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Abstract

Seeds of maize (Zea mays L.) and sorghum [Sorghum bicolor (L.) Moench.] were submitted to different osmotic
potential levels induced by polyethylene glycol (PEG) with the objective of evaluating the effects of drought
stress on seed germination and early seedling growth. Seeds were arranged in paper rolls and soaked in PEG
solutions prepared with osmotic potentials 0.0 (control), -0.2, -0.4, and -0.8 MPa and kept into a seed germinator,
at 25 °C for 18 days. A completely randomized design in a 2 x 4 factorial scheme with four replications of 50
seeds each was used. The results showed that by increasing of the osmotic potential level, germinated seed
number, germination rate index, root and shoot length, shoot and root dry matter, and seedling vigor index (SVI)
decreased, while mean germination time (MGT) and root: shoot ratio (RSR) increased in both crops.
Additionally, the maize was more susceptible than sorghum to drought stress, with germination response
declining more rapidly with decreasing osmotic potential. Sorghum crop tolerates water stress of up to -0.2 MPa,
without reducing germination of the seeds; however, the growth of shoots and roots are inhibited. Drought stress
limits the process of seed germination and early growth of maize seedlings.
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1. Introduction

Maize (Zea mays L.) and sorghum [Sorghum bicolor (L.) Moench.] are two of the most important cereal crops in
the world due to their use for food, animal feed/forage, for ethanol production and other industrial products.
Drought is one of the most critical environmental factors that limit growth and yield of maize and sorghum crops
in Brazil and other areas of the world. The relative decrease in the potential maximum crop yields (i.e., yields
under ideal conditions) associated with drought can reach 70% (Bray et al., 2000). Therefore, to ensure the food
supply for a growing world population, studies that aim to mitigate the detrimental effects of drought and
identify crop species with higher tolerance are extremely important for agricultural research.

Seed germination and seedling establishment are potentially the most critical stages for water stress (Ahmad et
al., 2009). Water availability and movement into the seeds are very important to promote germination, initial root
growing, shoot elongation and therefore at the establishment of a uniform stand. The germination starts with
seed imbibition as result of water uptake. This process occurs due to the distinct levels of osmotic potential
between the dry seed and water in the substrate of germination. However, the seeds should reach a satisfactory
hydration level to allow reactivation of seed metabolic processes, which depends on the chemical composition
and tegument permeability (Marcos-Filho, 2005). In general, seed water content of cereal crops must reach at
least 35 to 45% of seed dry mass to occur the germination process. The highly negative osmotic potential may
affect the seeds water uptake, making germination not possible (Meneses et al., 2011). The most common
responses of plants to the reduction of osmotic potential are a delay in initial germination and a reduction in the
rate and total germination (Oliveira & Gomes-Filho, 2009; Ahmad et al., 2009; Gordin et al., 2015).
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An alternative method to field experiments related to drought stress is to induce stress using polyethylene glycol
(PEG) under controlled laboratory conditions. Polyethylene glycol with molecular mass of 6000 or more are
non-penetrable and non-toxic osmotic substance which can be used to lower the water potential of the
germination environmental and it has been used to simulate controlled drought stress in nutrient solution cultures
(Zhu et al., 2006). Many studies on plant responses to drought stress induced by PEG solutions with regard to
seed germination and seedling growth have been recently reported, including studies of crops, common bean
(Machado-Neto et al., 2006), soybean (Teixeira et al., 2008), sunflower (Ahmad et al., 2009), sorghum (Oliveira
& Gomes-Filho, 2009), maize (Khodarahmpour, 2011), and cotton (Meneses et al., 2011).

Sorghum is recognized for its moderate tolerance to drought stress (Tabosa et al., 2002) and may be considered
as an alternative to cropping in low rainfall regions. Identification and understanding the mechanisms of drought
tolerance in sorghum have been major goals of plant physiologists and breeders which includes prolific root
system, ability to maintain stomatal opening at low levels of leaf water potential and high osmotic adjustment
(Rajendran et al., 2011; Tsago et al., 2014). However, information about this moderate tolerance to drought
during the seed germination and seedling establishment stages are still incipient and inconclusive. Drought stress
affects almost every developmental stage of the plant. However, damaging effects of this stress was more noted
when it coincided with various growth stages such as germination, establishment, and flowering (Khayatnezhad
et al., 2010; Tsago et al., 2014).

Maize is relatively susceptible to drought. Indeed, Khodarahmpour (2011) showed that the osmotic potential of
-1.2 MPa reduced the seed germination and shoot length of maize seedlings at 71 and 90%, respectively, when
compared to the control (0 MPa). However, Kappes et al. (2010) found that the germination of different maize
hybrids ranged from 36 to 65% at the osmotic potential of -1.2 MPa. These contradictory results indicate that
there is a distinct response between the different genotypes or hybrids; therefore, justifying the need for
conducting more research to investigate the tolerance of maize to drought.

This research was carried out to investigate the effects of drought stresses induced by polyethylene glycol (PEG)
on seed germination and early seedling growth of maize (Zea mays L.) and sorghum [Sorghum bicolor (L.)
Moench.].

2. Method
2.1 Plant Material and Treatments

Seeds of maize (Zea mays L. hybrid DKB 290 PRO) and sorghum [Sorghum bicolor (L.) Moench., hybrid Dow
1G244] were surface sterilized for 5 minutes with sodium hypochlorite solution (2%, v/v). Afterward, seeds were
subjected to four osmotic potential levels [0.0 (control); -0.2; -0.4; and -0.8 MPa] induced by different
concentrations of polyethylene glycol 6000 (PEG 6000). The PEG-6000 concentrations required to obtain these
values were determined by using the equation of Michel and Kaufmann (1973):

Ps = [-(1.18 x 10%)-C — (1.18 x 10*)-C* + (2.67 x 10™)-CT + (8.39 x 107)-C*T)/10 (1)

where, ¥s = osmotic potential (MPa); C = concentration (g L™' PEG-6000); T = temperature (°C). As control, a
solution with osmotic potential ¥s = 0.0 MPa was used. The treatments were arranged in a completely
randomized design, in a factorial arrangement, with two plant species (maize and sorghum) and four osmotic
potentials (0.0; -0.2; -0.4; and -0.8 MPa), with four replicates.

2.2 Germination Conditions

Four replicates of 50 seeds from each species were evenly distributed between two sheets of germination paper
(Germitest™), properly moistened with different PEG solutions, in a volume equivalent to 2.5 times the mass of
dry paper, and made into rolls. The rolls were then packaged into plastic bags to prevent evaporation and
maintain the relative humidity close to 100%. Germination was carried out in a germinator under a constant
temperature of 25 °C (24-26 °C) in the light for 18 days. Seeds were considered germinated when radicle was
longer than 5.0 mm. Germinated seeds were recorded every 24 h for 18 days.

2.3 Measurements of Germination and Seedling Growth

The germination capacity (GC), germination rate index (GRI), mean germination time (MGT), mean
germination rate (MGR) and early growth of maize and sorghum seedlings were measured. The Equations 2-5
and the parameters therein were employed to express the seed germination and vigor index of seedlings.

GC (%) = Sna/Sno * 100 @)

where, GC is germination capacity, Sng is the number of germinated seeds, and Sy is the number of
experimental seeds with viability (50 seeds).
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GRI =X (n/t) 3)

where, GRI is the germination rate index (seed day™), n; is the number of germinated seeds on a given day, and t;
is the time in days from the sowing day (Maguire, 1962).

MGT = (Znit;)/Zn; 4)

where, MGT is the mean germination time (day), n; is the number of germinated seeds on a given day, and t; is
the time in days from the sowing day (Labouriau, 1983a).

SVI=SL x T (n/t) )

where, SVI is seedling vigor index, SL is the shoot length, n; is the number of germinated seeds on a given day,
and t; is the time in days from the sowing day (Zhang et al., 2007).

The shoot and primary root length were measured in 20 normal seedlings randomly obtained after count of the
total germination (18" day) using meter scale, and the results were expressed in millimeter (mm). The shoot dry
matter (SDM, in mg) and root dry matter (RDM, in mg) were recorded after oven drying at 65 °C for 72 h. To
determine root: shoot ratio (RSR), root dry matter obtained was divided by the shoot dry matter. To determine
root: shoot ratio (RSR), root dry matter obtained were divided by the shoot dry matter. The data of total dry
matter production were recorded for each crop at each stress treatment and used to calculate the drought
tolerance indices. The drought tolerance index was calculated using the following equation:

YSI = YS/YC ®)

where, YSI is the yield stability index, YS and YC are the total dry matter yield (mg per seedling) under drought
stress and non-stress conditions (control), respectively (Bouslama & Schapaugh, 1984).

2.4 Statistical Analyses

The normality of data was previously tested by the Kolmogorov-Smirnov test and then data were submitted to
analysis of variance (ANOVA), and means of plant species and osmotic potentials were compared by the F and
Tukey test, respectively, both at the 0.05 level of confidence. For statistical analysis, the data expressed in
percentage were previously transformed into arcsin (x/100)*°. The analyses were performed using Sisvar
software, version 5.6, for Windows (Statistical Analysis Software, UFLA, Lavras, MG, BRA).

3. Results and Discussion

The results of the analysis of variance showed significant effects (P < 0.05) for the main effects of plant species
and osmotic potential levels, as well as for interaction, for the majority of the traits measured (Table 1). The
significant interaction between the main effects of crops and osmotic potentials for most of the evaluated traits
indicates that plant species have a distinct response when exposed to different drought levels. Such inference
may be due to seed size, the chemical composition of reserves, tegument permeability, hydration duration and
activation of enzymatic reactions.

Table 1. Summary of the analysis of variance for the measurements of germination, vigor index and growth
inhibition of maize and sorghum seedlings under drought stress

o Probability > F
Causes of variation
GC GRI MGT SVI SL RL SDM RDM TDM RSR
Species (S) <0.000 <0.000 <0.000 <0.000 <0.000 0.014 <0.000 0.281 <0.000 <0.000
PEG (P) <0.000 <0.000 <0.000 <0.000 <0.000 <0.000 <0.000 <0.000 <0.000 <0.000
SxP <0.000 <0.000 <0.000 <0.000 <0.000 0.927 <0.000 0.087 <0.000 0.005
CV (%) 3.18 2.50 1.98 3.93 8.59 9.88 7.42 8.27 7.95 8.34

Note. GC: germination capacity. GRI: germination rate index. MGT: mean germination time. SVI: seedling vigor
index. SL: Shoot length. RL: radicle length. SDM: shoot dry matter. RDM: root dry matter. TDM: Total dry
matter. RSR: root: shoot ratio.

3.1 Effect of Drought Stress on Seed Germination Process

The germination percentage in the control treatment were higher than the standard values (i.e., 85% and 80% for
maize and sorghum) for commercially available maize and sorghum seeds in Brazil (MAPA, 2013), indicating
that the seeds used in this study were of high physiological quality.
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The germination response of maize and sorghum seeds was significantly affected by drought stress induced by
PEG solutions. When the seeds were exposed to highly negative osmotic potentials, germination capacity was
drastically reduced. Germination percentage was reduced from 93% and 97% in the control treatment to a
minimum of 25% and 58% when the seeds of maize and sorghum were exposed to lower osmotic potential (-0.8
MPa), respectively (Figure 1A). These results show that the -0.8 MPa osmotic potential resulted in reduction on
GC of maize and sorghum seeds of 73% and 40%, respectively. Similar results were reported by Khodarahmpour
(2011), who found that the -1.2 MPa osmotic potential reduced the germination rate of maize at 71% compared
to the control treatment (0 MPa). Kappes et al. (2010) found that the osmotic potential of -1.2 MPa reduced the
germination of four maize hybrids of 32 to 63% when compared to the control. Pias et al. (2017) measured that
the -0.8 MPa osmotic potential completely inhibited the formation of normal seedlings in all four maize hybrids.
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Figure 1. Effects of drought stress induced by polyethylene glycol on germination capacity (GC, in A),
germination rate index (GRI, in B), mean germination time (MGT, in C) and seedling vigor index (SVI, in D) of
maize and sorghum. Bars followed by the same lowercase letters, between the plant species or same uppercase
letters, for the osmotic potential levels are not significantly different by F and Tukey test, respectively, both at
the 0.05 level of confidence. Data refer to mean values (n = 4) + standard error

The germination rate index (GRI) of maize seeds ranged from 1.4 to 10.1 seed day™ and was drastically reduced
with the rise of osmotic potential levels (Figure 1B). For sorghum seeds, the GRI ranged from 7.8 to 22.2 seed
day ', and was significantly greater when seeds were exposed to the osmotic potential of 0.0 (control) and -0.2
MPa, and lower under the osmotic potential of -0.8 MPa (Figure 1B). This increase in the index of germination
rate was due to the lower capacity of water uptake by the seeds with highly negative osmotic potential. Oliveira
and Gomes-Filho (2009) investigated the effect of different osmotic potentials (0 to -0.8 MPa) on the
germination of sorghum seeds, and also found that germination rate index and germination percentage, as well as
the amount of water absorbed by seeds, were considerably lowered with the rise of the osmotic potential level.
Drought stress affects the starch synthesis reactions and energy production process (adenosine triphosphate-ATP)
through respiration, resulting in reduced of germination rate index (Figure 1B) and germination percentage
(Figure 1A) and thus in the low index of seedling vigor (Figure 1D).
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The mean germination time (MGT) was delayed by the lower osmotic potential (-0.8 MPa) in 2 days (2 to 4 days)
and 4 days (5 to 9 days) compared with control treatments for the seeds of maize and sorghum, respectively

(Figure 1C). MGT is defined as a measure of the rate and time-spread of germination (Marcos-Filho, 2005). A

delay in the average time to germination may be disadvantageous for successful establishment, since the delayed

germination leaving the seeds more vulnerable to attack from predators (pests and pathogens) and, therefore,

compromise the establishment of a uniform stand.

The delay in germination was due to the fact of the highly negative osmotic potential affect the water uptake of
the seeds, which is the first step to occur germination process (i.e., imbibition). According to Marcos-Filho
(2005), it is necessary that the seeds reach an adequate level of hydration during the imbibition phase, to occur
reactivation of seed metabolic processes and growth of embryonic axis. Seeds subjected to severe drought stress
require more time to adjust the internal osmotic potential in accordance with the external environment (Santarém
et al., 1996). Meneses et al. (2011) reported that highly negative osmotic potential may affect the seeds water
uptake, making germination not possible. Additionally, the osmotic potential of the external medium can affect
the enzymatic reactions in the seed, therefore, the delay in germination is due to delay of enzymatic reactions
(Hadas, 1976), caused by the break of the imbibition period. The most common responses of plants to the
reduction of osmotic potential are a delay in initial germination and a reduction in the rate and total germination
(Teixeira et al., 2008; Oliveira & Gomes-Filho, 2009; Ahmad et al., 2009; Gordin et al., 2015). The result of
these changes is an unevenness in the germination process and stand establishment.

Sorghum showed higher germination percentage, germination rate index, seedling vigor index and lower mean
germination time in practically all levels of osmotic potential compared to the maize crop (Figure 1). During the
seed germination phase, the osmotic potential of -0.2 MPa was not a limiting factor for sorghum crop by present
germination percentage (Figure 1A), germination rate index (Figure 1B) and mean germination time (Figure 1C)
similar to the control treatment (0.0 MPa). In turn, the maize crop showed reductions in these variables in all
levels of osmotic potential, resulting in seedlings with low vigor index (Figure 1D). These results indicate that
sorghum is more tolerant than maize to drought stress. These results confirm those reported by Santos et al.
(2014), which found the sorghum by present the higher photosynthetic rates and photoassimilates partition
showed the best ecophysiological performance under water restriction compared to the maize and signal grass
(Brachiaria decumbens Stapf). Germination is a critical stage of the plant life and resistance against drought
during the germination makes a uniform plant stand.

Seeds of distinct species have distinct levels of starch and other food storage, which may be one factor with great
influence on germination and seedling growth rate. Germination may be dependent on the capacity of the seed to
utilize reserves more efficiently, by mobilization of seed reserves for germination traits (Sikder et al., 2009).
Therefore, the use of species or genotypes with higher seed metabolic efficiency is a desirable character under
drought conditions when emergence and establishment are delayed due to insufficient soil moisture.

3.2 Effect of Drought Stress on Early Seedling Growth

The growth of maize and sorghum seedlings was significantly affected by drought stress induced by PEG
solutions (Figure 2). There was a decrease in shoot and root-related traits with the rise of osmotic potential levels.
The maximum value for shoot length, radicle length, shoot, root, and the total dry matter was observed in control
(0.0 MPa) and the minimum value was observed in osmotic potential of -0.8 MPa (Figure 2). The highest values
obtained for the length and dry matter of seedlings in the control treatment is associated with higher germination
rate index (Figure 1B) and less time to occur germination (Figure 1C). Seedlings that emerge more quickly have
higher time to develop compared to those that germinate later, and may have increased in seedling length and dry
matter accumulation. Indeed, Khodarahmpour (2011) found that the osmotic potential of -1.2 MPa delayed the
process of seed germination of maize resulting in lower height seedlings compared to control treatment.

The osmotic potential of -0.8 MPa resulted in the reduction of shoot length of maize and sorghum seedlings of
99.1% (110 to 1 mm) and 98.4% (126 to 2 mm), respectively compared to control (Figure 2A). This decrease in
the growth rate of the seedlings could be due to a reduction in one or both of the primary cellular growth
parameters: wall extensibility and cell turgor. In water stress conditions, seedling growth is affected due to the
reduction of water uptake by the plants and lower cell turgor pressure (Taiz & Zeiger, 2009). Indeed, Li et al.
(2001) reported a growth rate of seedlings from 27.8 mm day” under well-watered conditions, whereas under
drought stress conditions this growth rate was only 16.1 mm day.

According to Silva et al. (2007), one of the first processes affected in response to decreased water availability is
cell expansion, highly dependent process turgidity of the plants. As a result of these effects, there is a reduction
in dry matter production of plants (Figures 2C and 2D). The reduced of leaf productions occurs as a defense
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reaction of plants to drought, reducing transpiration rate and therefore, the water loss to the atmosphere. Drought
stress has been found to limit growth in several agricultural crops such common bean (Machado-Neto et al.,
20006), soybean (Teixeira et al., 2008), sunflower (Ahmad et al., 2009), sorghum (Oliveira & Gomes-Filho, 2009),
maize (Khodarahmpour, 2011) and cotton (Meneses et al., 2011). Therefore, the response characters of plants

exposed to drought stress have become a crucial environmental research topic in drought-prone regions.
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Figure 2. Effects of drought stress induced by polyethylene glycol on shoot length (SL, in A), radicle length (RL,
in B), shoot dry matter (SDM, in C), root dry matter (RDM, in D), total dry matter (TDM, in E) and root: shoot
ratio (RSR, in F) of maize (white bars) and sorghum (gray bars) seedlings. Bars followed by the same lowercase
letters, between the plant species or same uppercase letters, for the osmotic potential levels are not significantly
different by F and Tukey test, respectively, both at the 0.05 level of confidence. Data refer to mean values (n = 4)
+ standard error

The root: shoot ratio (RSR) is one of several ratios, which give estimates of the distribution of dry matter
between the different plant organs. It is a measure of the distribution of dry matter between the root and the shoot
systems and it is a good indicator for effects on root and shoot dry matter (Boutraa et al., 2010). The results
showed that RSR was increased with the rise of osmotic potential levels (Figure 2F). This suggests that shoot
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growth was affected more than the root system under drought stress. Such increase in RSR indicates that the
proportion of dry matter allocated to shoots was decreased compared to the roots. Studies have shown that shoot
is more likely to be affected by water stress than other traits, as reported by Boutraa et al. (2010) for wheat
seedlings. Assimilate partitioning is a complicated process that can be controlled simultaneously by sources and
sinks. In general, plants exposed to high osmotic potential levels often partition photosynthate occurs
preferentially to the roots, thereby maintaining a balance between processes required in roots (e.g., water and
nutrient uptake) and those required in shoots (e.g., photosynthesis).

Sorghum showed higher RSR compared the maize seedlings at all levels of osmotic potential (Figure 2F),
indicating that the dry matter allocated to the roots was increased compared to that of the shoot of sorghum
seedlings. During the establishment period of plants, the allocation of dry matter to the roots seems to be a
protection mechanism for the crop tolerate a water restriction condition. Therefore, results presented here suggest
that sorghum is a species more tolerant than maize to the negative effects of drought during the seedling
establishment stage, confirming the results reported by Tabosa et al. (2002).

The highest dry matter production of shoots was observed for maize seedlings in the majority of osmotic
potential levels (Figure 2C). This increase in shoot dry matter of maize may be related to the intrinsic
characteristics of the species and size of seeds. The mass of one thousand seeds of maize hybrid DKB 290 PRO
is 290 g, while the weight of a thousand seeds of sorghum hybrid Dow 1G244 is 15 g. Large sized seeds have a
greater amount of carbohydrates and other nutrients, and consequently more reserves to be translocated to the
shoot growth when compared to the small-sized seeds (Shahi et al., 2015). In addition, different size of seeds
having different levels of starch and other food storage may be one factor which influences the expression of
germination and growth of the plants.

The yield stability index (YSI) of maize and sorghum seedlings ranged from 0.26 to 0.76 and 0.29 to 0.69,
respectively, and was drastically reduced with the rise of osmotic potential levels (Figure 3). The YSI was
suggested by Bouslama and Schapaugh (1984) in order to evaluate the stability of crops or genotypes in both
stress and non-stress conditions and has been considered a good drought tolerance index. Sorghum had higher
yield stability index compared to maize when subjected to an osmotic potential of -0.4 MPa. This result suggests
that the sorghum crop can tolerate conditions more severe water stress compared to maize.

In general, the results presented here indicate that the germination process of sorghum seeds is not adversely
affected by the osmotic potential of -0.2 MPa; however, the same water stress condition reduces the initial
growth of the seedlings. For maize crop, all traits of seed germination and seedling growth were affected by
water stress.
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Figure 3. Effects of drought stress induced by polyethylene glycol on the yield stability index (YSI) of maize
(white bars) and sorghum (gray bars) seedlings. Bars followed by the same lowercase letters, between the plant
species or same uppercase letters, for the osmotic potential levels are not significantly different by F and Tukey

test, respectively, both at the 0.05 level of confidence. Data refer to mean values (n = 4) = standard error
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4. Conclusions

Maize is more susceptible than sorghum to drought stress, with germination response declining more rapidly
with increasing osmotic potential. Sorghum crop tolerates water stress of up to -0.2 MPa, without reducing
germination of the seeds; however, the growth of shoots and roots are inhibited. Drought stress limits the process
of seed germination and early growth of maize seedlings.
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