The high influence of the climatic condi-
tions on the time until flowering as well as on the ear and
shoot dry weight was also reflected in a low heritability for
these traits (Table 1). The plant height was characterized by
a high heritability and, consequently, there was only a small
effect of years and sowing dates on plant height.

Quantitative trait loci analysis
The joint QTL analysis, combining data of the four envi-

ronments, revealed several chromosomal regions, which
were associated with the time of flowering, plant height and
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Fig. 1 Daily means temperature and daily global radiation during the
growing season in Eschikon in 2002 and 2003. S, E, F and H indicate
sowing date, emergence, flowering and harvest, respectively

biomass at harvest. For the date of male flowering, two
QTLs were detected (Table 2). These QTLs were located
on chromosomes 1 (13 cM) and 9 (50 cM) and were found
for the date of female flowering as well. Both QTLs were
characterized by high LOD scores in 2002 but not in 2003,
with the exception of the QTL at chromosome 9 which was
significant in the early set of 2003. Plants, which inherited
the chromosomal region from ETH-DH?7 at these positions,
flowered later in 2002 but earlier in 2003. For female flow-
ering date, three additional QTLs were detected on chromo-
somes 5 (72cM) and 7 (27 and 110 cM). Again, these
QTLs were highly significant in 2002 but below the thresh-
old in 2003.

For plant height, a large number of QTLs were detected.
The high heritability for this trait was reflected in a high
stability of most of the QTLs across environments
(Table 2). In particular, the QTL on chromosome 3
(108 cM) was very stable across sowing dates and years.
Four more QTLs, which were little affected by the environ-
ment and which were characterized by high LOD scores
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were localized on chromosome 1 (4 and 105 cM), begin-
ning of chromosome 5 and on chromosome 6 (56 cM). The
allele of ETH-DL3 was responsible for an increased plant
height concerning the QTLs on chromosomes 1 (105 cM),
3 (0 and 108 cM), 5 and 8.

Shoot dry matter at harvest was dissected into two parts:
ear dry weight and straw dry weight. The number of QTLs
for the traits at harvest was rather low. The joint analysis
revealed one QTL, on chromosome 7 at about 31-36 cM,
which was detected for shoot weight and its components
straw and ear dry weight; it was strongest in the late sown
set of 2003 (Table 2). The allelic contribution for high
shoot, straw, and ear dry weight at this QTL came from
ETH-DH7, the cold-tolerant parent.

Since climatic conditions were considerably different
between the four environments, QTL analyses at individual
environments were conducted as well. Additionally to the
QTLs revealed by the joint analyses, further QTLs were
found in particular for trait data from 2002. For this data
set, QTLs were identified for straw dry weight on chromo-
some 2 (about 130 cM), for ear, straw and shoot dry weight
on chromosome 9 (49-88 cM) and for shoot dry weight on
the beginning of chromosome 10 (Fig. 2). Furthermore, a
common QTL was identified for shoot, straw and ear dry
weight at chromosome 6 (50 cM) in the early-sown plants
of 2002 whose favorable allele was inherited from ETH-
DH?7. In 2003, QTLs were found for shoot and straw dry
weight (early-sown in 2003) on chromosome 2 (235 cM)
and for ear and shoot dry weight (late-sown in 2003) at
84 ¢cM on chromosome 10 (Fig. 2).

Comparison with QTLs for seedling traits

In order to examine the effect of seedling vigor on the yield,
the QTL data of the present study were compared with
those identified at the seedling stage in the same experi-
ments (Jompuk et al. 2005). Due to high Q x E interaction
for most of the QTLs, the QTL analyses were conducted for
individual environments. These analyses revealed the pres-
ence of overlapping QTLs on chromosomes 2, 3 and 10
(Fig. 2). The QTL for the operating quantum efficiency of
PSII (dpg;p) and for leaf greenness (SPAD) identified previ-
ously near the centromer of chromosome 2 in seedlings of
the early-sown set (Jompuk et al. 2005), mapped close to a
QTL for straw dry weight in 2002. However, the additivity
of this QTL at seedling stage was positive while it was neg-
ative for straw dry weight. Similarly, an overlapping QTL
with contrasting additivity was found in the late-sown set in
2003 on chromosome 10 for SPAD at seedling stage
(positive additivity) and ear and shoot dry weight (negative
additivity). The region close to marker mmc0022 on
chromosome 3 harbored QTLs for leaf greenness and shoot
dry weight of the seedlings as well as for straw and shoot
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Table 1 Summary statistics including means, variances (azgand (izge) and heritability (h?) for flowering traits, plant height at flowering and straw,

ear, and shoot dry weight at harvest of the F,.; families

Trait Year Env. Mean £ SD Minimum Maximum ng (izge 1 (95 % C.1.)
Male flowering (days after sowing) 2002 E 949 +2.1 86 103 0.63™  2.00™  0.50(0.35, 0.64)
L 81.4+29 75 88

2003 E 829+1.5 77 87
L 76.0 £ 1.0 74 78
Female flowering (days after sowing) 2002 E 97.8 +£23 92 104 075" 250" 0.50(0.35, 0.64)
L 83.3+3.2 77 90
2003 E 84.8 + 1.6 80 89
L 775+12 75 80
Plant height (cm) 2002 E 2075+ 167 166 249 1443 215"  0.87 (0.82, 0.90)
L 2126 £16.1 171 251
2003 E 199.7 £18.0 149 245
L 2147 +£19.1 167 257
Shoot dry weight (g plant™") 2002 E 14874250 87 250 163.3™  41.07 0.64 (0.54, 0.75)
L 119.0+£20.5 48 189
2003 E 14704249 72 245
L 15314416 68 391
Straw dry weight (g plant™') 2002 E 74.6 £ 15.0 26 142 68.8""  4.0™ 0.75 (0.68, 0.82)
L 613 +£123 24 119
2003 E 80.5+17.4 35 155
L 82.6 +17.1 34 187
Ear dry weight (g plant™?) 2002 E 74.1 £ 14.5 36 151 365" 2857 0.50(0.35, 0.64)
L 577+ 122 21 98
2003 E 66.3 + 12.4 15 156
L 70.5 £ 27.0 20 204

Env. Environment, E Early sowing, L Late sowing, SD Standard deviation, NS non-significant difference

* Significance difference at P < 0.05; " significance difference at P < 0.01; " significance difference at P < 0.001

dry weight at harvest in the late-sown plants in 2002 and
the early-sown plants in 2003. At this locus, the additivity
of all QTLs was negative, meaning that the favorable allele
was inherited from the chilling sensitive parent ETH-DL3.

Discussion

The biomass accumulation of maize plants was strongly
affected by the climatic conditions during growth. In 2002,
which was characterized by lower temperatures than 2003,
seeds of late-sown plants were not fully mature (physiolog-
ical maturity) before the first frost. Consequently, the
biomass accumulation was lower in the late-sown set
compared with the early-sown plants. Another factor,
which influenced the biomass accumulation, was the time
of flowering. Co-localizations of QTLs for ear and straw
dry matter with QTLs for the date of flowering were found.
The signs of additivity clearly demonstrated that, as it can
be expected, late flowering was beneficial for a higher bio-
mass due to a longer vegetative growth. Similarly, Moreau

etal. (2004) frequently found co-localizations of silking
date and grain yield in a maize F., population grown under
a large range of environmental conditions. However, other
QTLs for flowering dates were associated with QTLs for
plant height but not with QTLs for dry matter; some QTLs
for flowering dates did not show any pleiotropic effect. This
observation indicates that late flowering does not directly
cause higher biomass, rather it seems that both traits can be
independently controlled by the same gene or genomic
region.

The main focus of this study was to answer the question
whether a good chilling tolerance during seedling stage has
a beneficial effect on the biomass at harvest. A significant
correlation between grain yield and dry weight of seedlings,
which were exposed to low temperature, was found in a set
of maize inbred lines (Mock and McNeill 1979). However,
results of Revilla et al. (2000) indicated that significant
differences among hybrids for early vigor under low tem-
perature conditions were not correlated with grain yield.
The comparative analysis of QTLs identified in seedlings
grown under chilling conditions in the field (Jompuk et al.
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2005) with the QTLs found at harvest indicated that photo-
synthesis-related traits and morpho-physiological traits,
like shoot dry weight, area of the third leaf, carbon and
nitrogen concentration and C:N ratio, at seedling stage did
not result in an increased biomass at harvest. Concerning
two of the overlapping QTLs it even seems that higher leaf
greenness and higher photosynthetic efficiency had a nega-
tive effect on the final biomass. What is the reason of this
poor relationship between chilling tolerance of the seedling
and the final biomass? The analysis of the QTL on chromo-
some 3 might shed some light on this question. In the
immediate vicinity of marker mmc0022, a QTL was found
for plant height and for ear dry weight. The position of this
QTL was co-localized with a QTL for photosynthesis-
related traits detected in the late-sown plants of the map-
ping population at the seedling stage (Jompuk et al. 2005).
This QTL was also found in seedlings grown at 25°C in
growth chambers (Fracheboud et al. 2004). At the seedling
stage too, the allele for good photosynthetic performance
under warm conditions was inherited from the chilling-sen-
sitive parent. This observation indicates that a good photo-
synthetic performance under optimal conditions increases
yield. The mentioned chromosomal region of chromosome
3 harbored also a QTL for the area of the third leaf (Jompuk
et al. 2005), those sign of additivity revealed that the higher
photosynthetic activity was associated with a smaller leaf
area at this locus. Since at this position no QTL with con-
trasting additivity was found for photosynthetic perfor-
mance under chilling conditions, high photosynthesis under
warm conditions seems not to have a drawback on the pho-
tosynthesis in the cold.

Another reason for the poor correlation between QTLs at
maturity and QTLs for chilling tolerance at seedling stage
might be the weather conditions during the later plant
development which might have a predominant effect. In the
year 2002, a hail storm during June drastically diminished
the leaf area of the maize plants. Plants with a better early
growth were at least as strongly affected as plants with a

poor early vigor with respect to the loss of leaf area. The
rest of the growing season in 2002 was characterized by
rather low temperatures. The QTLs, which were found for
yield-related traits solely in 2002, were potentially involved
in the late-cold tolerance. Since the genetic control of cold
tolerance seems to be independent at different growth
stages (Revilla etal. 2000) it might explain why these
QTLs were not co-localized with QTLs for cold tolerance
of photosynthesis at seedling stage.

The year 2003 was characterized by severe drought
stress and, therefore, this stress factor might have had a
stronger effect on the yield than the chilling stress during
seedling establishment. For the early sown set in 2003,
plants of the F,.; population segregated in leaf rolling
which is a good indicator for the severity of the drought
stress (Bénziger et al. 2000). Two QTLs were found for this
trait, on chromosomes 1 (79 cM, LOD=5.17) and 3
(108 cM, LOD =4.05). In both cases, there was a pleiotro-
pic effect on plant height, which was characterized by a
contrasting additivity, meaning that tall plants suffered less
from drought stress than short ones did. A positive relation-
ship between root length and plant height was found i.e.
during root selection in hybrid maize breeding (Rady
1996). Since no co-localization of QTLs for leaf rolling and
for ear dry weight were found it seems less likely that geno-
typic differences in drought tolerance, which might be due
to differences on rooting depth, had an influence on the
yield in the year 2003.

In conclusion, the QTL analysis revealed that high chill-
ing tolerance of photosynthesis at the seedling stage did not
have a large effect on the later yield of the maize mapping
population in our study. Other morpho-physiological traits,
which in addition described the seedling vigor such as seed-
ling shoot dry weight, leaf area and nitrogen concentration,
did not give clues on the later biomass accumulation as
well. The present results indicate that the performance of
the seedlings under chilling conditions in respect to photo-
synthesis and growth may not have a large effect on the
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biomass accumulation during later growth stages. The
capacity of compensation in maize seems to be high, and
the conditions during later growth phases might be more
determining for biomass accumulation. This is in accor-
dance with the earlier studies indicating that flowering and
early seed development are the critical developmental
period for determining maize grain yield (Classen and
Shaw 1970; Shaw 1988). Although, an effect of early vigor
on grain yield seems to depend largely on later growth con-
ditions, a sufficient chilling tolerance of the maize seedling
is beneficial, because of an improved capability of seedling
to compete with weeds and to avoid fungal infection (Mes-
siaen et al. 1976, 1977), and a lower risk of soil erosion and
nitrate leaching.
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