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Abstract

Cytoplasmic male sterility (CMS) is a maternally inherited trait that suppresses the production of
viable pollen. CMS is a useful biological tool for confinement strategies to facilitate coexistence of
genetically modified (GM) and non-GM crops in case where it is required. The trait is reversible
and can be restored to fertility in the presence of nuclear restorer genes (Rf genes) and by envi-
ronmental impacts. The aim of this study was to investigate the influence of the level of irrigation
on the stability of CMS maize hybrids under defined greenhouse conditions. Additionally the com-
bination of irrigation and air temperature was studied. Three CMS maize hybrids were grown with
different levels of irrigation and in different temperature regimes. Tassel characteristics, pollen
production and fertility were assessed. The CMS stability was high in hot air temperatures and
decreased in lower temperatures. The level of irrigation had no major effect on the level of steril-
ity. The extent of these phenomena was depending on the genotype of CMS maize and should be
known before using CMS for coexistence purposes.
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1. Introduction

Cytoplasmic male sterile (CMS) maize is proven as a reliable biological confinement method to prevent cross-
pollination of pollen into neighbouring fields [1]. This might be necessary if genetically modified (GM) maize is
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grown in arable areas with a high level of non-GM crops or even organic farming. Maize plants produce a huge
amount of pollen [2] [3], but 95% of this pollen does not contact the stigmatic surface of the maize silk and is
deposited into the environment [4]. Several physical containment methods for maize such as isolation distances
and border rows are already applicable. In regions with a wider sowing season, e.g. Spain, different sowing
dates and—therefore—different blooming periods can avoid cross-pollination [5] [6].

CMS is a maternally inherited trait that prevents the development of functional pollen [7] [8]. It results from a
loss-of-function mutation in the mitochondrial genome [9] and causes a dysfunction of the respiratory metabo-
lism and an abnormal production of male gametes [10] [11]. The plants develop no or nonvital pollen but the
female fertility is not affected. Three main types of CMS are known for maize [12]: CMS-T or Texas-cytoplasm
[13] [14], CMS-S or USDA-cytoplasm [15] and CMS-C or Charrua-cytoplasm [16]. Their differences are based
on different restorer of fertility genes (Rf). Even though the determination of CMS occurs in extranuclear, these
nuclear Rf genes can compensate the CMS effect of the cytoplasm [8]. As a result tassels can be partly restored
or even become fertile with more or less vital pollen in the first-generation progeny (F1).

Irrespective of the internal interactions between mitochondrial and nuclear genes, fertility of many CMS plant
species can also be restored by environmental impacts like heavy rain, extreme heat etc. [17]-[21]. As can be
expected, our field studies showed that the climate had an impact on the performance of several CMS maize hy-
brid genotypes [1]. In a trial year with consistently lower temperatures than the longstanding mean and high
precipitation rates, the growth of the maize stands was unequal and partly delayed. Later developed plants (delay
of ca. 10 days) arose due to cold and wet weather conditions earlier in the season. These plants bloomed in
round about 2°C lower temperatures and much more precipitation (+127 mm above the longstanding mean for
August). They developed fertile tassels with a large amount of pollen while most of the earlier flowers of the
same hybrid were sterile. These observations raised the question whether the air temperature and water avail-
ability might have an impact on the CMS trait stability. The influence of air temperature on the stability of the
CMS trait was already demonstrated [22], but the underlying mechanisms are not completely understood.

The aim of this study was to investigate the influence of the level of irrigation on the CMS stability of maize
hybrids under defined greenhouse conditions. Additionally the interaction of irrigation with two temperature re-
gimes was studied. The results will provide more detailed information about the applicability of CMS maize hy-
brids under different environmental conditions as a tool for coexistence purposes.

2. Material and Methods

Two experiments (experiment 1 and 2) were carried out to test the influence of irrigation on the level of sterility.
In a third experiment (experiment 3) the interaction between irrigation level and air temperature was tested. In
all experiments differentiated irrigation was applied until the end of flowering.

Experiment 1 was sown in April 2013 and flowering ended in the third quarter of July. Experiment 2 started
at the beginning of September 2013. The flowering period ended beginning of November. In both experiments
the air temperature was not specified. The irrigation levels of experiment 1 and 2 were: “dry”, “regular” and
“wet”. In experiment 3 only “dry” and “wet” were tested. To ensure a correct irrigation the water content of the
soil was tested every second day with a soil (PCE-SMM1, PCE Instruments, Meschede, Germany). The pots
were irrigated to free soil water contents of 12% - 18% in “dry” conditions (just before plant decrease), 20% - 25%
in “regular” conditions (sufficient water for plant growth) and >50% in “wet” conditions (water saturated soil).

The experiment 3 was carried out to test possible interactions of irrigation levels and air temperatures. Two
different air temperature regimes (“cold”, “hot™) were applied, each in one separate greenhouse chamber (Table
1). The regime “cold” started with defined temperatures of 21°C at night and 25°C at day time to provide posi-
tive initial conditions. The temperatures were reduced stepwise to 16°C at night and 21°C at daytime. In “hot”
temperature conditions sowing was performed at 15°C at night and 25°C at daytime, and temperatures were in-
creased stepwise to reach 22°C at night and 35°C at daytime after 35 days. To control the defined temperature
regimes permanent measurements of air temperature and humidity in the green house chambers were carried
out.

During daytime the plants were illuminated 16 hours by 5000 Lux. Ten plants per CMS hybrid and irrigation
level were cultivated in 30 | plastic pots filled with a standard greenhouse soil based on crumble peat. The CMS
maize hybrids tested in the greenhouse were previously used in field trials for testing their potential as a bio-
logical confinement tool [1]: Torres and Zidane (Kleinwanzlebener Saatzucht AG, Germany) both belong to the
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Table 1. Temperature regimes of the greenhouse experiment 3.

Temperature regimes Setting Night/day
sowing 21°C/25°C
cold after 14 days 18°C/25°C
after 21 days 16°C/21°C
sowing 15°C/20°C
after 14 days 15°C/25°C
hot
after 21 days 18°C/28°C
after 35 days 22°C/35°C

CMS-S cytoplasm and DSP2 (Delley Seeds and Plants Company, DSP, Switzerland) belongs to the CMS-T
cytoplasm.

In all experiments the tassels were assessed whether they stayed sterile, were partly restored or even fertile
(Figure 1). The results of the flower assessment were weighted as follows: sterile tassel = 1; weak partly re-
stored tassel = 2; partly restored tassel = 3; strong partly restored tassel = 4; complete restored tassel = 5. The
pollen production was weighted as follows: no pollen = 1; very few pollen = 2; few pollen = 3; many pollen = 4.
The values for tassel and pollen development were added and gave the value for the CMS stability (“loss of
CMS™).

Pollen vitality was tested in experiment 3. Therefore, all plants were self-pollinated by hand and developed
kernels were counted. Statistics about flower assessment and kernel number per ear were done by 2-way-anova
(Origin software, version 8.1, Heise, Germany).

3. Results

Experiment 1 and 2 were carried out in different seasons. Consequently, different air temperatures of 5°C on av-
erage were measured in the green house chamber from sowing until the end of flowering (not shown). The pe-
riod for 14 days before and until the end of flowering is most important for the fertility of inflorescence and the
maturation of pollen. In experiment 1 this period was reached in June and July. Accordingly, the air tempera-
tures of 25°C on average reached up to 37°C maximum (Figure 2). The lowest temperature was 17°C. In ex-
periment 2 the flowering period was in October and November. Average temperatures were 22°C with a peak
value of 37°C and the lowest temperature of 17°C as well.

In both irrigation experiments (experiment 1 and 2) Torres was the CMS hybrid with the highest level of ste-
rility (Figure 3) independent of the irrigation quantity. “Loss of CMS” values were between 3.6 and 4.6 (Table
2). Compared to Torres, Zidane restored more to fertility in both experiments and reached “loss of CMS” values
of 6 to 9. An impact of the irrigation level could not be detected. DSP2 expressed different levels of “loss of
CMS” in experiment 1 and 2. It stayed close to sterility—similar to Torres—in experiment 1 (“Loss of CMS”
values 4 - 4.8) and developed fertility (“Loss of CMS” value 9) in experiment 2, independently from irrigation.
Generally, on a level of p = 0.05% the CMS maize hybrids differed significantly from each other (Table 3). Ex-
periment 1 showed significant differences between Zidane and Torres as well as DSP2. In experiment 2 all three
CMS maize hybrids showed significant differences of the stability level at p = 0.05%.

Experiment 3 was more complex depending on the defined temperature regimes (Table 1). The temperature
measurements during the experiment (Figure 4) showed a minimal deviation of + 1°C from the temperature de-
fined. In the variant “hot” the average temperature was 27°C with a maximum of 37°C and a minimum of 17°C.
The variant “cold” had an average temperature of 19°C with maximum and minimum temperatures of 37°C and
15°C, respectively.

The CMS maize hybrid DSP2 stayed completely sterile in hot temperature conditions (Figure 5—value 2). In
a cold environment all plants were fertile (value 9). The results were independent from the irrigation level
(Figure 5, Table 4). Torres stayed nearly sterile in hot temperatures (22°C/35°C—*"Loss of CMS” value 2.4 and
2.5). Some plants developed a very low amount of anthers which produced nearly no pollen or even stayed ster-
ile. In low temperatures a few plants restored to fertility and developed some anthers which shed a small amount
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Figure 1. Tassel characteristics of CMS maize plants.

40
35
30
25
20
15

Air temperature [°C]

10

40
35
30
25
20

15

Air temperature [°C]

10

Experiment 1

MV 24.86 °C

Max37.11°C —
Min 17.11°C

K14 days before flowering

end of flowering A

(@)
Experiment 2
'R'RY
MV 22.17°C
Max31.99°C ——
Min 16.57 °C
K14 days before flowering end of flowering 2
(b)

Figure 2. Air temperatures in Experiment 1 and 2 from 14 days before flowering until the end of
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Figure 3. Stability of the sterility trait of three CMS maize hybrids in dependence of irrigation
level in Experiment 1 and 2.
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Experiment 3, Variant "cold"
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Figure 4. Measured air temperatures in variant “hot” and “cold” from 14 days before flowering until the end of flower-
ing—Experiment 3.

Table 2. Loss of the stability of CMS and standard deviations of three CMS maize hybrids in different irrigation levels—EXx-
periment 1 and 2.

Experiment 1 Irrigation level DSP2 Torres Zidane
dry 4.0 34 6.8
Standard deviation 1.76 0.97 1.23
regular 4.8 4.0 9.0
Standard deviation 1.93 0.00 0.00
wet 44 4.6 9.0
Standard deviation 2.07 0.97 0.00
Experiment 2 Irrigation level DSP2 Torres Zidane
dry 9.0 3.0 7.6
Standard deviation 0.00 0.00 0.84
regular 8.9 35 8.1
Standard deviation 0.32 0.71 0.32
wet 9.0 4.2 6.0
Standard deviation 0.00 0.42 0.94

2 =sterile, 9 = fertile.

Table 3. Significance of irrigation level and genotype influences on the level of stability of the CMS trait, 2-way anova, p =
0.05 (Experiment 1 and 2). Different letters mark significant differences.

Experiment 1 Significance level p = 0.05
DSP2 Torres Zidane
Irrigation level a a b
dry regular wet
CMS maize hybrid a b b

Experiment 2

DSP2 Torres Zidane
Irrigation level a b c
dry regular wet
CMS maize hybrid ab a b
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Figure 5. Stability of the sterility trait of three CMS maize hybrids in dependence of air temperature and irrigation level—
Experiment 3.

Table 4. Loss of the stability of CMS and standard deviations of three CMS maize hybrids in different air temperature re-
gimes and irrigation levels (dry, wet—Experiment 3).

DSP2 Torres Zidane
Temperature regime
dry wet dry wet dry wet
cold (21°C/16°C) 9 9 6.5 6 7 6.7
Standard deviation 0 0 0.53 0.53 0.53 0.32
hot (35°C/22°C) 2 2 2.4 25 6 5.1
Standard deviation 0 0 0.84 0.85 0 1.37

2 = sterile, 9 = fertile.

of pollen and reached “loss of CMS” values of 6 to 6.5 (Figure 5, Table 4). The level of irrigation did not affect
these results. In contrast to Torres and DSP2, Zidane showed partly restored tassels and the production of some
pollen (values of 5.1 to 6) in hot air temperatures (22°C/35°C). In colder temperatures the “loss of CMS” was
higher (value 6.7 to 7) because more tassels of Zidane restored to fertility and produced more pollen compared
to “hot” temperature conditions. The irrigation level had no major affect on the tassel and pollen production of
Zidane. Experiment 3 showed significant differences of the level of sterility (p = 0.05%) between the CMS
maize hybrids depending on the temperature (Table 5) while the irrigation level resulted in a different level of
sterility between Torres and Zidane. Generally, the temperature regime had a significant influence on the level
of CMS sterility while the level of irrigation had not.

In experiment 3, the development of kernels after self pollination was measured. Generally, no CMS maize
hybrid developed kernels in variant “hot” (Figure 6) but in variant “cold” substantial kernel development occurs.
Corresponding to the “loss of CMS” in cold conditions DSP2 plants developed the largest number of kernels per
ear (on average 335 in dry and 391 in wet soil) followed by Zidane (on average 226, dry, and 213, wet—Figure
6, Table 6) and Torres (on average 15, dry, and 58, wet). No significant differences of kernel development were
measured between “wet” and “dry” but between “hot” and “cold” variants (Table 7). In summary, the level of
sterility of the CMS maize hybrids tested was depending on the temperature regime and the extent of the loss of
sterility was depending on the genotype.

4. Discussion

The objective of this study was to verify whether the irrigation level or soil water availability, the air tempera-
ture or the interaction of both can affect the stability of the CMS trait of maize hybrids. The results will help to
understand the climatic impacts on the fertility restoration of CMS maize hybrids and to better define conditions
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Figure 6. Kernels per ear after self-pollination of three CMS maize hybrids in different air temperature regimes and irriga-

tion levels—Experiment 3.

Table 5. Significance of air temperature, irrigation level and genotype influences on the level of stability of CMS, 2-way

anova, p = 0.05, Experiment 3. Different letters mark significant differences.

Significance level p = 0.05

DSP2
Temperature regime a
DSP2
Irrigation level a
hot
(35°C/22°C)
CMS maize hybrid a
dry
CMS maize hybrid a

Torres Zidane
b c
Torres Zidane

ab ac
cold
(21°C/16°C)
b
wet

a

Table 6. Kernels per ear after self-pollination and standard deviations of three CMS maize hybrids in different air tempera-

ture regimes and irrigation levels (dry, wet—Experiment 3).

. DSP2 Torres Zidane
Temperature regime
dry wet dry wet dry wet
cold (21°C/16°C) 335 391 15 58 226 213
Standard deviation 65 107 17 74 126 141
hot (35°C/22°C) 0 0 0 0
Standard deviation 0 0 0 0

Table 7. Significance of air temperature, irrigation level and genotype influences on the amount of kernels produced, 2-way

anova, p = 0.05, Experiment 3. Different letters mark significant differences.

Significance level p = 0.05

DSP2
a
DSP2
a
hot
(35°C/22°C)
a

Temperature regime

Irrigation level

CMS maize hybrid

CMS maize hybrid dry

a

Torres Zidane
b c
Torres Zidane
b a
cold
(21°C/16°C)
b
wet
a

@
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for the applicability of CMS maize hybrids for coexistence purposes. Therefore, three CMS maize hybrids were
cultivated with different irrigation levels and different air temperature regimes in greenhouse conditions.

In all experiments, no significant difference between the levels of sterility developed in different irrigation re-
gimes were observed with the exception of the effect of low irrigation on Zidane. An explanation for this effect
might be that the amount of water could have been too low to ensure a sufficient plant development. The expec-
tation that the amount of available soil water affected the stability of the CMS sterility trait following observa-
tions in field trials [1] could not be confirmed. In one of these trial years with high precipitation rates, the
growth of the maize stands was unequal and partly delayed. Later developed plants (delay of app. 10 days) were
detected which blossomed in round about 2°C lower temperatures and much more precipitation (+127 mm above
the longstanding mean for August). The plants developed fertile tassels with a large amount of pollen while
most of the earlier flowers of the same hybrid were sterile [1].

Zidane had always a high “loss of CMS” value while Torres had always low “loss of CMS” values which
match the findings of Bueckmann et al. (2014) for the same varieties. The sterility level of DSP2 showed sensi-
tivities to the air temperatures. With regard to the temperature curves in the green house cabins of experiment 1
and 2 the plants grew in a temperature environment of average 3°C difference. The cooler conditions caused
higher “loss of CMS” values of DSP2 while Torres and Zidane were not strongly affected. The results concern-
ing the impact of temperature on the stability of CMS were confirmed in experiment 3. High air temperatures
forced the sterility of all three CMS maize hybrids and low temperatures forced the “loss of CMS”. These results
circumstantiate the findings of Bueckmann et al. (2014) about the influence of air temperature on the CMS trait
which might be explained by the sensitivity of Rf gene activation or inactivation to environmental impacts just
before and during anthesis [21]. The amount of kernels detected at each ear in experiment 3 matched the “loss of
CMS” data: as higher the value of “loss of CMS” as more kernels were produced.

Especially for DSP2 the results of kernel production per cob underline the results found by Bueckmann et al.
(2014) and Weider et al. (2009) for the same CMS maize hybrid. The latter authors tested DSP2 among other
CMS maize hybrids of the three CMS cytoplasms. DSP2 belongs to the T-cytoplasm which is known as provid-
ing-with exceptions—the most reliable male sterility [21]. Restoration to fertility can only happen if two domi-
nant Rf genes act together, Rf1 and Rf2. Solely in the presence of Rf2 the Rf1 allel affects the transcription of the
responsible mitochondrial gene (T-urfl3) and causes pollen fertility [23]. The influence of the Rf1 gene can be
compensated by other dominant Rf genes like Rf8 [24]. These genes are rarely present in T-cytoplasm types.
Their expression is environmentally sensitive and can result in a few fertile or partly restored plants in one
population [21] [24]. Obviously, the slight dependency of DSP2 male sterility on weather conditions which is
paralleled by pollen dispersal and kernel production is depending on the sporophytic T-cytoplasm as described
by Dill et al. (1997). Concerning the kernel production Bueckmann et al. (2014) demonstrated that the kernel
development of DSP2 increases with decreasing temperatures occurring shortly before the onset of anthesis (an-
ther and pollen formation).

Torres and Zidane both belong to the CMS S type. This cytoplasm is the most unstable one [25] [26] and the
restoration to fertility is more complex compared to the T-cytoplasm. It is probably depending on one dominant
and not environment-sensitive restorer gene (Rf3) and a large number of spontaneously occurring Rf genes and
more than 60 restoring allele mutations [25] [27] [28]). Gabay-Laughnan et al. (2009) [29] identified the Rf9
gene which is stronger expressed under moderate compared to higher temperatures. According to the greenhouse
results, an increasing level of Rf9 gene expression with decreasing temperatures could be expected for Zidane,
resulting in partly restored or fertile tassels and, therefore, a higher “loss of CMS” value. In the case of Torres,
the partly restored tassels produced only a very small amount of pollen and reached a low value of “loss of CMS
stability”.

Apart from the type of the CMS cytoplasm the influence of the air temperature on the CMS trait was obvious
and might be explained by the sensitivity of rf gene activation or inactivation just before anthesis. Weider et al.
(2009) tested twenty two CMS maize hybrids in seventeen environments. They found an influence of climate on
CMS restoration, but a clear correlation of climatic parameters and fertility restorations could not be found. This
also matches the field trial results of Bueckmann et al. (2013) which were collected in three different German
environments in 2009 and 2010. There, a higher level of sterility was measured in 2010, depending on weather
conditions: In the first half of July 2010 the average daily air temperatures increased by 3°C to 3.5°C above the
longstanding average temperature at all trial locations. In general, less pollen and, consequently, fewer kernels
were produced by all CMS maize hybrids tested. This indicates an influence of air temperature just before an-
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thesis on the restoration of fertility on both T-cytoplasm and S-cytoplasm. Duvick (1956) [30] and Tracy et al.
(1991) [31] already assumed that cool and humid conditions cooperate in restoration of fertility, whereas hot and
dry conditions maintain sterility. Hot and dry weather causes the development of fewer anthers and pollen can
lose its viability or is non-competitive compared with pollen of fertile plants [32].

The influence of high temperatures on the level of sterility was described for other crops as well. Sarvella
(1966) described in experiments with cotton that lower temperatures combined with higher humidity were asso-
ciated with an increased restoration of fertility of CMS plants, but the temperature was the most important factor.
Marschall et al. (1974) found that temperatures above 33°C were required for the consistent expression of the
CMS trait in cotton. This might not only be linked to Rf expressions but might be caused by toxin production [33]
which affected the CMS trait. Apart from the influence of air temperature on the stability of the CMS trait, other
environmental impacts were discussed in the literature, e.g. water limiting conditions for sorghum [34].

CMS is a proven coexistence tool for maize. Cultivation of GM CMS maize hybrids in the frame of coexis-
tence regimes requires an improved knowledge about the influence of the environment on the CMS trait and a
sufficient pollination of the GM CMS plants by admixing a male-fertile and non-GM pollen donor [35] [36]. If
the CMS maize hybrid and the pollinator plant provide a different genetic background, yield can be significantly
increased [37]-[39]. The so-called Plus-Hybrid-Effect [35] [40] combines the potential benefits of CMS and a
Xenia effect. CMS hybrids have a “female advantage” over their male-fertile counterparts, which may be caused
by increased female fertility related to the reallocation of resources unused in male function or by greater seed
vitality by avoiding self-pollination [11]. Hence, when growing GM CMS maize hybrids, pollen containment
will be combined with yield increase.
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