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Abstract: Suboptimal temperatures at sowing and emergence affect the early development of maize,
with potentially irreversible effects later in the growing season. We studied recovery from cold stress
of an inbred line (B73) and 13 Doubled Haploid lines derived from a European flint maize landrace.
After a cold treatment (20–12 ◦C, day–night) from sowing to seedling establishment, seedlings were
transplanted and grown in the greenhouse until the V8 stage (eight leaves fully developed), when we
measured agronomically relevant plant traits and spectral indices of mature leaves. Survival rates of
transplanted seedlings after cold treatment ranged from 10% to 100%. After a strong delay in early
development due to cold, the surviving plants were able to compensate for this delay at later stages
of recovery. They reached the V8 stage after only five more growing degree days than plants grown
under the control treatment (25–18 ◦C, day–night). Plants from the most cold-tolerant genotypes
(PE0401 and PE0100) accumulated more root and shoot biomass at the end of the recovery phase
compared with the same genotypes exposed to the control treatment. The genotypes with the most
plastic leaf morphological traits (PE0161 and PE0072) had little reduction in leaf biomass at the end
of the recovery phase in comparison with less responsive genotypes such as PE0171. We conclude
that genotypes that survived cold treatment with minimal cold damage of seedling leaves can be
candidates for further cold recovery studies and breeding. Nevertheless, such studies must take trait
acclimation for other suboptimal conditions into consideration.

Keywords: doubled haploid maize; low-temperature stress; low-temperature recovery; plant
acclimation; cold survival

1. Introduction

The occurrence of unusual low temperatures is among the climate anomalies projected
to increase in frequency and severity according to recent climate models [1]. This type of
event may compromise crop productivity in some regions of Europe [2]. For example, in
Germany, the probability of temperatures dropping below 5 ◦C remains very high until
the end of April, which coincides with the beginning of the maize crop cycle in Northern
Europe [3].

Maize originated in the subtropics [4] and exhibits a lower degree of adaptation to
low temperatures in comparison with cold-tolerant C4 species such as miscanthus [5].
Early responses to an exposure of 12 ◦C or lower involve changes in membrane fluidity [6]
and in stress signalling processes [7–9]. Suboptimal temperatures of 19 ◦C or lower can
decrease maize leaf elongation through reduced cell expansion [10] and cell division [11].
Impaired leaf development and cell cycle progression was also observed at 25 ◦C day
temperature when night temperature was as low as 4 ◦C [12]. Leaf growth impairment
can be accompanied by the downregulation of the genes involved in photosynthesis and
chlorophyll biosynthesis [13]. Next to gene expression regulation, low temperature affects
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photosynthesis in maize through reduced enzyme activity, changes in hormone metabolism,
and chloroplast structure [14,15].

Aerial and belowground organs of the same plant can experience different growth
conditions, as soil can buffer low atmospheric temperatures to a certain extent [16]. Soil
surface temperatures tend to be 1 to 6 ◦C warmer than those of the air depending on factors
such as climatic region, season and land cover [17]. Relatively higher soil temperatures
under cold ambient air will not necessarily spare belowground organs from cold stress. A
2 ◦C decrease in topsoil temperature to 15 ◦C is sufficient to induce considerable reductions
in the operating efficiency of photosystem II and, to a lesser extent, in the chlorophyll
content of maize seedlings [18]. Root temperatures of 5.5 ◦C cause stomatal closure through
increased ABA content, reduced water potential, and root hydraulic properties [19]. The
ability of plants to recover from cold stress has been observed at the shoot level and is
thought to occur via (1) photoprotective mechanisms as well as growth limitation under
cold stress, with growth resumption once temperatures increase [13], (2) compensating
biomass losses through an extended vegetative period [20], and (3) maintaining a relatively
stable chlorophyll content under cold and recovery [21].

Mitigating the risk of low-temperature effects on maize yield requires crop manage-
ment strategies such as adapting sowing dates and crop cycle duration to the environment
and exploiting genetic diversity to improve crop resilience and yield [3]. If suboptimal
temperature tolerance at early stages is established, further vegetative and reproductive
stages of maize can benefit from a relatively warming temperate climate. For example, the
observed increase in maize yield in northwestern Europe has been attributed to higher ac-
cumulated temperatures than in the past and to genetic improvement [22,23]. In addition, a
large variability in suboptimal temperature tolerance exists among Zea mays subspecies [24].
Flint maize (Zea mays ssp. indurata) has been shown to better withstand low temperatures
compared with dent maize (Zea mays ssp. indentata; [25–27]). These two subspecies have
been crossed in Europe to increase yield (dent trait) while assuring a certain cold tolerance
derived from flint maize [27].

Doubled haploid (DH) lines hold a potential in plant breeding and genetics due to
the speed and efficiency to reach complete homozygosity compared with conventional
inbred lines [28,29]. The study of DH lines developed from early flowering German flint
maize landraces could be of particular importance due to the superiority in early cold
tolerance of flint landraces compared with hybrids [30] and the ability of flint genotypes to
withstand [25–27] and recover from cold stress [31].

In this study, 13 DH lines derived from the German flint maize landrace Petkuser
Ferdinand Rot [32] were selected, in addition to the dent inbred line B73 as a cold sensi-
tive reference genotype. To our knowledge, previous studies on low-temperature effects
on maize focused mainly on (1) stages as early as seed imbibition and germination [6],
(2) seedling roots [7], and (3) seedling leaves [9,12]. Moreover, these studies did not cover a
wider range of phenotypic traits and their interaction or did not span later developmental
stages. Here, we hypothesized that the adverse effects of early low-temperature exposure
would persist after the cessation of the stress period when surviving plants are acclimated
to suboptimal temperatures. To test this hypothesis, we compared the developmental,
morphological, and agronomic traits, leaf spectral indices, and their interactions in these
DH lines subjected to cold and control conditions followed by a recovery phase until
tassel emergence.

2. Materials and Methods
2.1. Plant Material

The DH lines were derived from the German flint maize landrace Petkuser Ferdinand
Rot [32]. The root and shoot traits of two-week-old seedlings from 426 DH lines were
evaluated in an earlier study under a temperature regime of 16–12 ◦C (day–night) for
one week after germination using a germination paper-based phenotyping assay [33,34].
The photoperiod was set to 14–10 h (day–night) and light intensity to 400 µmol m−2 s−1.
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The results of this experiment can be found in the Supplementary Material (Figure S1).
Based on this experiment, we selected 13 DH lines with contrasting responses to the cold
treatment (Figure S1). The root systems of 6 of the 13 genotypes (PE0161, PE0328, PE0002,
PE0100, PE0265, and PE0022) were evaluated for phenotypic traits in Frey et al. (2020, [8]),
where they showed contrasting growth rates and cold tolerance levels under 16–12 ◦C
(day–night) for two days. The gene expression levels under a cold treatment of 12 ◦C for
8 h were also different among these genotypes [8]. We used the inbred line B73 as a cold
sensitive reference.

2.2. Growth Conditions

Seeds were sown in 10 trays of 35 plugs with 25 replicates per genotype and treat-
ment in a controlled environment chamber. The seeds were randomized across trays with
five repetitions per tray. When the first leaf was fully developed (V1 stage), seedlings
were transplanted to 4 L pots filled with substrate (Einheitserde ED73, Einheitserdew-
erke Werkverband e.V., Sinntal-Altengronau, Germany) and moved to the greenhouse
(Forschungszentrum Jülich, Germany, IBG-2: Plant Sciences; 50◦55′17.36′′ N, 6◦21′45.61′′ E).
The seedlings were grown in the greenhouse (recovery phase) until eight leaves were
fully developed (V8 stage). The day length was 16–8 h (day–night) for both phases. All
environmental data can be found in the Supplementary Material (Figure S2).

The temperature treatment phase took place in a growth chamber with 20–12 ◦C
(day–night) and 25–18 ◦C (day–night) for cold and control, respectively. Light intensity,
air temperature, and relative humidity were stepwise increased and decreased following
a diurnal pattern (Figure S2A). The chamber settings were adapted to reach the target
temperature and relative humidity at the substrate level and not the chamber sensor
level. Conditions were recorded at 10 min intervals using temperature and relative hu-
midity data loggers (EasyLog, Lascar Electronics, Wiltshire, England; Figure S2A). Light
intensity peaked at 290 µmol m−2 s−1 under both treatments and was measured at the
substrate level (Figure S2B) using an optometer (Gigahertz X1, Gigahertz-Optik GmbH,
Türkenfeld, Germany).

At the V1 stage (first fully developed leaf), 10 and 9 representative seedlings from
each genotype from the cold and the control treatment, respectively, were transplanted to
the greenhouse for recovery (Figure S3 includes a more detailed experimental design). To
allow monitoring plant water use (WU), pots were covered with transparent plastic sheets
to minimize evaporation of water from the substrate. The substrate water content in the
pots was measured gravimetrically and adjusted to an estimated [35] water potential of
−3 kPa by weighing the pots and re-watering two to three times per week. At the V5 stage,
the fresh weight of one representative plant per genotype was determined to correct for the
required amount of water to be added to keep the soil water content constant.

In the greenhouse, environmental conditions were recorded at plant level using three
environmental stations equipped with a temperature and humidity sensor (SHT31-DIS-B,
Sensirion, Sensirion AG, Zurich, Switzerland) and a quantum sensor (LI-190, LI-COR,
Inc., Lincoln, Nebraska). Their position was continuously adjusted to plant height during
the experiments.

The two treatments were performed at different times of the year: between July and
September for the cold treatment and between September and December for the control
treatment. The recovery period took place in the greenhouse following both treatments.
Control plants experienced approximately 3 ◦C lower average daytime temperatures and
ca. 7 mol m−2 d−1 lower daily light integral (DLI) values compared with those experienced
by the cold-treated plants in the greenhouse (Figure S2C).

2.3. Phenotyping

We monitored developmental stages from emergence to the V8 stage (eight fully
developed leaves). Growth duration was scaled to thermal time (Growing Degree Days,
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GDD), using the formula from Gilmore Jr. et al. (1958, [36]) with a base temperature
of 10 ◦C.

To assess the cold tolerance level of the genotypes, first we visually ranked them based
on their respective seedling leaf appearance after 30 days in the cold. The visual scoring
of seedlings included leaf greenness and the level of cold damage to the leaves at the V1
stage: 1 = white leaves and/or leaf necrosis, 5 = green leaves and less pronounced cold
damage. Description of the visual scoring is to be found in Figure S4. Subsequently, we
defined four cold tolerance categories combining the average colour score per genotype
and their respective survival rates (Figures S4 and S5). Survival rates were calculated as the
percentage of surviving seedlings from the cold treatment up until two weeks of recovery
(Figure S5).

Morphological plant traits were measured at harvest (the V8 stage) using a ruler: plant
height (PH, measured from the first internode to the ligule of the youngest leaf; Lbl, blade
length; Lshl, sheath length; L8_wd, leaf 8 width; and Il, internode length). Maximum
internode diameter (maxID) was measured using a calliper. Leaf area (LA) was measured
for the first eight fully emerged leaves using a leaf area meter (LI-COR Model 3100C,
LI-COR, Lincoln, Nebraska). Numbers of tillers and visible and initiated leaves were
counted at harvest. The fresh weight (FW) of leaves, stems, and tillers was determined at
harvest, and root fresh weight was determined after root systems were washed and blotted
dry. The dry weight (DW) of all organs was determined after drying in an oven at 65 ◦C
until a constant weight was reached. Specific leaf area (SLA) was defined for the eight
fully emerged leaves, excluding plants with three or more missing leaves, mainly due to
senescence (Figure S6). Values of SLA are presented separately in Figure S7.

At the V8 stage, indices correlating with anthocyanin (FERARI index; [37]), epidermal
flavonol (FLAV index; [38]), chlorophyll (SFR index; [39]), and nitrogen (NBI index; [40])
content were obtained using a Multiplex UV-VIS fluorometer (FORCE-A, Orsay, France).

We determined seed density based on weight and volume measured using the fully
automated PhenoSeeder system [41] for at least 28 replicates per genotype.

2.4. Statistical Analysis

Data analysis was performed using RStudio (version 4.2.2, R Core Team 2021). We
checked the data distribution for normality using histograms, QQ plots, and the shapiro.test
function (‘stats’ package, version 4.2.2; [42]), and used the leveneTest function (‘car’ package,
version 3.1.2; [43]) to check for homoscedasticity. We performed a two-way ANOVA
(Table S1) to test the effect of the treatment and the genotype on different plant traits and to
retrieve the generalized eta squared (ges) effect size. A type III ANOVA test was applied
because of the unbalanced design due to the different number of surviving plants, using the
anova_test function (‘rstatix’ package, version 0.7.2; [44]). We computed estimated marginal
means with a 95% confidence interval using the ‘emmeans’ R package (version 1.9.0; [45])
as a post-hoc test.

Correlations were calculated with a 95% confidence interval (‘Hmisc’ package, version
5.1.1; [46]) and correlation plots were obtained using the ‘corrplot’ package (version 0.92; [47]).
Principal component analysis (PCA) was performed using the prcomp function (‘stats’
package, version 4.2.2; [42]).

Genotypes with missing values for all plants for a specific trait, without replicates
(B73) or missing observations (PE0328) under a treatment were excluded from the
statistical tests.

3. Results
3.1. Seedling Cold Tolerance Depends on the Genotype

The cold treatment affected genotype performance to different extents (Table 1). Dur-
ing the low-temperature treatment, cold stress symptoms on leaves varied among geno-
types. After the seedlings were transferred to the greenhouse, seedling death was tracked
up until two weeks through the recovery phase and survival rates ranged from 10% to 100%.
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The cold sensitive dent inbred line B73 confirmed the effectiveness of the cold treatment,
with only a single surviving seedling during the recovery period from cold, and severe
cold damage to the leaves (Figure S4). The timeline of seedling death following the cold
treatment can be found in Figure S5.

Table 1. Ranking of genotype cold tolerance following the cold treatment in function of survival rates
and leaf colour score.

Genotype Survival Rate (%) Leaf Colour Score Cold Tolerance Level

PE0328 - 1 Low
B73 10 1 Low

PE0072 50 2 Low
PE0532 60 2 Medium
PE0265 70 3 Medium
PE0016 80 3 Medium
PE0022 80 4 High
PE0002 90 3 High
PE0113 90 3 High
PE0161 90 5 High
PE0171 90 5 High
PE0100 100 3 Very high
PE0401 100 5 Very high

Cold tolerance levels are defined as follows; Low: genotypes with survival rates lower
than 50% and colour scores = 1–2; Medium: survival rates higher than 50% and lower or
equal to 80% with colour scores = 2–3; High: survival rates between 80% and 90% with
colour score = 3–5; Very high: 100% survival rate with colour score = 3–5. PE0328 was
not transplanted from the cold treatment and PE0085 was not transplanted following both
treatments because of the insufficient number of fit seedlings.

We identified two genotypes that were able to withstand the cold treatment, namely
PE0401 and PE0100. These genotypes showed little to no cold damage to their leaves
(Figure S4), coupled with the survival of all transplanted seedlings following the
cold treatment.

3.2. Early Cold Stress Delays Vegetative Development during and after Exposure

Emergence rates ranged between 75% and 100% for all genotypes and were not
significantly different between treatments (Figure 1). Cold exposure did however affect
leaf development during and following the cold treatment. The V1 stage was reached at
comparable DAE under cold conditions for all genotypes, except for the very highly cold-
tolerant ones, which required a longer time (Figure 1). Overall, there was an average delay
of ca. 34 GDD (six days) after emergence to reach the V1 stage due to low temperatures
(ptreatment, pgenotype, ptreatment*genotype < 0.001). The large error bars do, however, indicate a
large variability in this response.

During the recovery period in the greenhouse, the first two weeks were decisive for
the survival of plants, irrespective of cold tolerance; the time required for seedlings to
die was not directly linked to their cold tolerance score, nor to the genotype (Figure S5).
Seedlings of the genotypes with “very high” cold tolerance (Table 1), PE0100 and PE0401,
were the exception as they all survived.

The development of the second to the fourth leaf at the beginning of the recovery
phase after the cold treatment was delayed (Figure 1B). The reason may be that those leaves
were already visible at the V1 stage under cold. On the other hand, thermal time to reach
the V8 stage at the end of the recovery period was only five GDD longer for cold-treated
plants compared with control plants (Figure 1B).

At the V8 stage, all leaves were initiated, and the tassel was visible, which means that
floral transition had already occurred at earlier vegetative stages. Tassel size varied among
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and within genotypes at the same vegetative stage (Figure S8A), except for PE0171 and
PE0265, indicating different development among genotypes (p < 0.001; Figure S8B).
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Figure 1. Early and late development are affected during the cold temperature treatment and
recovery. (A) Time required to reach the first fully developed leaf stage (V1) under cold and control
temperatures expressed in days after emergence (DAE). The horizontal facets divide genotypes into
the four defined cold tolerance levels, from “low” to “very high” (Table 1), from top to bottom.
Circles and error bars represent mean and standard deviation, respectively. Vertical lines show
weighted means calculated for each cold tolerance category (n ≤ 25). (B) Time to emerge and to
reach subsequent vegetative stages in the growth chamber (cold treatment phase; n = 25) and in
the greenhouse for surviving plants (recovery phase; n = 1–9), in function of accumulated growing
degree days (GDD). Blue: cold treatment; green: control treatment.

3.3. Genotypes Differed in Biomass following Cold Exposure

Cold-treated plants compensated for the delayed development by reaching the V8
stage at similar GDD values compared with control plants. We assessed whether the effect
of early cold exposure on other traits persisted until the V8 stage.

The shoot and root biomass of plants of the two intermediate cold tolerance categories
were virtually unaffected by the treatment at the V8 stage. Despite the highly cold-tolerant
PE0161 and PE0171 having similar values for root (p > 0.05) and shoot (p > 0.05) biomass
during and following the cold treatment, they responded differently to the control treatment.
For PE0171, we observed the lowest biomass of all plants following control treatment and
58% and 78% lower shoot and root biomass for cold and control, respectively. PE0161 plants,
on the other hand, responded to the control treatment with an increased stem biomass
(p < 0.01), while maintaining similar leaf (p > 0.05) and root (p > 0.05) dry matter content.

The dry matter content of all organs was influenced by the environment, with
highly significant interactions between the treatment and the genotype factors for leaves
(ptreatment*genotype < 0.01), roots, and stems (ptreatment*genotype < 0.001). Reduced biomass
following the control treatment was observed for one of the most cold-tolerant genotypes:
PE0100 accumulated 50% more leaf and stem biomass and a twofold higher root biomass
(p < 0.001) at the end of recovery from cold compared with the control (Figure 2).
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Figure 2. Dry matter content of the DH lines at the end of the recovery period (the V8 stage) ordered
according to cold tolerance level. Panels from left to right: dry weight of (A) leaves (LDW), (B) roots
(RDW), (C) stems (SDW), and (D) tillers (TDW). The vertical facets divide genotypes into four
cold tolerance levels from ‘low’ to ‘very high’ (Table 1). Circles and error bars represent mean
and standard deviation, respectively. Vertical lines show weighted means calculated for each cold
tolerance category. Blue: cold treatment (n = 1–9); green: control treatment (n = 8).

Total shoot biomass included leaf, stem, and tillers. Tillering was absent at V8
in the control treatment, except in PE0113 (Figure 2). All genotypes formed tillers
upon cold exposure, which increased their shoot biomass (ptreatment = 0.015; pgenotype;
ptreatment*genotype < 0.001). In contrast, root mass fraction after cold was either equal or
higher than that of the control treatment. Figure S9 includes mass fraction data for all
genotypes and treatments.

The cold sensitive genotype, B73, was the most affected by the early cold treatment:
biomass of the single surviving plant was 8 and 9 times lower for root and shoot, respec-
tively, compared with control plants (Figure 2).

3.4. Genotypes Vary in Leaf Morphology Adjustment

The observed reduction in biomass from cold to control treatment among genotypes
was the highest for PE0171 and PE0100 (Figure 2). Leaf length and area of both genotypes
were, however, comparable (p > 0.05) under both treatments (Figure 3). By contrast, PE0161
significantly doubled its leaf area (p < 0.001) by the end of the control treatment, which may
explain the similar leaf biomass (p > 0.05) between the two treatments for this genotype.

We observed a trend of increasing differences in leaf phenotypes between treatments as
cold tolerance decreased. Accordingly, the treatment factor had a significant effect on both
blade (ptreatment < 0.001) and sheath length (ptreatment < 0.001) without a significant interac-
tion with the genotype, whereas the genotype factor had no significant effect on leaf blade
length (p > 0.05; Table S1). By contrast, a significant interaction (ptreatment*genotype < 0.001)
between treatment and genotype factors was observed for leaf area with significant main
effects (p < 0.001). Blade area, nevertheless, changed the least for the “very high” cold-
tolerant (Table 1) group (PE0100 and PE0401). The specific leaf area of the first eight leaves
at harvest (Figure S7) remained larger for cold-treated plants compared with the control,
except PE0072.
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Figure 3. Leaf traits for the eight first fully emerged leaves measured at the end of the recovery
period (V8 stage). Panels from left to right: (A) total leaf blade, (B) sheath length (cm), and (C) total
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show weighted means calculated for each cold tolerance category.

3.5. Leaf Optical Properties Changed Only Marginally between Growth Conditions

We evaluated whether spectral measurements at the level of individual leaves could
be used to characterize the recovery from cold exposure. To this end, we measured leaf
8 optical properties (Figure 4).

We did not observe any significant (p > 0.05) interaction between the treatment
and genotype factors on the acquired spectral indices, except for the FERARI index
(ptreatment*genotype < 0.001). The SFR index, which correlates positively with chlorophyll
content [39], was significantly affected by both the genotype (pgenotype < 0.001) and the
treatment factors (ptreatment < 0.01). The effect size of the interaction between genotype and
treatment on SFR (ges = 0.41) was larger than that of treatment (ges = 0.08), which was
observed as a slight increase (albeit not significant) in SFR (PE0401), comparable values
(PE0002), or a decrease (PE0072) from cold to control.

Statistical tests only showed a genotype effect on FLAV (pgenotype < 0.001), but not
treatment (ptreatment = 0.43). Anthocyanin content may increase in stressed leaves to protect
from abiotic or biotic stress and was found to correlate with the FERARI index in grapes [37].
This index was significantly different between the two treatments (ptreatment <0.001) for
all genotypes included in the statistical analysis, except for PE0072, PE0171, and PE0002.
Overall, plants from the control treatment had lower FERARI index values than cold-
treated plants, suggesting lower anthocyanin contents. The difference was particularly
large for the “very high” cold-tolerant PE0401 (Table 1), which also had a lower FLAV index
(epidermal flavonol) under the control treatment. Other observations for PE0401 already
indicated that it was the genotype least influenced by the early cold treatment, which was
further supported by high NBI index values following cold. The NBI index, which relates
to nitrogen content [48], was significantly affected by treatment (ptreatment = 0.02), and a
decreased value (p < 0.05) was observed in cold compared to the control in PE0171 and
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PE0022. Following the control treatment, B73 had the highest NBI index, followed by the
highly cold-tolerant PE0401.
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Figure 4. Leaf optical indices measured at the V8 stage on the fully emerged eighth leaf using
a Multiplex optometer. Panels from left to right: (A) SFR, Simple Fluorescence Ratio; (B) FLAV,
Epidermal Flavonol Index; (C) FERARI, Fluorescence Excitation Ratio Anthocyanin Relative Index;
(D) NBI, Nitrogen Balance Index. On the vertical axis, panels divide genotypes into four cold tolerance
levels from ‘low’ to ‘very high’, from top to bottom. Measurements on each leaf were performed
three times, excluding the midrib, and data were averaged. Blue: cold treatment (n = 1–9); green:
control treatment (n = 8). Values for the genotype PE0328 are missing in the cold treatment because
the seedlings were not fit for transplantation; indices for B73, PE0100, and PE0016 in the control
treatment are missing as well due to technical difficulties. Circles and error bars represent mean
and standard deviation, respectively. Vertical lines show weighted means calculated for each cold
tolerance category.

4. Discussion
4.1. Genotype Cold Tolerance

Based on Frey et al. (2020, [8]), we selected six genotypes in our study characterized
by a cold tolerance level from “high” to “medium”, as follows: PE0161, PE0328, PE0002,
PE0100, PE0265, and PE0022. Remarkably, PE0328 was one of the least cold-tolerant
genotypes in our study and plants were not fit to be transplanted after the cold treatment.
PE0265 and PE0022 were not the least cold-tolerant, and PE0100 was one of the most cold-
tolerant genotypes in our experiments. These discrepancies are likely due to the difference
in traits measured to define cold tolerance, namely, the ratio of primary root growth rate
under cold and control in Frey et al. (2020, [8]) and damage on seedling leaves and survival
rates from cold in our study. Moreover, previous experiments were performed in growth
media other than soil substrate and observations were made on younger seedlings. In
addition, the daytime temperature treatment applied in Frey et al. (2020, [8]) was lower than
in our experiments (16–12 ◦C versus 20–12 ◦C (day–night) in our treatment). Consequently,
the extended exposure in our study (30 days from sowing until the V 1 stage, versus two
days after seedling establishment [8]) resulted in more severe effects, leading to seedling
death. The duration of the cold treatment influences the extent to which plants respond to
the low-temperature stress [49]. The paper assay experiment (Figure S1) further supports
these findings. After a one-week exposure to 16–12 ◦C (day–night) after emergence, PE0401
was significantly different from PE0016 and PE0171 in shoot dry weight and total root
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length, respectively. Nonetheless, PE0016 and PE0171 exhibited a higher root and shoot
growth, respectively, compared with other genotypes. In our study, these two genotypes
ranked average among all genotypes during the cold treatment and recovery period, where
we measured root and shoot traits.

4.2. Plant Development

In our findings, survival rates were partially indicative of cold tolerance levels. Sub-
optimal temperatures reduced survival of maize seedlings [50], yet 100% of the “very
high” cold-tolerant PE0100 and PE0401 seedlings in our study survived the cold treatment
(Table 1). The development of the first leaf of these two genotypes was nevertheless delayed
under cold temperatures.

The vegetative stages subsequent to the cold treatment were delayed, and the ther-
mal time was only comparable between the two treatments from the fifth leaf onwards.
Sowiński et al. (2005, [51]) reported a similar response in maize leaf development during
recovery from cold. This delay could be partly explained by the emergence of two to four
leaves during our cold treatment. Suboptimal temperatures have also been shown to reduce
the leaf growth rates of maize mainly via cell cycle impairment, which in turn affects cell
and leaf growth [10–13]. Riva-Roveda et al. (2016, [13]) explained the quick resumption
of growth at recovery of cold-stressed maize after a seven-day cold treatment of either
10–4 or 10–7 ◦C (day–night) by the presence of transcription factors of two genes related to
expansins. The authors suggested that cold-stressed maize plants may go into a ‘standby
mode’, and that growth can be resumed once recovery conditions were established.

Vegetative and reproductive development were both affected by cold as floral transi-
tion of cold-treated plants was delayed, hence the observed positive correlation between
tassel fresh weight and both seedling survival after cold exposure and the ratio of visible to
initiated leaves (Figure S10). This observation indicates that genotypes with higher cold
tolerance were able to accelerate leaf development after cold exposure until reaching the
reproductive stage. Heterogeneity in tassel emergence for plants that have experienced
cold temperatures because of early sowing was also observed in the field [20].

4.3. Relationship between Leaf Acclimation and Biomass Allocation following Cold and
Control Treatments

Our results showed a significant effect of the cold treatment on leaf blade and sheath
length, similar to prior findings [13]. In the field, early sowing was concomitant with lower
apex temperatures, which resulted in reduced leaf area and sheath and blade length [20].

Leaf morphological adjustment following the control treatment and biomass accumu-
lation seemed related. Even if PE0161 and PE0171 had similar biomass values after the cold
treatment, PE0161 accumulated more in the control treatment. In parallel, PE0161 increased
leaf length and area following the control treatment, while PE0171 did not.

We observed less differences in leaf morphology between treatments as the cold
tolerance level increased. On the other hand, the highest cold-tolerant genotypes that were
cold treated had a higher dry matter content at the V8 stage compared with the control.
We noted that the recovery conditions from cold were 3 ◦C warmer and had 7 m−2 d−1

higher DLI, which may have contributed, to a certain extent, to the reduction in biomass at
the end of the control treatment. The most pronounced biomass difference between cold
and control at the V8 stage was observed in PE0100, which may hint that this genotype
is comparatively sensitive to changes in light and temperature. Zheng et al. (2022, [52])
found that low light conditions imposed by high density planting caused a reduction in
leaf thickness, thus an increase in SLA, in maize. Nevertheless, reduced temperature and
light conditions can induce contrasting responses in plants [53]. The smaller SLA following
the control treatment may therefore have been a consequence of comparatively lower
temperatures rather than of a lower PPFD. The genotype PE0100 may therefore have been
more responsive to a 3 ◦C drop in air temperature than to an approximate 50% drop in DLI.
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Root biomass allocation was also equal or larger for genotypes that were exposed to
cold in comparison with the control (Figure S9). This response could be due to a faster
resumption of growth of the root compared with that of the shoot once recovery conditions
were imposed [51]. Walne and Reddy (2022, [54]) demonstrated that root growth has
a lower temperature threshold compared with shoot growth, which results in a higher
root mass fraction (RMF) under suboptimal temperatures than under warmer conditions.
The authors hypothesize a possible lower demand of the shoot for photoassimilates as
growth declines under low temperatures, or dry matter allocation to the roots may increase.
The latter may compensate for the cold-induced reduction of water uptake, as previously
observed in winter wheat [55].

An element that contributed to higher shoot biomass for plants grown under early cold
temperatures is the presence of tillers. Except for PE0113, other plants did not form tillers
during the control treatment, which was followed by lower temperature and DLI compared
with the cold treatment (Figure S2). As reviewed by Rotili et al. (2021, [56]), tillering
can be suppressed by (1) low temperatures reducing carbon allocation to leaf axillary
meristems, which lowers secondary shoot growth (tillers), and (2) low light, which triggers
shade avoidance syndrome, leading to taller plants, higher SMF, and longer internodes.
However, we suggest that tillering after cold treatment may have been a direct response to
low-temperature stress.

4.4. Leaf Optical Traits Relate to Cold Recovery

Early exposure of maize to suboptimal temperatures by means of controlled environ-
ments or early sowing can decrease leaf nitrogen content [57]. To test if the cold temperature
effect on nitrogen content persisted until harvest, we measured the NBI index, which corre-
lates with nitrogen content in leaves [40]. We found comparable NBI index values at the V8
stage between treatments for most genotypes. The highly cold-tolerant genotype PE0100
showed one of the lowest NBI values and the largest rooting system among genotypes,
which may signify a higher nitrogen allocation to the belowground organs. Moreover, NBI
index values negatively correlated with the FLAV index in our findings (Figure S10). These
results are corroborated by Cartelat et al. (2005, [58]), who found a negative correlation
between leaf optical properties related to phenolic compounds and those related to nitrogen
and chlorophyll content in wheat. On the other hand, we did not observe any significant
correlation between chlorophyll (i.e., the SFR index) and the other measured indices. Nev-
ertheless, there was a trend in increasing SFR index with cold tolerance level, with some
exceptions. This trend may therefore reflect the ability of cold-tolerant genotypes to survive
when their seedlings were greener and healthier under cold stress. The fact that the SFR
values for PE0401, one of the most cold-tolerant genotypes, were comparable for both cold
and control treatments is consistent with earlier findings [31,59]. Peter et al. (2009, [30]) has
linked the ability of maize plants to sustain leaf greenness to seedling early vigour and
biomass content during later growth stages.

The FLAV index also correlated negatively with the FERARI index (anthocyanin
content) after cold exposure. Anthocyanins are involved in protection from photoinhibition
under low temperatures [50] and can increase during cold exposure and recovery in
maize leaf blades [60] and leaf sheaths [61]. This may explain why the cold-treated plants
in our study showed significantly higher anthocyanin index values at the end of the
recovery phase.

4.5. The Effect of Early Low-Temperature Exposure on Plant Performance during Recovery

Starting from seed traits to shoot growth, we observed a negative correlation between
seed weight and plant and shoot dry weight following cold exposure. Peter et al. (2009, [30])
found a positive correlation between the seed weight and seedling shoot biomass of Flint
Swiss landraces exposed to low temperatures in the field, whereas [59] found a weak
relationship between these two traits. Yet the same study reported a negative correla-
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tion between thousand kernel weight and emergence rates, which we did not observe in
our treatments.

Our genotype cold tolerance classification included survival rates from cold stress.
At the V8 stage, the highly cold-tolerant genotypes had the highest root, stem, and leaf
biomass compared with other genotypes. This is in contrast to previous studies, in which
no substantial correlation was observed between seedling cold tolerance and biomass [26],
nor final plant height [62] at harvest.

Flavonol, anthocyanin, and nitrogen content, as estimated by the FLAV, FERARI, and
NBI indices, respectively, as well as SLA, were comparable between cold and control at the
V8 stage for only one genotype (PE0072). Moreover, this genotype differed in chlorophyll
content (i.e., SFR index) at the end of the two treatments. This low adjustment to the
environment may be responsible for its classification in the “low” (Table 1) cold-tolerant
category, along with B73. These responses are applicable to our results, irrespective of
a possible effect of early cold stress on final SLA, because at least four leaves out of the
eight included in the measurement had become visible during the recovery period in the
greenhouse, and not during the cold treatment. The leaf morphology of PE0171 also did
not acclimate to the recovery conditions in the two treatments, which is reflected in the
phenotype consistency between the different environments.

An overall increase of over 40% in SLA versus a decrease of 50% in leaf area from cold
to control indicates that an adjustment in leaf thickness, rather than in width, occurred in
response to the cold treatment compared with the control.

5. Conclusions

We conclude that final dry matter accumulation for maize can be qualitatively pro-
jected, to a certain extent, based on seedling performance under a prolonged low-temperature
exposure. However, cold tolerance in maize is a complex trait which goes beyond cold
survival. Genotypic differences in low-temperature conditions are not only relevant during
a cold stress phase, but also during the following recovery period. Other suboptimal
environmental factors occurring during recovery may offset the comparatively higher per-
formance of cold-tolerant genotypes at the seedling stage. The selection for high-yielding,
cold-tolerant genotypes should take these aspects into account. The highly cold-tolerant
genotype PE0401 which we identified in our work also showed a consistent performance
under tested conditions. Therefore, it is a suitable candidate for future trials to improve
cold stress tolerance.
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//www.mdpi.com/article/10.3390/agronomy14030408/s1, Figure S1: Root and shoot traits from
a phenotyping experiment of 423 DH lines; Figure S2: Environmental conditions recorded during
the treatment in the growth chamber and the recovery in the greenhouse; Figure S3: Description of
the experimental steps of the cold and the control treatments; Figure S4: Classification of genotype
cold tolerance level based on seedling appearance after exposure to cold temperatures in the growth
chamber and survival rates of seedlings upon two weeks under recovery conditions in the greenhouse;
Figure S5: Timeline of seedling death during the recovery phase after the cold stress treatment;
Figure S6: Number of completely senesced leaves by the time of harvest (V8) for the cold treatment
and the control treatment; Figure S7: Specific leaf area of the first eight fully developed leaves
calculated at the V8 stage; Figure S8: Tasselling differs among genotypes and between environmental
conditions; Figure S9: Mass fractions in percentage of total plant dry weight for different plant
parts (TMF: tiller, SMF: stem, LMF: leaf, RMF: root) from the cold and control treatment; Figure S10:
Correlation plots of plant traits under cold and control treatment; Figure S11: Principal component
analysis and loading scores of its first two axes of measured plant traits under the cold and the control
treatments; Figure S12: Seed traits of different genotypes used in this study, in addition to ZEA3683, a
Petkuser Ferdinand Rot landrace (Germany); Table S1: Summary of the analysis of variance (ANOVA)
test results.
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Abbreviations

AT air temperature (◦C)
DAE days after emergence
DH doubled haploid
DLI daily light integral (mol m−2 d−1)

ER
emergence rates recorded 30 days after sowing under cold and after 2 weeks under
control (%)

FERARI Fluorescence Excitation Ratio Anthocyanin Relative Index (−log (FRF_R735); [37])
FLAV Flavonol index (log (FRF_R/FRF_UV); [38])
GDD Growing degree days (◦Cd)
Il internode length (cm)
L8_wd leaf 8 width (cm)
LA leaf area (cm2)
Lbl leaf blade length (cm)
LDW leaf dry weight (g)
LMA leaf dry mass per unit area (g/cm2)
LMF leaf mass fraction (%)
Lshl leaf sheath length (in cm)
maxID maximum internode diameter (cm)
NBI Nitrogen Balance Index (NBI_R = FRF_UV/RF_R, [40])
PDW total plant dry weight (g)
PH plant height from the first node to the ligule of leaf 8 (cm)
PPFD photosynthetic photon flux density (µmol m−2 s−1)
RDW total root dry weight (g)
RMF root mass fraction (%)
SDW total stem dry weight (g)
SeDs seed density (g/cm3)
SenescL number of senescent leaves
SeW seed weight (g)

SFR
Simple chlorophyll Fluorescence Ratio (SFR_R) of far-red emission divided by red
emission (SFR_R=FRF_R735/RF_R700; [39])

ShDW total shoot dry weight (g)
SLA specific leaf area (cm2/g)
SMF stem mass fraction (%)
TassFW tassel fresh weight (g)
TiDW tiller dry weight (g)
TiMF tiller mass fraction (%)
WU water use of the whole plant (g biomass/l water between V1 & V8)
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