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Abstract: Seed fatty acid composition can influence seed quality, followed by seed germination and
optimal seedling establishment. Therefore, to find out the role of seed fatty acids in changing the
cardinal temperatures of six sesame cultivars germinated at different temperatures (10, 15, 20, 25, 30,
35, 40, and 45 ◦C) and water potentials (0, −0.2, −0.4, −0.6, −0.8, −1, and −1.2 MPa), an experiment
was conducted. The dent-like, beta, and segmented models were used to analyze the data. The results
showed that different cultivars at optimal temperatures show different reactions to environmental
conditions; for example, the germination rate in Halil and Dashtestan2 cultivars followed the dent-like
model, Darab1, Oltan, and Yellow-White followed the beta model, and Naz followed the segmented
model. Based on the results, the average temperature in all water potentials of the base, sub-optimal,
supra-optimum, and ceiling was determined as 12.6, 33.3, 38, and 43.9 ◦C, respectively, once the
superior dent-like model was used. Using the superior beta model, the average temperatures in the
base, optimum, and ceiling were 8.5, 31.2, and 50.5 ◦C. In contrast, when the segmented superior
model was used, they were determined to be 7.6, 34, and 44.1 ◦C, respectively. According to the
results, it can be stated that the Halil cultivar with more oleic acid and less linoleic acid has a higher
base temperature and is more adapted to high temperatures for later cultivations. The Naz cultivar
with a long biological clock is suitable for earlier cultivations. The ceiling temperature of these
cultivars was also affected by the osmotic potential and decreased significantly with the increase in
osmotic levels. Dashtestan2 cultivar with a high germination rate could be chosen for cultivation in
water and high-temperature stress areas.

Keywords: basal temperature; germination modeling; germination rate; seed moisture; seed oil

1. Introduction

Temperature is a limiting factor for plants’ metabolism at the cellular level and growth
and development at the tissue or organ level. In such a way, the beginning, completion, and
amount of plant metabolism are affected by temperature [1]. The maximum germination
percentage of plants occurs in a specific temperature range, and germination would be
affected by its fluctuation (falling and rising) in this temperature range [2]. Plants have
three specific (cardinal) temperatures, including the base or minimum temperature, the
optimal temperature, and the maximum or ceiling temperature for germination. The base
and maximum temperatures are the temperatures where seed germination would stop
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below and above them, while the optimal temperature is the temperature at which the
germination can occur in the shortest time; in other words, the germination rate is at its
maximum. Moreover, the germination rate increases with increasing temperature up to the
optimal germination temperature and decreases after that [3].

In addition to temperature, soil water potential is one of the most critical environ-
mental factors affecting plant germination and establishment [4]. Regarding reducing
water potential, studies show that lowering water potential minimizes the chance of plant
establishment, uniform greening, germination rate, and yield. Moreover, the ability of seeds
to germinate under conditions of different temperatures and water potential increases the
chance of plant establishment and higher plant density, which ultimately leads to increased
yield [5]. Different temperature and water potential conditions can affect seed germination
through changes in seed composition, including seed oil and carbohydrates [6]. It has been
reported that Bidens pilosa L. (Asteraceae) [7] and maize (Zea mays L.) [8] seed populations
had different germination responses to temperature and water potential, and the optimal
and ceiling temperatures were varied.

Germination is frequently regarded as a crucial stage in the life cycle of plants be-
cause of its extreme sensitivity to variables, including water, temperature, light, and gas
environment [9]. When access to water is not a problem, the temperature is the primary
determinant of germination [10]. Using seed germination models, modeling science can
determine critical plant seed temperatures [11]. Using segmented and beta models, base,
optimal, and maximum germination temperatures can be estimated. Still, the dent-like
model’s optimal temperature range is evaluated from the first to the second optimal tem-
perature [12]. In these models, the linear relationship between the germination rate and
the increase in temperature from the base temperature to the optimal temperature and
the rise in temperature from the optimal temperature to the ceiling temperature is well
exhibited. Favorable germination conditions predict the next stage of seedling growth and
development [11,13].

Sesame (Sesamum indicum L.) is an oilseed crop grown for its edible oil in dry and
semi-arid conditions worldwide. Because of its minimal input requirements, it is a great
crop to cultivate in rotation with other crops [14]. Sesame seeds are rich in oil, and the
seed quality of this plant directly or indirectly depends on the quality of the oil and the
composition of fatty acids that make up the structure of the oil [15]. The composition of
sesame oil’s fatty acids, namely oleic (monounsaturated fatty acid), palmitic (saturated fatty
acid), linoleic, and linolenic (polyunsaturated fatty acid) acids [16,17], determines its quality.
The relative concentration of these fatty acids is determined mainly by cultivar, climatic
conditions, and management approaches, and it is critical in deciding oil quality [18,19].

Oil content and fatty acid compounds are essential characteristics of oilseed crops.
A few studies have examined the relationship between seed fatty acid composition and
germination characteristics. For example, Bello et al. (2014) [20] reported that in sunflowers,
basal temperature has an inverse relationship with linoleic acid content, and genotypes
with a high percentage of linoleic acid germinated earlier at low temperatures (lower
than 15 ◦C). In addition, the genotype with more stearic and oleic acid showed a lower
temperature requirement for germination than the genotype with more stearic and linoleic
acid.

It is likely that the seed germination at different temperatures and water potentials
is related to the quality characteristics of the seed, including the composition of fatty
acids. In addition, investigating the role of fatty acids on the germination response of
sesame seeds can be important in determining the planting date and different ecological
conditions. Therefore, the objectives of this research included determining the relationship
between seed fatty acids and the cardinal temperatures of six sesame seed cultivars and
their germination status in different water potentials.
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2. Material and Methods
2.1. Plant Material

Sesame cultivars, including Halil, Darab1, Dashtestan2, Oltan, Yellow-White, and
Naz, were obtained from the Seed and Plant Improvement Institute of Karaj, Iran, and are
essential in the industry, especially oil production. The characteristics of the cultivars are
shown in Table 1, and the initial parts of the seed samples are shown in Table 2.

Table 1. Characteristics of the sesame varieties studied.

Cultivars. Halil Darab1 Dashtestan2 Oltan Yellow-White Naz

Year of introduction 2013 2009 2006 1999 2006 2001
Branching Branched Branched Branched Branched Branched Single branch
Seed color Brown light brown light brown dark brown Light cream Cream

Production Year 2017–2018 2017–2018 2017–2018 2017–2018 2017–2018 2017–2018

Table 2. Essential characteristics of sesame seeds were tested.

Cultivars Germination
Percentages

Thousand Seed
Weight (g)

Seed Moisture
Content (%) Oil Percentages

Halil 99 3.8 6.07 58.25
Darab1 98 3.12 5.15 54.77

Dashtestan2 99 3.44 5.37 65.05
Oltan 98 3.25 4.87 57.54

Yellow-white 99 2.91 5.85 52.66
Naz 99 2.85 5.16 54.09

2.2. Test Specifications

The first part of the experiment was to determine the cardinal temperature of the culti-
vars germinated at different water potentials, and the second part included oil extraction,
quantifying fatty acids in each cultivar, and calculating the relationship between fatty acids
and the cardinal temperature.

2.3. Cardinal Temperature

The experiment was conducted in the Seed Technology Laboratory, Faculty of Agri-
culture, Yasouj University, in a completely randomized design with four replications of
25 seeds for each temperature (as environment). To determine cardinal temperatures, seed
germination at different temperatures (10, 15, 20, 25, 30, 35, 40, and 45 ◦C) and water
potentials (0, −0.2, −0.4, −0.6, −0.8, −1, and −1.2 MPa) were investigated using dent-like,
beta, and segmented models. The seeds were disinfected, placed in a 1% sodium hypochlo-
rite solution for 60 s, and transferred onto 9 cm diameter Petri dishes with filter paper to
maintain moisture. Ten ml of osmotic solution was added to each Petri dish, and 10 mL of
distilled water was added for a zero MPa level.

Different levels of water potential were prepared through the publication [21] formula
and using polyethylene glycol 6000 (Merck, Schuchardt OHG, Hohenbrunn, Germany).
The calculation for Equation (1) is as follows:

ΨS = −(1.8 × 10−2) C − (1.8 × 10−4) C2 + (2.67 × 10−4) CT + (8.39 × 10−7) C2T (1)

In this equation, the osmotic potential ΨS is osmotic pressure in terms of the bar, C
is the concentration of PEG-6000 in g/kg H2O, and T is the temperature of the culture
medium in terms of centigrade.

All germination tests were performed under 12/12 h (light/darkness) conditions
using a germinator (SG600 model, Germinator noorsanatferdows Co., Karaj, Iran) with a
±1 ◦C fluctuation. Each temperature was applied to six cultivars at the desired potential
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by placing Petri dishes in the germinator. Counting germinated seeds was carried out
every eight hours, and when calculating the seeds whose roots had grown 2 mm or more,
they were considered germinated. The following relationships were used to determine the
cardinal germination temperature of six sesame cultivars (Equation (2)):

R50 = f (T)Rmax (2)

In this relationship, f (T) is a function of temperature, which changes from zero at the
base and ceiling temperatures to 1 at the desired temperature. Rmax is the maximum intrin-
sic germination rate at the desired temperature. Therefore, 1/Rmax shows the minimum
hours until germination at the optimal temperature, which is the same number of biological
hours required for germination, through which the following three functions are evaluated.

1. The dent-like temperature function with the abbreviation (D) is as follows (Equation (3)):

f (T) = (T−Tb)
(To1−Tb)

i f Tb < T ≤ To1

f (T) = (Tc−T)
(Tc−To2)

i f To2 < T ≤ Tc

f (T) = 1 i f To1 < T ≤ To2
f (T) = 0 i f T ≤ Tb or T ≥ Tc

(3)

2. The segmented function with the abbreviation (S) is as follows (Equation (4)):

f (T) = (T−Tb)
(To−Tb)

i f Tb < T ≤ To

f (T) =
[
1−

(
T−To
Tc−To

)]
i f To ≤ T < Tc

f (T) = 0 i f T ≤ Tb or T ≥ Tc

(4)

3. The beta function with the abbreviation (B) is as follows, and α is the shape parameter
for the beta function that determines the curvature of the function (Equation (5)):

f (T) = [( T−Tb
To−Tb

× Tc−T
Tc−To

)
( Tc−To

To−Tb
)
]
a

i f T > Tb and T < T c

f (T) = 0 i f T ≤ Tb or T ≤ Tc

(5)

In these relationships, T is the average daily temperature (test temperature), Tb is the
base temperature, To1 is the suboptimal temperature, To2 is the supraoptimal temperature,
and Tc is the ceiling temperature in ◦C [22].

Moreover, the following criteria were used to select the best model among the above
models (Equation (6)):

a. Root Mean Square Error (RMSE)

RMSE =

√
Σ(p− o)2

n− 1
(6)

P and O are the predicted values of the germination rate using the model and the
observed value, and n is the number of observations.

b. R2 (Coefficient of determination) (Equation (7))

R2 = 1− SSE
SSG

(7)

where SSE and SSG are the sums of squared error and a sum of total squared,
respectively.
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c. Simple linear regression coefficients (a and b) between predicted values and actual
values. Coefficients a and b indicate the deviation of the regression line from the co-
ordinate origin and the deviation of the regression line from the 1:1 line, respectively.

d. Linear correlation coefficient (r) between observed and predicted germination days.
e. Concordance correlation coefficient (rc) (Equation (8))

rc = r× Cb (8)

where r is Pearson’s correlation coefficient, Cb is the accuracy of the model, rc is based
on the predicted value of the germination rate using the model (X), the observed
value (Y), and N (the number of observations), calculated based on the following
Equation (9):

rc =
2SXY

S2
x+S2

Y+(X−Y)
2 SXY = 1

N

N
∑

n=1

(
Xn − X

)(
Yn −Y

)
S2

Y = 1
N

N
∑

n=1

(
Yn −Y

)2 S2
x = 1

N

N
∑

n=1
(xn − x)2

(9)

The comparison of the estimated parameters of cardinal temperatures between the
models was carried out based on their 95% confidence limits.

2.4. Seed Oil Extraction and Measurement of Fatty Acids Profile

According to [23], oil extraction was carried out. The seed samples were cleaned
by hand, dried in a 105 ◦C oven for 48 h, and then processed using a grinding machine.
A Soxhlet apparatus (Gerhardt, model 173200, EV, Königswinter, Germany) was used to
extract oil using petroleum ether at 40–60 ◦C for four hours. A rotary flash evaporator
removed the solvent under reduced pressure (Heidolph, model Laborota 4000, Schwabach,
Germany). Following the procedures Azadmard-Damirchi et al. (2010) [24] described, fatty
acid methyl esters (FAMEs) were extracted and produced from the oil samples.

Briefly, a vial containing oil (about 10 mg) was added with 2 mL of 0.01 M NaOH
dissolved in methanol, followed by 0.5 mL of hexane, and maintained in a water bath at
60 ◦C for approximately 10 min. After adding boron trifluoride (20% BF3 in methanol),
samples were heated for 10 min in a 60 ◦C water bath. After cooling the samples under
running water, 2 mL of 20% (w/v) sodium chloride and 1 mL of hexane were added. The
mixture was shaken quickly, and the hexane layer containing FAMEs was centrifuged to
remove it.

Gas chromatography was used to analyze FAMEs for a fatty acid profile, according
to [25]. A flame ionization detector and a split/splitless injector were coupled with a gas
chromatograph. A 50 m × 0.22 mm, 0.25 m film thickness fused-silica capillary column
BPX70 (SGE, Austin, TX, USA) was installed in the device. Temperatures were chosen for
the injector and detector at 230 and 250 ◦C, respectively. The oven’s temperature started at
158 ◦C, reached 220 ◦C (2 ◦C/min), and remained there for 5 min. At a 3.0 mL/min flow
rate, helium and N were utilized as the carrier and make-up gases, respectively—the peak
areas expressed as a proportion of the total fatty acids allowed for identifying the FAMEs.

2.5. Statistical Analysis

The iterative optimization method with the PROC NLIN procedure of SAS 9.1 sta-
tistical software (SAS Institute Inc., Cary, NC, USA) was used to evaluate the model’s
parameters. The best model in each cultivar was used according to the priority of the
matching correlation coefficient (rc) due to checking the accuracy and precision of the
model compared to other evaluation methods that only contain the model’s accuracy. Then,
the RMSE, R2 and linear correlation coefficient (r) were selected, and Excel 2017 software
was used to draw graphs related to the models.
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3. Results

The results indicated a different cardinal temperature for each genotype, and the
germination process of the genotypes does not follow the same pattern. Table 3 shows that
the three models’ R2, RMSE, rc, coefficient a, and coefficient b were evaluated for cultivars.
The dent-like model for Halil and Dashtestan2 cultivars, the beta model for Darab1, Oltan,
and Yellow-White cultivars, and the segmented model for Naz cultivars were selected as
the superior models. Figures 1–3 show the fitted models of the predicted germination rate
and the data obtained from the observed germination rate at different temperatures and
water potentials for all six sesame cultivars, given by the method of dent-like, segmented,
and beta models.

Table 3. Described model by Dent-like, Beta, or Segmented functions for the relationship between
germination rate with temperature and water potential of sesame cultivars, using accordance coeffi-
cient (rc), root mean square of errors (RMSE), coefficient of determination (R2), regression coefficients
(a and b), and the correlation coefficient (r).

Variety
(Model)

Water
Potential

(MPa)
rc RMSE R2 a b r

Halil
(Dent-like)

0

0.87

0.0067 0.96 0.0015 0.96 ** 0.98
−0.2 0.0112 0.86 0.0041 0.86 ** 0.93
−0.4 0.0102 0.74 0.0051 * 0.74 ** 0.86
−0.6 0.0032 0.62 0.0025 ** 0.61 ** 0.78
−0.8 0.0022 0.54 0.0003 0.55 ** 0.73

Darab1
(Beta)

0

0.83

0.0080 0.62 0.0083 ** 0.63 ** 0.79
−0.2 0.0032 0.71 0.0038 ** 0.68 ** 0.84
−0.4 0.0033 0.68 0.0034 ** 0.64 ** 0.82
−0.6 0.0022 0.67 0.0022 * 0.67 ** 0.82
−0.8 0.0002 0.99 0.000007 1.01 ** 1

Dashtestan2
(Dent-like)

0

0.88

0.0074 0.94 0.0021 0.94 ** 0.97
−0.2 0.0089 0.86 0.0039 0.84 ** 0.93
−0.4 0.0088 0.59 0.0069 ** 0.58 ** 0.77
−0.6 0.0083 0.47 0.0079 ** 0.41 ** 0.69
−0.8 0.0024 0.58 0.0011 ** 0.55 ** 0.76

Oltan
(Beta)

0

0.79

0.0029 0.74 0.0039 ** 0.72 ** 0.86
−0.2 0.0026 0.24 0.0076 ** 0.22 ** 0.49
−0.4 0.0031 0.42 0.0039 ** 0.40 ** 0.65
−0.6 0.0004 0.99 0.00002 0.99 ** 1
−0.8 - - - - -

Yellow-white
(Beta)

0

0.73

0.0127 0.73 0.0033 0.83 ** 0.86
−0.2 0.0184 0.43 0.0157 ** 0.57 ** 0.66
−0.4 0.0139 0.36 0.0104 ** 0.52 ** 0.60
−0.6 0.0027 0.42 0.0033 ** 0.40 ** 0.65
−0.8 0.0016 0.72 0.0003 0.72 ** 0.85

Naz
(Segmented)

0

0.75

0.0065 0.89 0.0039 * 0.86 ** 0.94
−0.2 0.0061 0.80 0.0051 ** 0.74 ** 0.89
−0.4 0.0052 0.53 0.0062 ** 0.43 ** 0.73
−0.6 0.0022 0.64 0.0017 ** 0.59 ** 0.80
−0.8 0.0006 0.12 0.0008 ** 0.06 0.34

Note: *, ** in a and b indicate a significant distance with the origin of coordinates and a 1:1 axis at one and five
percent of the error probability.
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Figure 1. Predicting the germination of sesame cultivars at different temperatures and water poten-
tials using the beta model. The symbols show observed germination, and the lines show expected
germination.
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Figure 2. The dent-like model predicts sesame cultivars’ germination at different temperatures and
water potentials. The symbols show observed germination, and the lines show expected germination.

Figures 1–3 show the fitted models of the predicted germination rate and the data
obtained from the observed germination rate at different temperatures and water potentials
for all six sesame cultivars, given by the method of dent-like, segmented, and beta models.
The superior models with a lower root mean square error and higher R2 than the other two
models were chosen as the best models for these cultivars (Figure 4).

The variations in germination rate among the cultivars under study revealed that, up
until the optimum temperature range, germination rate increased with rising temperature
and, after that, decreased with an increase in temperature. The highest germination rate
was observed at lower temperatures, which shows the adaptation of the plant to drought
stress at low temperatures.

The results revealed that the basal temperature varied from 7.5 to 13.1 ◦C. In all six
cultivars, the base temperature was also affected by the amount of fatty acids; therefore,
among the cultivars, the cultivar Halil had the highest base temperature (13.1 ◦C), which
can be attributed to the increase in the amount of oleic, palmitic, and arachidic fatty acids
and the decrease in linolenic, linoleic, and stearic fatty acids. The lowest base temperature
(7.5 ◦C) was assigned to the Oltan cultivar, which was associated with a decrease in the
amount of oleic, palmitic, and arachidic fatty acids and an increase in linolenic, linoleic,
and stearic fatty acids (Figure 5).
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Figure 3. Predicting the germination of sesame cultivars at different temperatures and water po-
tentials using the segmented model. The symbols show observed germination, and the lines show
expected germination.

Figure 4. Cont.
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Figure 4. Changes in biological germination clock and evaluation of models based on comparison of
time to predicted germination (h) and observed germination (h) in sesame cultivars at different water
potentials (MPa).
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Figure 5. Investigate the relationship between the percentage of fatty acids and the basal temperature
of germination in sesame cultivars.

Based on the dent-like model, the optimum temperature (To1–To2) for Halil ranged
from 32.7 to 38.98 ◦C and for the Dashtestan2 variety from 33.9 to 37.1 ◦C (Figures 1–3).
The optimum temperature was variable in every six cultivars, and the lowest optimum
temperature in the Oltan cultivar was determined to be 27.1 ◦C. In Halil, Darab1, Dashtes-
tan2, and Oltan cultivars, with the increase in osmotic potential due to drought stress, the
base temperature has increased due to the change in the amount of fatty acids in the seeds.
In all cultivars, a decrease in the rate and an increase in the biological clock for germination
were observed, along with an increase in osmotic potential (Table 4, Figure 4).

In all cultivars (except Oltan), with an increase in osmotic level above −1 MPa, the
percentage of germination reached zero, and in this cultivar, with osmotic levels above
−0.8 MPa, germination reached zero. At the level of 0 MPa in all cultivars, the highest
germination rate (2.04/day) was assigned to the Dashtestan2 cultivar, and the lowest was
related to the Yellow-White cultivar with a value of 0.34/day (Table 4). At −0.8 MPa,
the highest germination rate (0.24/day) and the highest base temperature (20 ◦C) were
obtained from the Darab1 cultivar.

The ceiling temperature of the cultivars was also affected by the osmotic potential and
decreased significantly with the increase in osmotic levels. Moreover, the lowest biological
clock for germination was in the Dashtestan2 cultivar, with a value of 42.2 h, and the highest
(145.7 h) was related to the Naz cultivar (Table 4).
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Table 4. Prediction result of germination cardinal temperatures of Sesame cultivars based on the top
model (Dent-like, Beta, or Segmented) at different water potentials.

Cultivar
(Top Model)

Water
Potential

(MPa)
a Tb (◦C) To1 (◦C) To2 (◦C) Tc (◦C) Rmax

(day−1) G0 (h)

Halil
(Dent-like)

0 - 11.7 36.1 40.0 45.0 1.94 12.3
−0.2 - 13.2 40.0 42.1 45.0 1.99 12.0
−0.4 - 13.8 36.9 38.7 45.0 1.22 19.4
−0.6 - 12.0 25.7 40.0 45.0 0.17 89.3
−0.8 - 14.8 25.0 34.1 39.1 0.17 138.3

Average - - 13.1 32.7 39.0 43.8 1.13 54.2

Darab1
(Beta)

0 2.91 4.0 31.8 - 64.0 0.89 26.9
−0.2 1.87 6.0 28.4 - 56.3 0.43 55.2
−0.4 1.35 8.0 23.7 - 53.2 0.31 76.9
−0.6 1.00 14.9 26.6 - 39.3 0.26 94.3
−0.8 1.00 20.0 25.0 - 30.0 0.24 100.0

Average - - 10.6 27.1 - 48.6 0.43 70.7

Dashtestan2
(Dent-like)

0 - 12.7 41.5 42.3 45.4 2.04 11.7
−0.2 - 13.1 40.0 43.3 45.1 1.51 15.9
−0.4 - 11.1 35.0 40.0 45.0 0.82 29.6
−0.6 - 11.0 29.5 35.0 44.0 0.65 36.6
−0.8 - 12.4 23.6 25.0 40.8 0.19 117.1

Average - - 12.0 33.9 37.1 44.1 1.06 42.2

Oltan
(Beta)

0 1.76 5.0 32.0 - 58.0 0.48 49.0
−0.2 1.83 5.0 39.1 - 60.4 0.29 84.0
−0.4 1.11 10.0 27.0 - 47.9 0.26 90.1
−0.6 71.10 9.9 25.4 - 35.2 0.14 173.6

Average - - 7.5 30.9 - 50.4 0.29 99.1

Yellow-
white
(Beta)

0 17.37 5.0 49.0 - 65.0 0.34 72.5
−0.2 4.90 10.0 35.0 - 53.2 1.44 16.7
−0.4 8.51 10.0 38.1 - 53.2 0.72 33.3
−0.6 3.60 10.0 32.9 - 44.3 0.19 123.9
−0.8 241.8 3.2 23.6 - 46.8 0.07 331.1

Average - - 7.6 35.7 - 52.5 0.55 115.5

Naz
(Segmented)

0 - 10.0 36.9 - 45.0 1.42 16.8
−0.2 - 10.0 39.1 - 45.0 0.96 24.9
−0.4 - 5.0 40.0 - 44.8 0.53 45.7
−0.6 - 8.0 27.9 - 41.7 0.24 100.4
−0.8 - 5.0 30.0 - 43.9 0.05 540.5

Average - - 7.6 34.8 - 44.1 0.65 145.7
Note: (a) the curvature of the beta model, Tb = base temperature (◦C), To = optimum temperature (◦C), To1 =
lower optimum temperature (◦C), To2 = upper optimum temperature (◦C), and Tc = ceiling temperature (◦C),
Rmax = maximum germination rate, biological clock (h).

4. Discussion

The quantification of germination in ecological conditions regarding temperature
and moisture can be very useful in determining germination rate and optimal seedling
establishment. In other words, modeling science can evaluate the cardinal temperatures of
plant seeds using seed germination models.

Our research revealed that drought stress caused by osmotic potential has reduced the
germination rate in different sesame cultivars. Similar to the present research results, [26]
for fenugreek (Trigonella foenum-graecum L.) seeds with deterioration and without dete-
rioration showed that in conditions of reduced water availability, the biological clock of
germination increased for sources. Drought stress and oxidative stress cause many gene
damages, and by inhibiting the synthesis of gibberellin hormone, which plays a role in
the activation of α-amylase, it causes a decrease in seed germination in moderate stresses
and non-germination in severe pressures [27]. In another study by Ostadian Bidgoly et al.
(2018) [12], in the quantification of the safflower seed germination response to tempera-
ture and different water potentials, they showed that the biological clock of germination
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increased with the decrease in water potential, and the longest germination time at the
optimal temperature was observed at a water potential of −1.6 MPa. By disrupting the
process of water absorption by seeds, polyethylene glycol prevents the hydrolysis of stored
materials and reduces the percentage and rate of germination [28]. The decrease in the
seed germination rate can probably be attributed to the fact that the seeds need time to
compensate for the damage caused to the membrane and other parts of the cell, restart
the activity of the antioxidant system, and prevent oxidative stress. In another study on
barley (Hordeum vulgare L.), it was also reported at a zero potential of 23.4 h that the water
potential increased by 2.6 h/bar, which is probably due to the decrease in the rate of water
absorption and the increase in the time of complete imbibition of the seeds to be able to
germinate [29].

In many studies, the use of germination models to evaluate the reaction of plant seed
germination to ecological conditions has been reported; therefore, in a study on safflower
(Carthamus tinctorius L.) seedling emergence, the segmented model was chosen as the
superior model. Cardinal temperatures, i.e., base, optimal, and ceiling temperatures, were
determined as 3.4, 22, and 35 ◦C, respectively [30].

Soltani et al. (2014) [31] used a segmented model in their modeling studies of Brassica
napus L. seed germination under the influence of temperature and water potential. Accord-
ing to their model, with a reduction in water potential, the base temperature gradually
increased and reached about 6.7 ◦C at a water potential of −0.8 MPa. Using the beta
model, [32] found that wild mustard (Sinapis arvensis L.) seeds cannot germinate at a base
temperature lower than −2.9 ◦C. Moreover, the optimum germination temperature of wild
mustard was about 22 ◦C under drought-stress conditions.

A more accurate evaluation to choose the best model among the three models pre-
sented with the priority of the correlation coefficient (rc) parameters due to checking the
accuracy and precision of the model compared to other evaluation methods that only
contain the model’s accuracy. Moreover, root mean square error (RMSE), the coefficient
explanation (R2), the linear correlation coefficient (r), and coefficients a and b, respectively,
indicate the distance of the regression line from the X-coordinates and the distance from
the 1:1 line, which were selected for all six cultivars of sesame (Figure 4).

In the study on milk thistle (Silybum marianum L.), [33] showed that the beta model is
the best model for predicting the time required to reach 50% germination and reported the
cardinal temperatures (base temperature, optimal temperature, and ceiling temperature)
as 5.19, 24.01, and 34.32 ◦C, respectively. In research by Nozari-Nejad et al. (2014) [34]
quantifying the reaction of wheat (Triticum aestivum L.) germination to temperature and
water potential, the dent-like model was reported as the superior model. Our research
revealed that the dent-like model for Halil and Dashtestan2 cultivars, the beta model for
Darab1 and Oltan cultivars, and the segmented model for Naz cultivars were selected as
the superior models (Table 3). The cardinal temperatures were 1.5, 23.8, 33, and 41 ◦C
for the base, sub-optimal, supra-optimal, and ceiling temperatures. In all cultivars in this
research, with the increase in osmotic potential, the TO, TC, and Rmax had a decreasing
trend, showing the dependence of this plant’s TO, TC, and Rmax on water potential. At
temperatures lower than the optimal temperature, there is a linear relationship between
germination rate and temperature at all water potentials. Moreover, the optimum and
ceiling temperatures were reported at zero water potential of 35.4 and 45.2 ◦C, respectively.

The lowest base potential in the velvetleaf (Abutilon theophrasti Medic.) plant was
observed in the optimal temperature range, which is consistent with the present results,
and with the increase in temperature after the optimum temperature, the value of the ger-
mination base potential increased linearly [35]. It can be concluded that the water potential
is more effective in the germination process at temperatures higher than the optimum
temperature. The osmotic potential is caused by polyethylene glycol by disrupting the
process of water absorption by preventing the hydrolysis of seed-stored material and the
internal activities of the seed, which causes a decrease in the germination rate [36].
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Seed quality and composition are other factors affecting seed germination [10]. In
oilseed plants, fatty acids play a significant role in seed germination and seedling establish-
ment. In oilseeds, the lipid is the primary energy reservoir that provides essential energy
for the developing embryo. Variations in seed oil affect membrane lipid composition in
terms of function and membrane permeability, which affects germination, establishment,
and tolerance to environmental stresses [37]. In oilseeds, the first step of food storage
consumption is performed by the lipase enzyme, which breaks ester bonds and releases
fatty acids and glycerol due to the activity of this enzyme [38,39].

The examination of nine sesame genotypes showed that the average base, optimum,
and maximum temperatures in the assessed genotypes were 12.8, 38, and 49.3 ◦C, re-
spectively [40]. In the present research, the average temperature in all water potentials
of the base, sub-optimal, supra-optimum, and ceiling was determined as 12.6, 33.3, 38,
and 43.9 ◦C, respectively. The highest base temperature (13.1 ◦C) and the lowest base
temperature (7.5 ◦C) were obtained from Halil and Oltan cultivars, respectively. It can be
stated that in terms of seed germination, the Halil cultivar with an increase in the ratio of
saturated to unsaturated fatty acids is a cultivar sensitive to low-temperature stress, and
the Oltan cultivar (decreased saturated/unsaturated) is considered a cold-resistant cultivar.

A significant amount of unsaturated fatty acids maintains membrane fluidity at low
temperatures. There is more proof in favor of the hypothesis that raising polyunsaturated
fatty acid concentrations can enhance seed performance at low temperatures [41]. When
the seeds of oilseed plants are exposed to different temperatures, a wide range of cellular
responses occur, including regulating fatty acid levels; in other words, in some seeds,
lipid content is related to seed germination ability. In this regard, it has been reported
that the power of tomato seeds to germinate at low temperatures is due to unsaturated
fatty acids [42]. Additionally, during seed maturity, genotypes and their interactions with
environmental factors, namely moisture and temperature, impact the synthesis of fatty
acids and the proportion of oleic and linoleic acids in the seed [43].

The ambient temperature changes the ratio of linoleic acid during the growth of
oilseeds. Depending on the geographical region and year, it leads to an unwanted change
in the balance of oleic to linoleic in the final oil composition [44,45].

In this regard, lower temperatures (22 ◦C) have been reported to be associated with
more linoleic acid synthesis due to increased oleate desaturase enzyme activity in peanut
seed oil [46]. The present study showed that Tb had a negative linear correlation with the
concentration of linoleic acid and a positive linear correlation with the concentration of
oleic acid, which was in line with the results of Belo et al.‘s 2014 research [20]. Possible
mechanisms involved in these responses include changes in membrane function and the
breakdown of storage lipids during germination. In this regard, a decrease in seed oil
content was observed in safflower cultivars under drier conditions. It may be attributed to
a reduction in the availability of carbohydrates for oil synthesis [47].

5. Conclusions

A change in the environmental factors affecting the quality of sesame seed fatty acids
will affect the ability of the source to germinate. This research showed that six cultivars
of the same species can show optimal temperatures and other reactions to environmental
conditions so that the germination rates of Halil and Dashtestan2 cultivars follow the
dent-like model. Moreover, Darab1, Oltan, and Yellow-White cultivars follow the beta
model, and Naz cultivars follow the segmented model. Accordingly, the average of the base
temperature (12.6 ◦C), the sub-optimal (33.3 ◦C), the supra-optimal (38 ◦C), and the ceiling
(43.9 ◦C) were for the dent-like model. The average temperatures of the base, optimal,
and top were determined for the numbers 8.5, 31.5, and 50.5 ◦C, respectively, with the
beta model. According to the result, the Halil cultivar with higher oleic, palmitic, and
arachidic acids has higher base temperatures suitable for later planting dates. Moreover,
the results of this investigation suggest that the Naz cultivar that takes a long time to
germinate has a long biological clock for early cultivation, and the Dashtestan2 cultivar
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with high germination rates is suitable for cultivation in areas where water stress and
high-temperature stress occur. Considering that this research was conducted only on six
cultivars of sesame and its results are limited, it is suggested that significantly more work
should be conducted to determine the role of seed compounds on the germination of many
sesame cultivars under different conditions.

Author Contributions: H.B.: Conceptualization; research supervision; formal analysis; methodology;
data curation. V.S.K.: Performed the experimental work and wrote the first draft as part of the M.Sc.
project. S.Z.H.: Data and figure editing. A.M. and M.G.: Supervision and M.Sc. project administration.
R.P.: Manuscript improvement and editing. B.D.: Final manuscript review and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no specific grant from funding agencies in the public, commercial,
or not-for-profit sectors.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to Yasouj University rules.

Acknowledgments: The authors thank their colleagues in the Laboratory of Agronomy at the Agri-
cultural Faculty of Yasouj University.

Conflicts of Interest: The authors declare no conflict of interest.

References
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