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Abstract: Temperature and moisture are essential factors in germination and seedling growth. The
purpose of this research was to assess the germination and growth of wheat (Triticum aestivum L.)
seeds under various abiotic stressors. It was conducted in the Agronomy Institute of the Hungarian
University of Agriculture and Life Sciences, Gödöllő, Hungary. Six distinct temperature levels were
used: 5, 10, 15, 20, 25, and 30 ◦C. Stresses of drought and waterlogging were quantified using 25 water
levels based on single-milliliter intervals and as a percentage based on thousand kernel weight (TKW).
Seedling density was also tested. Temperature significantly influenced germination duration and
seedling development. 20 ◦C was ideal with optimal range of 15 ◦C to less than 25 ◦C. Germination
occurred at water amount of 75% of the TKW, and its ideal range was lower and narrower than the
range for seedling development. Seed size provided an objective basis for defining germination
water requirements. The current study established an optimal water supply range for wheat seedling
growth of 525–825 percent of the TKW. Fifteen seeds within a 9 cm Petri dish may be preferred to
denser populations.

Keywords: Triticum aestivum L.; wheat; seed germination; seedling development; germination time

1. Introduction

Wheat is the predominant grain crop and a mainstay source of food for most of the
world’s population [1]. This field crop is nutritionally essential globally, ranking second
only after maize production [2]. It is involved in many bakery and pastry industries [3]. It
is commonly utilized to produce flour, malt, and various food products, including bread,
pasta, and morning cereals [2]. Wheat is a primary source of protein and starch, providing
20–30% of daily caloric intake in most societies [4]. Because it is widespread many different
ecosystems, plants face various abiotic challenges, such as drought and rising temperature,
due to global warming, which results in huge yield loss [5,6].

Germination is a physiological mechanism in which sequential biological and bio-
chemical activities occur to initiate and develop a seedling [7,8]. It is a critical stage in
the life of wheat plants, as it determines seedling establishment and the effective use of
available nutrients and water resources [9,10]. It is regulated by the interaction of the
surrounding environmental conditions, the seeds’ physiological state, and the germ [11].
Temperature, light, pH, water availability, and soil moisture most affect seed germination
among abiotic factors [12]. Seeds have a specific range of environmental requirements
necessary for optimal germination [13]. The success of propagation depends on the seeds’
physiological response towards overlapping various external abiotic factors. Therefore,
seed germination reflects inhabitants’ size, abundance, and distribution [14–16].

Seed germination begins with water adsorption by the dormant dry seed and is
accomplished by the commencement of radicles by lengthening the embryo’s axis [17].
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A sequence of ordered morphogenetic and physiological mechanisms, including energy
transfer, nutrient intake, and physiological and biochemical changes, are part of this
process [14,16,18]. A seed’s water adsorption is a three-stage procedure, with phase I
being a fast initial uptake, phase II being a plateau, and phase III being a rise in water
adsorption, but only with the initiation of germination [19]. Germination phase I, called
imbibition, the rapid water take-up, results in softening and swelling the seed coat close
to or at an ideal temperature [20]. Seed coat rupturing permits the emergence of radicle
and shoot. The seed’s physiology is then activated, and it begins to respire [18,19]. Primary
germination indicators include re-establishing critical processes, including translation and
DNA repairing, followed by cell expansion and division [16,20]. Physically germination
has a two-sequent-stages mechanism: endosperm rupture, and the evolving radicle follows
the breakdown of the micropylar endosperm [14,21,22]. Enzymatic activity to degrade
carbohydrate and lipid for reserved materials mobilization is essential in germination and
early seedling development [23–25]. The biological, bio-chemical enzymic activity in these
stages is highly affected by temperature and water availability [26].

Seed germination necessitates the presence of water. It hydrates the crucial processes
of protoplasm, supplies dissolved oxygen, softens the seed’s outer layer, and improves
permeability [18,26]. Water stress harms germination percentage [5,27,28]. The water level
has more complicated germination effects for wheat since it is the primary determinant
for seed imbibition and germination. Water contributes to the subsequent germination
metabolic phases [25,29]. It is vital for seed enzyme activation, breakdown, translocation,
and endospermic stored materials [29,30]. Water stress declines enzymic activities that cause
adverse effects on the metabolic process of carbohydrates, decrease the water potential and
the amount of soluble potassium and calcium, and cause changes in seeds hormones [31,32].

The temperature has a major impact on specifying the germination time duration [32].
The temperature effect on germination can be described as a substantial temperature scale:
minimal, optimal, and maximum temperatures to initiate [33]. The optimum temperature
results in the most significant germination rate (%) in the shortest time. Each germination
stage has its substantial temperature; due to the intricacy of the germination process, the
temperature response may vary throughout the germination phases. The seeds’ response to
temperature relies on variety, seed quality, time from harvest, and some other factors [34].
Many studies regarding the regulation of germination by temperature have been conducted.
Riley (1981) demonstrated that the energy state of cells and the behavior of certain enzymes
change as the temperature changes [35]. The ATP content and protein synthesis rate
increase as the temperature reaches the optimum and decreases as it goes either way [19,35].
The intra-equilibrium of reactive oxygen species indispensable for seed germination is
hindered by abnormal respiration [12,35,36]. The antioxidant system highly affected wheat
seed germination [37,38].

Drought, thermal, and drought + thermal stresses significantly impact the yield and
quality more than each separately. For example, wheat yield losses in literature were 57%
after drought stress, 76% after drought + thermal stresses, and only 31% after thermal
stresses [39].

This study was conducted to investigate the performance of wheat seed germination
ability under different moisture conditions, temperatures, and seed and seedling densities
per Petri dish. A fundamental understanding of germination is vital to the field of crop
production. The objectives of this study were: the first was (1) to determine the optimal
range of water amount for germination based on water volume of single-milliliter inter-
vals and water quantity as percentages based on thousand kernels weight (TKW). This
method was used to investigate the null hypothesis “The difference in seed weight and
size has no role in germination when the amount of water is constant”. Therefore, part
of this pre-experiment is to prove the alternative hypothesis’ validity, namely that “the
water requirements of the seeds differ depending on their size and weight”. Theoretically,
larger seeds need more water to germinate compared to smaller seeds. Therefore, if the
alternative hypothesis is correct, it will be a more accurate method to find the optimal
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needed amount of water for germination, and the second was (2) to determine the effects
of germination temperatures and germination time of wheat seeds. The third objective
was (3) to investigate the effect number of seeds and seedling density in a Petri dish on
germination percentage and open the Petri dish’s top cover. Opened Petri dish has various
side effects of moisture losses and exposure to contamination. This part was designed to
answer the question of “Do the number of seeds and the density of seedlings affect the
germination percentage and viability of seedlings under the same water quantity?”. This
research was conducted following the standard of the NO. 48 of 2004 (IV.21.) of the Ministry
of Agriculture and Rural Development concerning the production and marketing of seed of
agriculture crop species, Hungary, which following the International Seed Test Association
(ISTA), the circumstances was changed according to our research questions.

This study yields critical information on germination demands that can evaluate
tolerance to ranges of drought and temperature stresses.

2. Materials and Methods

The present study was conducted to determine the temperature and drought effect
on germination vigor and seedling growth. The seeds of a regionally commonly grown
variety of Hungarian wheat named Alfold 90 were obtained from a grower and used. It is a
high winter tolerance wheat variety with 75–95 cm plant height, with awed spikes. Alfold
90 is sensitive to powdery mildew disease and total tolerance to stem rust disease. It is
an early Hungarian variety and cultivates in dry regions. It was conducted in the Agron-
omy Institute/the Hungarian University of Agriculture and Life Sciences, 2100 Gödöllő,
Hungary. Highly sensitive and highly accurate incubators made by Memmert, Schwabach,
Germany, with natural convection or forced air circulation and double doors (interior glass,
exterior stainless steel) for a clear view without a drop in temperature were used. The
germination capacity can be 100%, and it declines for several factors, i.e., storage time and
conditions, but it was over 98% for the used stock. These seed characterizations are: TKW
is 39–44 g, test weight 78–82 kg, protein content 14–17%, wet gluten content 34–40%, and
the farinograph value is 80–90%, which fall into the A2 category. Alfold 90 is described
as a drought-tolerant wheat variety. The study was subdivided into three experiments
conducted in the following subsections.

2.1. Temperature Experiment

This study compares wheat seed germination under six distinct temperatures, 5, 10,
15, 20, 25, and 30 ◦C. After Petri dishes were labeled, 20 seeds of wheat were placed in each
and exposed to an identical amount of distilled water, 5 mL. The electrical conductivity of
distilled water was measured 1.5 mhos/cm. Every day, four Petri dishes of each tempera-
ture level were subjected to physical measurements. The measured parameters were the
number of not-germinated seeds and radicles and the first proper leaf lengths, termed a
shoot in this research. The germination stander measurement is that 80% of the seedlings
in Petri dishes reach the length of 1 cm.

2.2. Water Quantity Experiment

Wheat seeds were treated to a total of 25 distilled water levels, 12 levels based on
milliliter intervals, and 13 levels based on TKW in sterile Petri dishes of 9 cm diameter. The
Petri dishes were lined with sterile filter paper, Table 1. TKW was determined using a seed
counter machine, which was 42.76 g.

TKW × Seed n/100,000 = 1% of the propose quantity of water (1)

42.76 × 20 = 855.2, 855.2/100,000 = 0.008552
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Table 1. Treatments of water levels experiment based on the two water basses, a single-milliliter
interval and TKW.

Water Quantity Based on a
Single-Milliliter Interval Water Quantity Based on the TKW %

1 Treatment
Number

2 Water Quantity
mL

1 Treatment
Number

3 Proposed % of
Water Quantity

4 Quantity
of Water mL

5 Rounded
Quantity

of Water mL

1 0 14 75% 0.641 0.65
2 1 15 150% 1.282 1.30
3 2 16 225% 1.924 1.90
4 3 17 300% 2.565 2.55
5 4 18 375% 3.207 3.20
6 5 19 450% 3.834 3.85
7 6 20 525% 4.489 4.45
8 7 21 600% 5.131 5.15
9 8 22 675% 5.772 5.75

10 9 23 750% 6.414 6.40
11 10 24 825% 7.055 7.00
12 11 25 900% 7.696 7.50
13 12

1 The treatments number that total of 25 treatments, on the two water quantity bases, 2 the applied water quantity
based on single-milliliter intervals, 3 the suggested percentage for water quantity application in ml regarding
the TKW in (g), 4 the quantity of water in milliliter corresponds to the suggested percentage of water quantity to
TKW, and 5 the rounded quantity of water to the nearest measurable digit on the pipette.

Table 1’s outcome represents 1% water quantity of TKW [40]. This number was
multiplied by the proposed percentage for each water treatment, as presented in Table 1.
Twenty seeds were placed in each labeled Petri dish with five replications. This experiment
was implied under a constant incubation chamber temperature level of 20 ◦C. All seedlings’
radicle and shoot lengths were physically measured after ten days. After labeling, these
radicles and shoots for each Petri dish were then exposed to 65 ◦C for 48 h in an oven. Dry
weights were acquired by weighing the radicles and the shoots of the 20 seedlings of each
treatment replicate.

2.3. Seed Density Experiment

This part was designed to study the seed’s number effect on the germination perfor-
mance under the same quantity of water. Three sets of seeds, 15, 20, and 25 per P.D, were
placed in Petri dishes. First, they were treated with 6 mL of distilled water. Ten replications
were implied to reduce the experimental error of the experiment and boost the accuracy.
Then, they were incubated at a constant temperature of 20 ◦C in a controlled germination
chamber. The measured traits were categorized into four groups: number of seeds that
were not germinated, number of germinated seeds with the only radicle, seedling with
short shoots (less than 4 cm), and normal seedling. The normal seedling term refers to the
morphological stage compared to the other in the same condition: the seedling with taller
shoots than 4 cm. These categories were made to achieve an aggregated value according to
Equation (2) [40]:

Aggregated value = (NOT-G × 0) + (RO × 0.33) + (SP × 0.67) + (NP × 1) (2)

where: NOT-G = not-germinated seeds, RO = the number of germinated seeds with only a
radicle, S.P. = the number of germinated seeds with short shoots, and NP = the number of
germinated seeds with the normal shoot.

2.4. Statistical Analysis

The statistics reported were presented as a mean value for each treatment of the
experiment. For the water amount experiment, analysis of variance (ANOVA) and Fisher’s
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test of least significant differences was utilized to determine significant differences at a 5%
probability level (GenStat 12th edition, PL20.1 m, the United Kingdom). In addition, To fit
the obtained data and depict the best fit of the temperature levels, a sigmoid curve model
was made (JMP Proc 13.2.1 of SAS, Canberra, the United States, and Microsoft Excel 365).
Normality check was conducted using Kolmogorov–Smirnov and Shapiro–Wilk by SPSS
version 27, IBM, New York, NY, USA.

3. Results

Based on the statistically computed data (Table 2), as the Kolmogorov–Smirnov
and Shapiro–Wilk are greater than 0.05, it can be stated that the normality curve is
symmetric [41,42], as presented in the histogram (Figure 1).

Table 2. Data normality is determined by Kolmogorov–Smirnov and Shapiro–Wilk tests.

a Kolmogorov—Smirnov Shapiro—Wilk

Statistic df Sig. Statistic df Sig.

Radicle 0.082 55 0.200 * 0.950 55 0.240
Shoot 0.090 55 0.200 * 0.973 55 0.262

Seedling 0.111 55 0.091 0.923 55 0.092
* The lower limit of the true significance; a Lilliefors Significance Correction; df is the degree of freedom; and Sig.
is the significance.
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3.1. Temperature Experiment
3.1.1. Germination Duration

As determined in the temperature gradient experiment, 30 ◦C and 25 ◦C, which
rapidly initiated germination, were faster to reach the standard measurement point in
this study of 1 cm shoot length in 48 h, Figure 2. Under 20 ◦C, that took longer for its
germinated shoots to reach 1 cm in the temperature gradient experiment, three days after
subjecting the seed to the treatment. Figure 2 illustrates that wheat seeds germinated under
a constant temperature of 15 ◦C, which needed five days to reach the shoot measurement
stander, followed by a temperature of 10 ◦C that needed a more prolonged duration up
to 8 days in the temperature gradient experiment. Seed germination under 5 ◦C took the
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most prolonged duration to initiate germination. Germinated shoot reached the length of
1 cm after 15 days of the planting date (Figure 2). The percentage differences within the
germination range between the two limits were 152.941%. Regardless of 5 ◦C and 10 ◦C,
the temperatures of 20 ◦C, 25 ◦C, and 30 ◦C have minor margin differences in germination
duration, followed by 15 ◦C, which took slightly longer.
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Figure 2. Germination duration from planting (day 1) to germination initiation and seedling develop-
ment under different temperatures.

Temperature is critical in determining the duration of germinating [43–45]. The find-
ings indicate that seeds accumulate the heat units from the thermal energy they absorbed,
and once they reach the necessary level to initiate metabolic activity, germination begins at
a pace dependent on the ambient temperature condition.

3.1.2. Seedling Development

The experiment of the temperature gradient of 6 distinct constant temperatures, 5 ◦C,
10 ◦C, 15 ◦C, 20 ◦C, 25 ◦C, and 30 ◦C, presented that seedling growth under 20 ◦C gave the
most outstanding performance and the most salient rate of growth (Figure 3). It was the
most favorable growth temperature for seedling growth with a y-value: 22.241x − 102.44
(Figure 2). Similarly, with slightly lower development performance under 15 ◦C, y-value:
19.157x − 111.79. The temperature of 10 ◦C shows the same pattern, but with much
slower development, y-value: 12.132x − 108.22. The experiment under 5 ◦C showed the
most negligible seedling growth and required a longer time for development, y-value:
5.8161x − 87.06 (Figure 2). Slightly identical performance was shown under 25 ◦C and
a higher temperature level when they grow quicker in the very early stage of seedling
development, followed by slowing the rate of the development (Figure 3). It indicates
that each stage of wheat seedling development needs a different temperature. This figure
illustrates that the upper germination range of 25 ◦C and 30 ◦C gives quicker germination
and early seedling growth within less than five days, but not for the subsequent seedling
growth phase. Thus, the optimum range for seedling growth is around 20 ◦C with a greater
growth rate followed by 15 ◦C (Figure 3).
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The seedling’s shoots and radicles showed the same development performance at
and close to the optimal range of temperature; however, their growth pattern differs when
the indicator arrow of the temperature crosses the optimum limits of growth range tails
(Figures 4 and 5). The shoot formed and developed better, especially in the very early
growth stage, than the radicle under a temperature scope higher than the optimum range
(Figure 4). However, the radicle has a distinct growth pattern and need for temperature
compared to the shoot because it grows better at temperatures lower than the optimum
range, particularly in the later stage than the shoot (Figure 5).
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The highest growth and development of the shoots occurred at a temperature of 20 ◦C,
and the least occurred at 5 ◦C. Therefore, the optimal temperature for the shoot and radicle
development is at 20 ◦C, followed by 15 ◦C. When the temperature changes, either the
shoots or the radicles will be more impacted than the other. The radicle is more resistant to
cold than the shoot, and vice versa; the shoot is more resistant to temperatures over the
ideal threshold than the radicle.

3.2. Water Quantity Experiment

Wheat seed quality parameters such as stress tolerance, uniformity, and germination
rate can be determined using water absorption and temperature analysis. Availability
of moisture reflects severe limitations on seed germination of Triticum astivum L. [39,40].
Therefore, seeds of the crop with stringent requirements for germination can be more
effectively felicitously established than crop seeds with fewer constraints [46].

The water quantity experiment was carried out on two bases: single-milliliter intervals
0–12 mL and as percentages of TKW to develop a technique for comparing various wheat
varieties with varied TKW in a future experiment. Furthermore, the two bases of water
quantity application were compared and investigated simultaneously in parallel, which
has a better reflectance representing water demands. Table 3 reveals significant variations
among the water quantity potentials 0–12 mL for all the examined parameters: the number
of non-germinated seeds, length of the radicle, length of shoot, seedling length in total,
dry weight of the seedlings, seedlings’ corrected dry weight that was accomplished by
subtracting the ungerminated seeds, dry weight of the radicles, and dry weight of shoots.

Germination percentage increased significantly as water quantity increased up until
the potential water quantity, followed by a slight decrease as the water quantity level raised
due to waterlogging, as presented in Table 3, Figures 6 and A1. A similar pattern was seen
when water was applied according to the TKW with statistically significant differences,
Table 4 and Figure 7. Seeds of the wheat crop can be germinated under a minimal water
quantity, 0.65 mL, Table 4, which represents 75% of TKW, Table 1. As water is essential for
germination, seeds can germinate moistures near the wilting threshold point to activate and
stimulate germination metabolic processes. The wheat seeds require internal 40% moisture
to germinate [46]. If the interior moisture content were less than the critical moisture content
limit, wheat seeds would not germinate. Under 0.65 mL, over half of the seeds germinated.
Thus, water application based on the TKW enables better knowledge of the limitations and
optimal water requirements since seed size is critical for attaining the 40% internal seed
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moisture level. These findings corroborate research conducted by [47], stating that “seed
size has importance in predicting germination under stress conditions”. The optimal range
for germination is 4.45–7.00 mL, Figure 7, representing 525–825% of the TKW.

Sustainability 2022, 14, x FOR PEER REVIEW 12 of 22 
 

 
Figure 6. Seedling growth in response to water amount based on 1 mL intervals. 

 
Figure 7. Seedling growth in response to the water amount based on TKW. 

The dry weight test is another laboratory test to determine the vigor of the seeds and 
drought tolerance of the seedlings. Significant differences among the amount of accumu-
lated dry matter of the seedlings based on the availability of water (Tables 3 and 4). The 
dry matter increased gradually as the quantity of supplied water increased than the lower 
limit of the optimal range. Under drought stress, the creation of the dry matter is ex-
pressed on a chronological basis by accumulating the required amount to make a unite of 
dry matter. More water quantity had no beneficial influence on increasing the dry matter 
accumulation (Figures 8 and 9). Seedlings under more water supplements over the 

Figure 6. Seedling growth in response to water amount based on 1 mL intervals.

Sustainability 2022, 14, x FOR PEER REVIEW 12 of 22 
 

 
Figure 6. Seedling growth in response to water amount based on 1 mL intervals. 

 
Figure 7. Seedling growth in response to the water amount based on TKW. 

The dry weight test is another laboratory test to determine the vigor of the seeds and 
drought tolerance of the seedlings. Significant differences among the amount of accumu-
lated dry matter of the seedlings based on the availability of water (Tables 3 and 4). The 
dry matter increased gradually as the quantity of supplied water increased than the lower 
limit of the optimal range. Under drought stress, the creation of the dry matter is ex-
pressed on a chronological basis by accumulating the required amount to make a unite of 
dry matter. More water quantity had no beneficial influence on increasing the dry matter 
accumulation (Figures 8 and 9). Seedlings under more water supplements over the 

Figure 7. Seedling growth in response to the water amount based on TKW.



Sustainability 2022, 14, 3887 10 of 21

Table 3. Parameters relating to germination and seedling characteristics of Triticum aestivum L. seeds respond to the application base’s water potential of
single-milliliter water quantity intervals.

1 Water
mL.

2 Not Germinated
seeds

3 Radicles
(cm)

4 Shoots
(cm)

5 Seedlings
(cm)

6 Radicles
Dry W (g)

7 Shoots
Dry W (g)

8 Seedlings
Dry W (g)

9 Corrected Dry
W (g)

0 20.0 ± 0.00 a 0.000 ± 0.00 f 0.000 ± 0.00 h 0.000 ± 0.00 f 0.000 ± 0.00 e 0.000 ± 0.00 e 0.000 ± 0.00 d 0.000 ± 0.00
1 0.40 ± 0.55 bc 10.11 ± 1.16 e 5.020 ± 1.43 g 15.13± 2.56 e 0.106 ± 0.02 d 0.112 ± 0.02 d 0.218 ± 0.05 c 0.221 ± 0.04 d
2 0.60 ± 0.55 bc 13.35 ± 1.44 d 8.950 ± 0.49 f 22.30 ± 1.14 d 0.123 ± 0.02 abc 0.123 ± 0.01 d 0.246 ± 0.03 bc 0.253 ± 0.03 c
3 0.20 ± 0.45 c 15.72 ± 1.74 abc 9.360 ± 1.96 ef 25.08 ± 3.04 c 0.133 ± 0.01 ab 0.144 ± 0.01 c 0.277 ± 0.01 ab 0.280 ± 0.02 abc
4 0.60 ± 0.89 bc 15.18 ± 0.94 bc 11.16 ± 0.55 cd 26.34 ± 1.08 bc 0.125 ± 0.01 abc 0.155 ± 0.01 bc 0.280 ± 0.02 a 0.288 ± 0.02 ab
5 0.40 ± 0.55 bc 16.26 ± 0.98 ab 10.74 ± 0.97 de 27.00 ± 1.23 abc 0.137 ± 0.01 a 0.152 ± 0.01 bc 0.289 ± 0.01 a 0.295 ± 0.01 ab
6 0.20 ± 0.45 c 16.22 ± 1.18 ab 11.48 ± 0.92 bcd 27.70 ± 0.92 ab 0.135 ± 0.01 ab 0.157 ± 0.02 abc 0.292 ± 0.08 a 0.295 ± 0.03 ab
7 0.20 ± 0.45 c 15.85 ± 1.27 ab 12.80 ± 1.17 ab 28.65 ± 1.24 ab 0.125 ± 0.02 abc 0.167 ± 0.01 ab 0.291 ± 0.01 a 0.294 ± 0.01 ab
8 0.00 ± 0.00 c 15.41 ± 1.33 abc 12.89 ± 0.83 ab 28.30 ± 2.06 ab 0.122 ± 0.02 abc 0.170 ± 0.01 ab 0.292 ± 0.02 a 0.292 ± 0.02 ab
9 0.20 ± 0.45 c 16.80 ± 0.69 a 12.60 ± 0.46 abc 29.40 ± 0.82 a 0.123 ± 0.00 abc 0.169 ± 0.02 ab 0.292 ± 0.02 a 0.295 ± 0.01 ab

10 0.60 ± 0.89 c 15.77 ± 0.92 abc 13.31± 0.88 a 29.08 ± 1.69 a 0.120 ± 0.01 bcd 0.176 ± 0.02 a 0.295 ± 0.03 a 0.304 ± 0.01 a
11 0.80 ± 0.84 bc 14.23 ± 2.09 cd 12.72 ± 2.19 ab 26.95 ± 4.01 abc 0.111 ± 0.02 cd 0.153 ± 0.01 bc 0.264 ± 0.03 ab 0.275 ± 0.03 bc
12 1.20 ± 1.30 b 15.10 ± 1.54 bc 12.47 ± 1.23 abc 27.57 ± 2.73 abc 0.105 ± 0.01 d 0.166 ± 0.02 ab 0.271 ± 0.03 ab 0.287 ± 0.02 ab

L.S.D * 0.84 1.62 1.48 2.57 0.0156 0.0204 0.2456 0.0284

* Various lowercase letters (a–h in column) reveal significant differences among the means values (p < 0.05), following L.S.D multiple beginnings in sequence with the latter (a) is the
most significant, 1 the quantity of water application per a 9 cm Petri dish (ml), 2 the not germinated seeds number fraction of the total tested seeds, 3 the mean of each treatment’s radicle
lengths (cm), 4 the mean of each treatments’ shoot lengths (cm), 5 the mean of each treatments’ seedling lengths (cm), 6 the mean of each treatments’ radicles dry weights (g), 7 the
mean of each treatments’ shoots dry weights (g), 8 the mean of each treatments’ seedlings dry weights (g), and 9 the mean of the statistically corrected dry weight that was gained by
subtracting the not germinated ones from the dry weight of the existed seedling.
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Table 4. Parameters relating to germination and seedling characteristics of Triticum aestivum L. seeds respond to the water potential of the TKW base.

1 Water
mL

2 Water Based on
TKW

3 Not Germinated
Seeds

4 Radicles
(cm)

5 Shoots
(cm)

6 Seedlings
(cm)

7 Radicles
Dry W (g)

8 Shoots
Dry W (g)

9 Seedlings
Dry W (g)

10 Corrected
Dry W (g)

0.65 75% 11.60 ± 10.2 a 1.07 ± 1.62 e 0.19 ± 0.37 g 2.18 ± 2.30 d 0.020 ± 0.03 d 0.006 ± 0.01 0.262 ± 0.04 d 0.027 ± 0.04 d
1.30 150% 5.60 ± 8.76 b 3.16 ± 3.54 e 0.69 ± 0.98 g 3.85 ± 4.51 d 0.020 ± 0.02 d 0.009 ± 0.01 0.029 ± 0.03 d 0.029 ± 0.03 d
1.90 225% 0.60 ± 0.89 c 12.79 ± 2.25 d 7.25 ± 1.86 f 20.04 ± 4.04 c 0.113 ± 0.02 bc 0.119 ± 0.01 0.231 ± 0.03 c 0.239 ± 0.03 c
2.55 300% 0.40 ± 0.54 c 14.16 ± 1.69 bc 7.89 ± 1.01 f 22.05 ± 2.55 c 0.135 ± 0.02 abc 0.126 ± 0.02 0.261 ± 0.04 bc 0.267 ± 0.04 bc
3.20 375% 0.00 ± 0.00 c 16.14 ± 0.68 bc 9.57 ± 0.89 e 25.71 ± 1.46 b 0.141 ± 0.02 a 0.147 ± 0.01 0.289 ± 0.02 b 0.289 ± 0.02 b
3.85 450% 0.40 ± 0.55 c 18.69 ± 0.57 a 10.25 ± 0.75 cde 28.94 ± 1.08 a 0.142 ± 0.01 a 0.148 ± 0.01 0.290 ± 0.01 b 0.296 ± 0.02 b
4.45 525% 0.20 ± 0.45 c 16.50 ± 1.39 b 10.17 ± 0.94 de 26.67 ± 2.15 ab 0.136 ± 0.01 ab 0.147 ± 0.02 0.283 ± 0.03 b 0.285 ± 0.03 b
5.15 600% 0.40 ± 0.55 c 16.92 ± 1.20 ab 10.47 ± 1.05 bcde 27.40 ± 2.04 ab 0.125 ± 0.01 abc 0.147 ± 0.01 0.272 ± 0.02 b 0.277 ± 0.02 b
5.75 675% 0.40 ± 0.89 c 16.80 ± 0.68 ab 11.32 ± 0.87 abcd 28.12 ± 0.62 ab 0.133 ± 0.01 abc 0.151 ± 0.03 0.284 ± 0.03 b 0.290 ± 0.02 b
6.40 750% 0.20 ± 0.45 c 16.71 ± 0.96 ab 11.49 ± 0.20 abc 28.21 ± 1.10 ab 0.147 ± 0.04 a 0.184 ± 0.01 a 0.331 ± 0.02 a 0.334 ± 0.02 a
7.00 825% 0.40 ± 0.55 c 16.03 ± 1.22bc 12.32 ± 1.13 a 28.35 ± 0.96 ab 0.124 ± 0.01 abc 0.167 ± 0.01 0.291 ± 0.01 b 0.297 ± 0.01 b
7.50 900% 0.60 ± 0.89 c 17.42 ± 1.68 ab 11.66 ± 0.70 ab 29.04 ± 1.67 a 0.119 ± 0.01 bc 0.169 ± 0.01 ab 0.288 ± 0.03 b 0.296 ± 0.02 b

L.S.D * 4.99 2.11 1.25 2.98 0.022 0.0186 0.035 0.035

* Various lowercase letters (a–g in column) reveal significant differences among the means values (p < 0.05), following L.S.D multiple beginnings in sequence with the latter (a) is the
most significant, 1 the quantity of water application per a 9 cm Petri dish (ml), 2 proposed percentage of water application relating to the TKW, 3 the not germinated seeds number
fraction of the total tested seeds, 4 the mean of each treatment’s radicle lengths (cm), 5 the mean of each treatments’ shoot lengths (cm), 6 the mean of each treatments’ seedling lengths
(cm), 7 the mean of each treatments’ radicles dry weights (g), 8 the mean of each treatments’ shoots dry weights (g), 9 the mean of each treatments’ seedlings dry weights (g), and 10 the
mean of the statistically corrected dry weight that was gained by subtracting the not germinated ones from the dry weight of the existed seedling.
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The germination test, nearly always coupled with vigor tests, such as a seedling growth
test, is one of the most remarkable seed quality and seedling performance tests [48,49].
There were significant differences among the seedling performance depending on supplied
moisture percentages. Under a low water quantity, the seedling length presents the least
mean values, and their performance statistically significantly rose as the quantity of water
increased Tables 3 and 4. The optimal range of moisture amount starts from 3.85 mL,
representing 450% of TKW, Table 4. Parallel to this, significant seed length performance
started under 5 mL according to water quantity applied based on single-milliliter intervals.
It implies that moisture percentages calculated using TKW are more precise, consistent,
and reliable. Figures 6 and 7 show that the optimal water amount range is approximately
4 to 9 mL on both water supplement bases. As a result, water stress significantly lowers
seedlings’ vigor; however, seedling length augmented significantly at the launching point
of the optimum range.

The statistical analysis of variance revealed significant variations among the applied
water quantities on each radicle length and shoot length. The radicles length progressively
significantly increases as the applied water quantity increases, Tables 3 and 4. There is an
optimum range for wheat radicle development, which gradually decreases as the water
quantity increases than the upper limit. Shoot growth followed a different pattern than
the radicle. As a result, it has the sense to measure the whole seedling, Figures 6 and 7.
Water stresses of drought and waterlogging possess a greater impact on the radicles than
the shoots.

The dry weight test is another laboratory test to determine the vigor of the seeds
and drought tolerance of the seedlings. Significant differences among the amount of
accumulated dry matter of the seedlings based on the availability of water (Tables 3 and 4).
The dry matter increased gradually as the quantity of supplied water increased than the
lower limit of the optimal range. Under drought stress, the creation of the dry matter
is expressed on a chronological basis by accumulating the required amount to make a
unite of dry matter. More water quantity had no beneficial influence on increasing the
dry matter accumulation (Figures 8 and 9). Seedlings under more water supplements
over the threshold range are marginally adversely impacted by surplus water compared
to the required quantity. This extra water reduces the rate of dry matter accumulation
in the seedlings of wheat. As the data demonstrates, a shoot-accumulated dry matter
unit demands more water than a unit of radicle-accumulated dry matter. This finding
corroborates the one published by [47]. Water supply had a significant effect on the
proportion of seeds germinating, the rate of seedling development, and the accumulation
of dry matter: The greater the degree of hydro stress, the greater the decline in these
parameters’ levels. Hydrological constraints and potential ranges exist at each germination
and seedling development stage, which is in line with a study by [49].

3.3. Seed Number Experiment

The ANOVA revealed no significant differences among germination percentages of
the seedling densities corresponding to the aggregated values of 15, 20, and 25 seeds of
wheat in a Petri dish, Table 5. In addition, the subsets of the aggregated values presented no
significant variations: seedlings with normal radicles, seedlings with short shoots, seedlings
with only radicles, and the portion non-germinated seeds. Therefore, because increasing
seedling density beyond the optimal has an opposite impact by the opening of Petri dishes
lids, Figure 10, and there were no significant variations among used densities, 15 seeds per
Petri dish are more appropriate than higher densities for wheat germination experiments
in vitro.
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Table 5. Parameters relating to germination and seedling characteristics of Triticum aestivum L. seeds
respond to the number of seeds per Petri dish.

1 Seeds n
2 Not Germinated

Seeds %

3 Seedlings with
Radicle Only %

4 Seedlings with
A Short Shoots %

5 Seedlings with
Normal Shoots %

6 Aggregated
Value %

15 0.0267 ± 0.047 0.0000 ± 0.000 0.0000 ± 0.000 0.9733 ± 0.047 0.9733 ± 0.047
20 0.0400 ± 0.046 0.0000 ± 0.000 0.0000 ± 0.000 0.9600 ± 0.046 0.9600 ± 0.046
25 0.0280 ± 0.027 0.0040 ± 0.013 0.0000 ± 0.000 0.9640 ± 0.030 0.9653 ± 0.028

L.S.D * NS NS NS NS NS

* Indicates non-significant variations in (column) among means (p < 0.05), following L.S.D, 1 the number of seeds
as treatment, 2 the not germinated seeds percentage of the total tested seeds, 3 percentage of seeds germinate
that have only radicles, 4 percentage of seedlings that have short shoots (shorter than 4 cm). 5 Percentage of
seedlings that have normal shoots length, and 6 the aggregated value of the four classified groups as determined
by Equation (2): number of not germinated seeds, seedlings that have only radicle, seedlings that have a short
shoot, and normal seedling length.

4. Discussion
4.1. Temperature Experiment
4.1.1. Germination Duration

Temperature is critical in regulating the length of germination duration [50,51]. The
findings suggest that the crop seeds accumulate heat units from the thermal energy they
absorb [52]. Once they reach the required level to commence the intracellular metabolic
activity, the germination process activates at a pave depending on the ambient temperature
condition [53,54]. Following the temperature gradient sub-experiment, the temperature
range of 25 to 30 ◦C commenced germination initiation with no significant variation in
the time necessary to achieve the same germination threshold and statistically followed
by 20 ◦C, Figure 2. Seeds subjected to temperature level of 15 ◦C needed more time to
initiate germination. However, moderate temperature of roughly 15–25 ◦C is demanded
to commence germination of wheat seed. Changes in the state of the cell’s energy sup-
ply and enzyme activity occurred, and protein synthesis was severely curtailed when
the temperature rose over this threshold [35,55]. At 10 ◦C, germination needed a more
extended time, nine days from the commencement of treatment, as validated by other
investigations [56,57]. To achieve the standard measurement point of germination at 5 ◦C,
the wheat seeds required an extended time of up to 15 days, Figure 2. According to the
literature, the minimum limit of germination temperature for wheat seeds is 4 ◦C [56].
According to the same research, wheat seeds could not initiate germination over 37 ◦C.
Seed can tolerate fluctuating temperature at or near the upper limit, but under constant
temperature, lower temperature, suggesting 30 ◦C by this current research, is necessary
to commence germination. Temperatures of the ideal range of germination 15◦ to 25 ◦C
resulted in minor changes in germination time and internal biological activity. Although
30 ◦C can initiate germination rapidly, it has a reverse effect on metabolic activities in the
following germination process.

4.1.2. Seedling Development

The most salient performance values and the most outstanding seedling development
rate appeared at 20 ◦C compared to the other tested constant temperatures (Figures 2 and 3).
Sigmoid curves, Figure 3, demonstrate that seedling development under 15 ◦C followed a
similar pattern to that at 20 ◦C, but with a slightly lower growth rate. However, the seedling
development under more than 25 ◦C had a reverse effect on seedling development, which is
in line with other studies [57,58]. There are discrepancies with other research that reported a
broader optimal range owing to day–night temperature fluctuations. However, this present
research presents the accumulation of the temperature in vitro at a constant temperature,
which explains the narrower. For the same reason, seedling development needed a longer
time with a lower growth rate. Although nearly identical development pattern to that
of the 10 ◦C was presented at 25 ◦C and 30 ◦C, nonetheless, it was far faster (Figure 3);
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it is because of the reverse impact of the high temperature on enzymes activity, protein
synthesis, and biochemical energy content increased and ROS formation, not because of
the temperature accumulation [59]. The slightly analogous of seedling development under
25 ◦C and 30 ◦C presents that their growth rate was rapid in early stages but slowed in
later stages (Figure 3). It indicates that each stage of wheat seedling development needs a
different temperature. This figure illustrates that the upper germination range of 25 ◦C and
30 ◦C gives quicker germination and early seedling growth within less than five days, but
not for the subsequent seedling growth phase. In brief, the best fitting starting point for
seedling growth is 20 ◦C with a high development rate (Figure 3).

The shoot and radicle have comparable development patterns within and around the
ideal temperature range, but their growth behavior differs when the temperature rises
or lowers from this range (Figures 4 and 5). The shoot developed better than the radicle
when the temperature is somewhat higher than the ideal range, particularly on the early
growth seedling stages (Figure 4). Radicle development has a specific pattern in response
to temperature. It grows more rapidly than the shoot at temperatures slightly below the
ideal range for seedling development, especially in the later stages. Temperature deviations
from the ideal range influence either the radicles or the shoots more than the other. The
radicle is more tolerant of cold than the shoot, and vice versa; the shoot is more tolerant
of temperatures over the ideal threshold than the radicle, which results agrees with other
researchers [40,60,61].

4.2. Water Amount Experiment

Germination is one of the most eminent seed quality and performance tests linked
to vigor tests, such as a seedling growth test [62–64]. Water absorption and temperature
studies may offer information about wheat seeds’ stress tolerance, uniformity, and germi-
nation rate. The availability of moisture may significantly impact seed germination [65,66].
Several cereal crops demand similar germination requirements as wheat [64]. To a greater
extent, crop seeds with complex germination criteria will succeed in germinating than those
with fewer limitations [67,68]. The water quantity experiment was carried out on two bases:
single-milliliter intervals 0–12 mL and as percentages of thousand kernel weight (TKW) to
develop a technique for comparing various wheat varieties with varied TKW in a future
experiment. These bases of water quantity application were compared and investigated
simultaneously in parallel, which has a better reflectance representing water demands.
As demonstrated in the result chapter, Tables 3 and 4 reveal significant variations among
water quantities potential according to both water application bases for all the examined
parameters: the number of non-germinated seeds, length of the radicle, length of shoot,
seedling length in total, dry weight of the seedlings, seedlings’ corrected dry weight that
accomplished by subtracting the ungerminated seeds, dry weight of the radicles, and dry
weight of shoots. These different effects of water quantity on germination optimization
agree with a study by [66].

As demonstrated by the results, germination percentage rose dramatically as water
volume rose to the optimal water level, followed by a reduction somewhat as the water
level increased owing to waterlogging. This is due to the demanded water limit necessary
to initiate metabolic and physiological processes for germination and oxygen availability
in the higher portion of water. Oxygen is critical for germination initiation [20,67]. When
water levels are increased over the ideal range, oxygen availability for the seeds reduces [68].
As a result, the more water application, the less accessible oxygen availability. The wheat
seeds require internal 40% moisture of the seed size to initiate germination [55]. In line with
this current research, wheat seeds can initiate germination at 75% water amount of the TKW.
This amount of water is sufficient to activate the metabolic processes of germination and
enzymes. If the interior moisture content were less than the critical moisture content limit,
wheat seeds would not germinate. Under 0.65 mL, over half of the seeds germinated. Thus,
water application based on the TKW provides a better understanding of the constraints
and optimal water requirements since seed size is critical for attaining the 40% internal
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seed moisture level. These findings corroborate research conducted by [40,57], stating that
“seed size has importance in predicting germination under stress conditions”. As water
increases more than the upper limit of the optimal range for germination, a reverse effect of
waterlogging will reduce the germination percentage because of its negative effect on the
intracellular process. Therefore, this study stated that the optimal range for germination is
4.45–7.00 mL, Figure 7, representing 525–825% of the TKW, and the TKW is an objective
and more accurate base for water application.

Significant differences among the seedling performance depending on supplied mois-
ture percentages were observed. As the water was applied at the lowest quantity necessary,
the seedling length had the lowest mean values, and as water quantity increased, seedling
development significantly increased, as presented in Tables 3 and 4. The ideal moisture
content range begins at 3.85 mL, or 450% of TKW, as shown in Table 4. Parallel to this,
significant seedling length performance started under 5 mL according to water quantity
applied based on single-milliliter intervals. In the same pattern, significant seedling perfor-
mance started under 5 mL according to water quantity applied based on single-milliliter
intervals. Water stresses of drought or waterlogging significantly reversely affect seedlings’
vigor, seedling length values rises dramatically at the starting point of the ideal range
of water application, and moisture percentage based on the TKW is more accurate and
reliable. Water stress reduces enzymatic activity, which has a deleterious effect on glucose
metabolism, decreases water potential and soluble calcium and potassium, and alters seed
hormones [69–71]. Since all of these intracellular mechanisms are affected by the water
stress, the seedling growth rate finally deviates from the average growth and reduces.

The radicle growth values of wheat seedlings progressively descended as the quantity
of water rose over the optimal range. Shoot growth followed a distinct pattern compared to
the radicle. This is in line with the finding of other research [72,73]. As a result, measuring
the whole seedling is realistic; the radicle and plumule statistically remained near the ideal
range as the water level rose. Either way of water stresses greatly affected the radicles
more than the shoots. It can be explained in terms of the physiological aspect of radicle
development; with adequate moisture availability, the seedling exhibited a slower radicle
development rate and accelerated shoot development.

Significant variation among the accumulated dry matter of the seedlings is based
on moisture availability, as presented in Tables 3 and 4. The dry matter values increased
progressively as supplied water increased than the lower limit of the optimal range. Under
drought stress, the creation of the dry matter is expressed on a chronological basis by accu-
mulating the required amount to make a unite of dry matter. Seedlings under more water
supplements over the threshold range are marginally adversely impacted by surplus water
compared to the required quantity. The shoot-accumulated dry matter unit demanded
a larger water quantity than a unit of radicle dry matter. This finding is in line with the
result [47,74], where the researchers evaluated the effect of water potential levels 0.0 and
−0.2 MPa on the germination stages of Pinus yunnanensis seeds. Moisture availability sig-
nificantly impacted the germination rate, seedling development rate, and the accumulation
of built dry matter on the radicle and the shoot: the more acute the moisture stress, the
greater the reduction in dry matter accumulated values. There are water limitations and
potential ranges for each germination phase and seedling development, supported by other
research [47,75].

Seeds of wheat subjected to 0.65 mL of water were germinated. As a result, water
application based on the TKW enables better knowledge of the limitations and optimal
water requirements, as seed size is critical in achieving the required internal seed moisture.
These findings corroborate research conducted by other researchers [47], stating that “seed
size has importance in predicting germination under stress conditions”.

4.3. Seed Number Experiment

The data demonstrate that seed numbers are a critical factor in seedling growth bio-
assays in vitro. Increased water volumes or denser wheat seedlings increase the amount of
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phytotoxin contained in each seed, hence increasing inhibition [51,52]. Greater than optimal
seeding density has a detrimental effect on seedling development in Petri dishes and the
opening of Petri dish lids. They are exposed to water loss, which has a detrimental effect
on seedling development. Results presented no significant differences among different
seeds and seedling densities of 15, 20, and 25 in a Petri dish for the measured traits, Table 5.
Since high seedling density has an opposite impact by the opening of Petri dishes lids and
there were no significant variations among used densities, 15 seeds per Petri dish are more
appropriate than higher densities for wheat germination experiments in vitro. In plant
breeding initiatives (identical breed seeds are sometimes scarce), it is critical to determine
the ideal number of seeds to use in a Petri dish experiment. It is beneficial in resources
optimization, particularly for plant breeders.

5. Conclusions

• Sigmoid curves provide an excellent fit for the analyzed experimental data and present
increased germination temperature, generally increased germination, and seedling
development rate. Overall, 20 ◦C was ideal for seedling development. The germination
has a broader range of 20 ◦C to 30 ◦C.

• Seed size plays a role in the required amount of water for germination. Therefore, it
provides a more precise impression for the application water quantity. Germination
of various percentages can occur in a broad range of water quantities commencing
at 0.65 mL, which represents 75% of TKW, but the optimal range for germination is
4.45–7.00 mL, representing 525–825% of the TKW.

• Dry weight can be a good indicator of seedling growth since the accumulation of dry
matter is consistent and is in line with the other measurement of seedling growth, such
as shoot and radicle lengths.

• No significant differences among seed densities were observed; therefore, lower
density is recommended for lab experiments, 15 wheat seeds per 9 cm Petri dish. In a
nutshell,

This research suggests conducting wheat seeds germination experiments under 20 ◦C,
and water quantity as a percentage based on the TKW for optimizing the suitability of
water quantity and a maximum of 15 seeds per Petri dish; more seeds have no advantage.
This is common practice when seed number is limited and in breeding projects.
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